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ABSTRACT

Positron emission tomography (PET) is a highly sensitive and noninvasive imaging technique that enables
the detection and quantification of receptors and enzymes through the use of radioligands labeled with
positron-emitting radionuclides, most commonly carbon-11 and fluorine-18. In the context of central
nervous system (CNS) disorders, several molecular targets have emerged as potential biomarkers for early
diagnosis and therapeutic monitoring, including P-glycoprotein (P-gp), Sigma-1 (S1R) and Sigma-2 (S2R)
receptors, and the endocannabinoid receptor subtype 2 (CB2R).

With the exception of P-gp, structure—affinity relationship (SAfiR) studies were conducted for each target
to identify novel PET candidates. For S1R, these efforts led to the identification of CF31 as a promising
radiotracer. Following radiolabeling with fluorine-18, in vitro autoradiography studies demonstrated high
specific binding and a distribution pattern consistent with known S1R expression in the CNS. In the case
of S2R, a tetralin-based radiotracer (LC2) was developed, radiolabeled with fluorine-18, and evaluated
both in vitro and in vivo in mice. Although LC2 exhibited rapid brain uptake, this was followed by equally
rapid washout, limiting its suitability as a PET tracer. An additional strategy for S2R focused on the
development of indole-based derivatives. However, the corresponding SAfiR study did not yield a suitable
PET candidate. The most promising compound (CF7) displayed dual SIR/S2R affinity and emerged as a
potential neuroprotective agent rather than a PET radiotracer.

For CB2R, SAfiR investigations identified two promising PET candidates, FM10 and GR106,
characterized by closely related structures but opposing functional activity profiles. Both compounds were
radiolabeled with fluorine-18 with the aim of developing, for the first time, two CB2R PET radiotracers
with similar scaffolds yet divergent pharmacological activity. The preliminary in vitro autoradiography
results indicate higher CB2R-specific binding for ['*F]FM10 compared to ['*F]GR106. In contrast to the
other targets, no novel PET tracers were developed for P-gp. Instead, MC225 and its corresponding
phenolic precursor MC226 were synthesized, and approval was obtained from AIFA to initiate a Phase II
clinical trial in collaboration with the Fondazione Policlinico Universitario A. Gemelli IRCCS in Rome.
The study investigates the role of P-gp in treatment-resistant major depression and is currently ongoing;

therefore, preliminary clinical results cannot yet be disclosed.



PREFACE

This thesis work was carried out at the laboratory of Prof. Nicola Antonio Colabufo at the University of
Bari “Aldo Moro”, under the supervision of Prof. Colabufo, Carmen Abate, and Marialessandra Contino,
and at the laboratories of Prof. Rares Moldovan-Petru and Friedrich-Alexander Ludwig at the Helmholtz-
Zentrum Dresden-Rossendorf (HZDR) in Leipzig.

This research was funded by #NEXTGENERATIONEU (NGEU), the Ministry of University and Research
(MUR), and the National Recovery and Resilience Plan (NRRP), within the framework of the MNESYS
project (PE0000006)—A Multiscale Integrated Approach to the Study of the Nervous System in Health and
Disease (DN.1553, 11 November 2022). Additional support was provided by the National Research
Council (CNR-Italy) under the program “PROGETTI di RICERCA @CNR” (acronym DATIAMO). The
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(www.sigmaleurope.cu; www.cost.eu). Through the Short-Term Scientific Mission (STSM) program, this

funding enabled a three-month research stay at HZDR in Leipzig, where the radiolabeling studies were
performed.

The main objective of this thesis was the development of novel PET radiotracers for the diagnosis of CNS
diseases, focusing on P-glycoprotein, Sigma-1 and Sigma-2 receptors, and the endocannabinoid receptor
subtype 2 as potential biomarkers.

The thesis is organized into chapters dedicated to each of these targets, preceded by a general introduction
and followed by general conclusions. In addition, the final section includes all bibliographic references, a
list of abbreviations, a list of scientific articles (published or submitted) for which I am first author, co-
author, or corresponding author, and a list of national and international conferences where I participated as
a presenting author.

Each chapter is structured as a stand-alone scientific article describing the research conducted on a specific
receptor or efflux pump. Specifically, each chapter begins with an introduction to the target, including its
structure, localization, function, and role in CNS diseases, followed by an overview of the state of the art
and a review of previously reported PET radiotracers. In the case of P-glycoprotein and Sigma-1 receptors,
the state-of-the-art sections are adapted from relevant review articles published by our research group. The
introduction is followed by the background and aims of the specific project, and subsequently by the results,
discussion, conclusions, and materials and methods sections. Each chapter concludes with a supporting
information section containing additional images and graphs that complement the work without overloading
the main text.

Regarding Sigma-2 receptors, the thesis includes a general introduction and a single background and aim
section, followed by two distinct chapters (Part 1 and Part 2 of the broader Chapter 4), reflecting two
independent and unrelated research projects.

Since each chapter is written as an independent scientific article, compound numbering restarts from 1 in
each chapter rather than following a continuous sequence throughout the thesis. The main and lead

compounds are identified using their laboratory acronyms.
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General introduction
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1. General introduction

Neurological disorders represent a major cause of morbidity and disability worldwide. According to a study
published in The Lancet Neurology, approximately 3.4 billion individuals, corresponding to nearly 43% of
the global population, were affected by a neurological condition in 2021 [1]. Collectively, these disorders
constitute the second leading cause of mortality globally [2]. Within this broad category, neurodegenerative
diseases represent a particularly significant subset, characterized by the chronic and progressive loss of
neuronal integrity and function, typically resulting in brain atrophy [3]. Epidemiological projections
indicate that the prevalence of these disorders is expected to double over the next two decades [4].

As with many other chronic pathological conditions, neurodegeneration is associated with persistent and
unresolved neuroinflammatory processes. Given the high prevalence of neurodegenerative diseases and the
absence of curative therapies for the most common forms, such as Alzheimer’s disease (AD) and
Parkinson’s disease (PD), early and accurate diagnosis is considered crucial to delay disease progression
and mitigate the onset of cognitive impairment. In this context, several molecular systems emerged as
promising diagnostic and therapeutic targets. Among them, P-glycoprotein (P-gp), sigma receptors
(classified into sigma-1 and sigma-2 subtypes), and the endocannabinoid receptor type 2 (CB2R) were of
particular interest. These proteins were shown to be either overexpressed (as in the case of sigma receptors
and CB2R) or dysregulated (as observed for P-glycoprotein) during neurodegenerative processes.

Accordingly, this doctoral research focused on the rational design, synthesis, and biological evaluation of
novel '®F-labeled small molecules intended for the in vivo visualization of these molecular targets. The
overarching goal was to develop innovative tools to support the early diagnosis and characterization of
neurodegenerative diseases, thereby contributing to improved understanding and management of these

complex conditions.

1.1. Correlation between neuroinflammation and

neurodegeneration

1.1.1. Neurodegeneration

Neurodegeneration is defined as a pathological process characterized by the gradual loss of neuronal
structure and/or function, ultimately leading to cellular atrophy and death. This neuronal degeneration
occurrs in both the CNS and the peripheral nervous system (PNS). Depending on the specific regions
affected, distinct pathological conditions are developed, each associated with characteristic cognitive and/or
motor impairments [5]. Neurodegenerative diseases (NDs) encompass a broad spectrum of disorders,
including AD, PD, amyotrophic lateral sclerosis (ALS), Huntington’s disease (HD), and multiple sclerosis
(MS) [6]. A variety of factors contribute to the onset and progression of NDs, among which aging has been
widely recognized as the predominant risk factor. Nevertheless, genetic predisposition and environmental
influences also play significant roles in modulating susceptibility to neurodegenerative processes [7]. A
hallmark frequently shared among these disorders is the presence of chronic neuroinflammation, which

contribute to neuronal damage and exacerbate disease progression [8].



1.1.2. Inflammation

According to Baker D.L. et al., inflammation is defined as the physiological process through which
circulating leukocytes and plasma proteins migrate to sites of tissue infection or injury, where they become
activated to eliminate the causative agents. Beyond its role in host defense, inflammation also represents
the primary biological response to the accumulation of abnormal substances as well as to cellular damage
and death. Consequently, the inflammatory process constitutes a highly coordinated and multifactorial
event involving a broad spectrum of molecular mediators and cellular populations [9].
When tissue injury or infection occurs, the associated stimuli are recognized by pattern-recognition
receptors, including Toll-like receptors (TLRs) and NOD-like receptors (NLRs), which are predominantly
expressed by cells of the innate immune system and by resident immune cells within specific tissues.
Engagement of these receptors initiates intracellular pro-inflammatory signaling cascades that culminate in
the release of numerous inflammatory mediators, such as cytokines, chemokines, vasoactive amines,
eicosanoids, and proteolytic cascade products, through the activation of cellular metabolic pathways,
thereby triggering the inflammatory response (Figure 1.1). As a result, an inflammatory exudate is
generated, composed primarily of plasma proteins and leukocytes, chiefly polymorphonuclear neutrophils
(PMNSs), which, by exploiting increased vascular permeability, reach the inflamed site. Upon arrival, PMNs
undergo activation, a process that can be induced either by direct contact with pathogens or by exposure to
cytokines secreted by tissue-resident immune cells [10,11].

The ultimate goal of PMN activation is the elimination of invading pathogens or endogenous harmful
stimuli through the release of granule contents, including reactive oxygen species (ROS), reactive nitrogen
species (RNS), and proteolytic enzymes. However, these effector molecules lack selectivity and frequently
cause collateral damage to surrounding healthy tissues [10,11].

Following the clearance of pathogens and harmful agents, the “resolution of inflammation” phase is
initiated, primarily mediated by resident and infiltrating macrophages. During this stage, macrophages
undergo a metabolic reprogramming that results in the acquisition of a pro-resolving phenotype. This
specialized phenotype is responsible for the synthesis and release of anti-inflammatory and pro-resolving
mediators that restore tissue morphology and function potentially impaired by either the initial insult or the
inflammatory response itself [10,11].

Among these mediators, a class of highly potent lipid molecules collectively referred to as “Specialized
Pro-Resolving Mediators” (SPMs), including lipoxins, resolvins, and protectins, play a pivotal role. Their
principal biological actions comprehendised the inhibition of neutrophil recruitment and activation,
alongside the promotion of monocyte recruitment to facilitate apoptotic cell clearance and initiate tissue
remodeling [10,11].

A failure in the initiation, regulation, or resolution of the inflammatory process can ultimately result in
chronic, unresolved inflammation, a condition that underpins the pathogenesis of several long-term

disorders, including neurodegenerative diseases.
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Figure 1.1: Schematic representation of the inflammatory process: stimulus recognition, activation of the inflammatory

response, and subsequent resolution.
1.1.3. Neuroinflammation

Neuroinflammation is defined as the inflammatory response occurring within the CNS, particularly in the
brain and spinal cord, and is triggered by various pathological stimuli, including infections, trauma,
ischemia, or exposure to neurotoxic agents [12,13]. This process is tightly regulated and characterized by
the production and release of pro-inflammatory cytokines such as Interleukin-1p (IL-1p), IL-6, IL-18, and
tumor necrosis factor (TNF), together with chemokines including CCL1, CCLS5, and CXCLI1. Other small
molecular mediators, such as prostaglandins, nitric oxide (NO), and ROS, also contribute to the
amplification of the neuroinflammatory response [12]. These mediators are produced by resident glial cells
within the CNS, mainly microglia and astrocytes, as well as by endothelial cells and infiltrating peripheral
immune cells [13].

The resolution phase of neuroinflammation is marked by the release of anti-inflammatory cytokines such
as IL-1, IL-4, IL-10, and IL-11, which act to suppress pro-inflammatory signaling and restore tissue
homeostasis [12]. The release of these cytokines is regulated, among other factors, by SPMs, which play a
key role in the termination of neuroinflammation, similar to their function in peripheral inflammation.
SPMs modulate the microenvironment of affected neural tissues, promoting the cessation of the
inflammatory response, facilitating debris clearance, and stimulating regenerative and repair processes

[14].



1.1.3.1. The role of microglia in neuroinflammation

Microglial cells are morphologically, phenotypically, and functionally related to macrophages and are
specifically distributed throughout the brain, spinal cord, and retina [15,16]. Like all macrophage-like cells,
microglia can acquire different phenotypes depending on the nature and intensity of specific activating
stimuli [16].

Two major functional states of microglia are described: “resting” and ‘“activated” (Figure 1.2). Upon
activation, microglial cells undergo a process known as reactive gliosis or reactive microgliosis. The
transition from the resting to the activated state is triggered by various cytokines or extracellular factors
such as lipids or lipopolysaccharides (LPS) [17,18].

The resting state, referred to as MO0, represents the quiescent phenotype typical of physiological conditions,
in which microglia continuously monitor and patrol the nervous tissue while releasing neurotrophic factors
such as NFG, TGF-B, IGF-1, and BDNF. Conversely, the activated state, known as M1, is a pro-
inflammatory phenotype acquired in response to harmful or pro-inflammatory stimuli, including IFN, LPS,
and TLR4 activation. M1 microglia display phagocytic, cytolytic, and antigen-presenting functions, and
produce high levels of pro-inflammatory cytokines such as TNF-a, IL-1p, and IL-6, as well as chemokines
and NO. The activation process is considered multistep, with resting microglia progressing through
“responsive” and “primed” intermediate states before reaching full activation [15,19].

In addition to the pro-inflammatory M1 state, microglia can also assume an alternatively activated M2
phenotype. These two activation states are associated with different stages of neurodegenerative diseases.
While the M1 phenotype predominates at the site of injury, contributing to neuronal damage, the M2
phenotype becomes prevalent during subsequent repair processes, exerting anti-inflammatory and
neuroprotective effects [17]. Microglia in the M2 state produce and release anti-inflammatory cytokines
such as IL-4, IL-10, and IL-12, together with growth factors including TGF-B and IGF-1, and express high
levels of arginase-1, an enzyme responsible for the production of L-ornithine, which contributes to tissue
repair [20]. Phagocytosis of debris and extracellular matrix remodeling are also key features of this state.
Microglia therefore represent the principal immune effector cells of the CNS, playing a central role in both
the initiation of the immune response and in the orchestration of tissue repair mechanisms required to
restore homeostasis once the harmful stimulus has been removed. However, when this resolution phase
fails to occur, the sustained pro-inflammatory activity of microglia persists over time, ultimately leading to
neurotoxicity and neurodegeneration [16].

Neuroinflammation thus emerges as one of the central mechanisms involved in the pathogenesis of several
neurodegenerative diseases, including AD, PD, HD, and ALS, in which specific toxic stimuli activate
microglia toward the M1 phenotype. This, in turn, exerts cytotoxic effects and perpetuates a self-sustaining
vicious cycle that promotes both neurodegeneration and neuroinflammation [21-23].

This key relationship between neuroinflammation and neurodegeneration, and the potential to modulate
microglial polarization toward the alternatively activated and anti-inflammatory M2 phenotype, represents

a promising conceptual basis for the development of novel therapeutic strategies.
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Figure 1.2: Activation and polarization of microglia under resting conditions and during neuroinflammation

Schematic representation of microglial morphology and the phenotypic characteristics associated with distinct
functional states. Adapted from Ref. [18].

1.1.3.2. The role of blood-brain barrier in neuroinflammation

The blood-brain barrier (BBB) plays a fundamental role in neuroinflammation and, more broadly, in
protecting the CNS. It is formed by brain endothelial cells connected through tight junctions that create a
highly selective interface between the brain and the systemic circulation (Figure 1.3). This structure is
essential for preserving homeostasis and maintaining brain integrity. A strong correlation between BBB
dysfunction and neuroinflammation has been widely demonstrated. When BBB integrity is compromised,
peripheral cells such as lymphocytes and macrophages, along with molecules including pro-inflammatory
mediators and plasma proteins, can cross from the bloodstream into the brain parenchyma (Figure 1.3). The
infiltration of these immune cells triggers microgliosis [24] and promotes neurodegeneration [25].
Structural alterations of the BBB, together with persistent neuroinflammation, have therefore been linked
to neurodegenerative disorders such as AD, PD, and MD [26]. Given its crucial role under both

physiological and pathological conditions, the BBB has become an important target for the development of
new diagnostic and therapeutic strategies for ND.
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1.2. Neurodegenerative diseases

1.2.1. Alzheimer's disease

According to the World Health Organization (WHO), AD accounts for 60—80% of all dementia cases and
represents the seventh leading cause of death worldwide, making it the most prevalent neurodegenerative
disorder. In Europe, AD constitutes approximately 54% of all dementia cases, with a prevalence exceeding
6% among individuals aged over 65 years [27].

AD is characterized by extracellular B-amyloid (AB) plaques and intracellular neurofibrillary tangles
composed of tau protein. The disease commonly presents with pronounced amnestic cognitive impairment,
although non-amnestic forms can also occur. While short-term memory loss is the most frequent clinical
presentation, deficits in expressive language, visuospatial abilities, and executive functioning are also
observed [28].

Genetic predisposition accounts for approximately 60-80% of AD risk, primarily but not exclusively
related to the APOE &4 allele [29,30]. The amyloid hypothesis posits that AP overproduction results from
disturbances in the proteolytic processing of amyloid precursor protein (APP). Genetic, environmental, and
age-related factors contribute to a metabolic shift favoring the amyloidogenic cleavage pathway of APP at
the expense of its non-amyloidogenic route. AP peptides are produced by sequential cleavage of APP via
beta-secretase (BACE-1) and gamma-secretase, the latter being part of the presenilin complex. Among the
various AP isoforms, APi-s is considered the most pathogenic, due to its high propensity to aggregate into
oligomers and protofibrils that evolve into fibrillar deposits forming senile and neuritic plaques. Impaired
AP clearance further contributes to extracellular accumulation, triggering neurotoxic cascades that result in
cytoskeletal disruption, synaptic dysfunction, and neuronal death [31,32].

Another neuropathological hallmark of AD is the presence of neurofibrillary tangles (NFTs), which consist
of abnormally hyperphosphorylated tau protein. These aggregates can form paired helical filaments (PHFs)
that accumulate within neuronal soma, axons, and dendrites, leading to microtubule destabilization and loss

of tubulin-associated proteins. The progression of NFTs typically follows three stages: (1) the pre-tangle

9



stage, characterized by the presence of phosphorylated tau in the somatodendritic compartment without
PHF formation; (2) the mature NFT stage, involving dense filament aggregation and nuclear displacement;
and (3) the extracellular or “ghost” tangle stage, associated with neuronal loss and partially protease-
resistant tau filaments [33].

From a diagnostic perspective, early imaging modalities such as computed tomography (CT) and magnetic
resonance imaging (MRI) were primarily used to exclude alternative causes of dementia rather than to
identify AD in its prodromal phase [34]. PET has emerged as a key tool for assessing molecular pathology.
Although A deposition is one of the earliest detectable features of AD, its use as a biomarker of disease
progression remains debated due to the uncertain relationship between AP burden and clinical symptoms.
In contrast, tau accumulation appears to correlate more closely with neurodegeneration and cognitive
decline. PET tracers targeting tau have yielded promising results, though large-scale validation is still
required to establish their diagnostic reliability. Longitudinal imaging studies have also revealed
heterogeneity in tau deposition patterns across different AD phenotypes. Another widely used approach is
FDG-PET, which measures cerebral glucose uptake as an indirect indicator of synaptic activity. Reduced
glucose metabolism, a feature of AD, reflects synaptic dysfunction; however, similar reductions can occur
in other conditions such as stroke or traumatic brain injury. Moreover, recent evidence suggests that glucose
uptake in PET imaging may predominantly reflect astrocytic rather than neuronal metabolism [35].
Despite these technological advances, the multifactorial etiology of AD continues to hinder the
identification of a single definitive biomarker for diagnosis and stratification. Therefore, current research
efforts are focused on identifying specific, sensitive, and early biomarkers capable of accurately diagnosing
AD. Early detection is crucial not only for mitigating disease progression and guiding therapeutic

interventions but also for reducing the emotional and economic burden on patients and caregivers [36].
1.2.2. Parkinson's disease

PD is the second most prevalent neurodegenerative disorder, affecting approximately 2—-3% of individuals
aged 65 years or older [37]. PD is a chronic and progressive condition characterized by the selective
degeneration of dopaminergic neurons in the substantia nigra (SN) and the accumulation of
intracytoplasmic Lewy bodies, which consist of aggregated a-synuclein. In addition to these defining
neuropathological features, increasing evidence supports the involvement of the BBB in PD pathogenesis,
with several studies reporting structural and functional alterations that may contribute to disease
progression [38].

The etiopathogenesis of PD involves a complex interplay between genetic predisposition, environmental
exposure, and lifestyle factors. Age remains the strongest risk determinant, with a median onset around 60
years. Epidemiological data indicate a higher incidence in men than in women (male-to-female ratio 1.3—
2.0), although differences in factors such as smoking behavior, caffeine consumption, and postmenopausal
hormone use may partially explain this disparity. As observed in other neurodegenerative disorders, age-
related molecular dysfunctions, including telomere attrition, genomic instability, epigenetic alterations,
impairments in the ubiquitin—proteasome and autophagy—lysosomal systems, and mitochondrial defects,
may underlie the progressive loss of neuronal viability [39].

Clinically, PD symptoms typically manifest at advanced stages, by which time a substantial proportion of

dopaminergic neurons have already been lost. Consequently, identifying reliable early-stage biomarkers
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has become a central focus in PD research. Such biomarkers are essential not only for improving diagnostic
accuracy but also for monitoring disease progression and evaluating therapeutic efficacy [36].

To achieve clinical utility, PD biomarkers must demonstrate high sensitivity and specificity, allowing
discrimination between PD and other neurodegenerative or movement disorders. However, biomarker
discovery faces several challenges, including the limited availability of biological samples for large-scale
validation. Despite these obstacles, advances in molecular and imaging technologies continue to drive
progress in identifying preclinical biomarkers capable of detecting individuals at risk and tracking disease
progression with greater precision. The discovery and validation of such biomarkers are expected to play a

pivotal role in the early diagnosis, prognosis, and therapeutic management of PD [36].
1.2.3. Other Neurodegenerative diseases

HD is a neurodegenerative disorder that typically manifests between the ages of 30 and 40 years, with a
prevalence ranging from 10.6 to 13.7 individuals per 100,000 in Western populations. It is an inherited
condition caused by an autosomal dominant CAG trinucleotide repeat expansion in the huntingtin (HTT)
gene located on chromosome 4. The mutant huntingtin protein (mHTT) induces neuronal dysfunction and
death through several mechanisms, including direct effects of the mHTT exon 1 fragment, the formation of
abnormal protein aggregates, and disruption of key cellular processes such as proteostasis, axonal transport,
transcription, translation, mitochondrial activity, and synaptic function [40,41]. Regarding diagnosis, MRI
and CT are standard techniques for moderate to severe stages of HD but are generally ineffective for
detecting early disease. PET and functional MRI studies reveal that structural and metabolic brain
alterations occur before the onset of clinical symptoms. In presymptomatic carriers of the HD gene who
show no clinical or neuropsychological progression over a two-year period, tensor-based MRI
morphometry demonstrates progressive striatal volume loss [42].

MS is the most common non-traumatic neurological disorder causing disability in young adults. Its
incidence and prevalence are increasing in both developed and developing countries. Historically, MS is
classified as an organ-specific autoimmune disorder primarily mediated by T cells, although substantial
evidence also supports the involvement of B cells and the innate immune system. The disease is traditionally
viewed as a biphasic condition, early inflammation drives the relapsing-remitting stage, while delayed
neurodegeneration leads to non-relapsing progression, namely secondary or primary progressive MS,
respectively. The etiology of MS is believed to arise from a complex interplay of genetic susceptibility and
environmental triggers [43,44]. Diagnosis of MS requires clinical and/or radiological evidence of lesions
in the CNS disseminated in space (DIS) and time (DIT), as determined by MRI. Following a clinically
isolated syndrome (CIS), according to the 2010 McDonald criteria, a diagnosis of MS can be made on the
basis of a single MRI scan if both DIS and DIT criteria are fulfilled. Nevertheless, MS remains a diagnosis
of exclusion, requiring the elimination of alternative explanations for the observed neurological
manifestations [43].

ALS is a fatal neurodegenerative disorder of the CNS, with incidence increasing with age and peaking
between 60 and 79 years. The incidence varies by sex, with a standardized male-to-female ratio of
approximately 1.35, influenced by the age of onset. ALS is a rare disease that is often challenging to
diagnose, as its symptoms can mimic those of more common disorders, frequently resulting in diagnostic

delays. Despite its rarity, the lifetime risk of developing ALS is about 1 in 350, though its prevalence

11



remains low due to limited survival time following diagnosis [45,46]. Neuroimaging plays a supportive
role in ALS diagnosis, primarily to exclude structural CNS abnormalities that can reproduce ALS-like signs
and symptoms. In most patients, MRI of the brain and spinal cord appears as normal or shows only
nonspecific findings, such as corticospinal tract hyperintensity or motor cortex hypointensity. PET imaging
can provide further insight by detecting regional changes in cerebral metabolism and receptor distribution

patterns in affected patients [47].
1.3. Positron Emission Tomography

PET is an imaging modality that enables highly sensitive and non-invasive detection and quantification of
receptors, enzymes, and other molecular targets through the use of radiolabeled compounds incorporating
positron-emitting radionuclides. PET has become an established tool in both clinical and research settings
for investigating the pathophysiology of neurodegenerative and psychiatric disorders, as well as cancer,
and for studying normal brain neurophysiology [48,49].

By administering trace amounts of radiopharmaceuticals, PET allows for quantitative three-dimensional
imaging of biological processes in vivo, without eliciting physiological or pharmacological effects. In
contrast to MRI and CT, which primarily provide structural information, PET offers insight into tissue
biochemistry and physiology, detecting molecular alterations that may precede the appearance of
anatomical abnormalities. Thus, PET enables the early detection of disease-related changes, offering a
powerful tool for assessing molecular and functional dynamics within the body [50].

Given the complementary nature of diagnostic imaging modalities, hybrid systems such as PET-CT and
PET-MRI have been developed to combine molecular, functional, and anatomical information within a
single scan, thereby improving diagnostic accuracy and clinical interpretation [50,51]. The pivotal role of
early and precise diagnosis in the management of disease has consequently driven growing interest in the
design and synthesis of novel PET radiotracers, which represent a rapidly expanding frontier in molecular

imaging research.
1.3.1. Basic principle of PET

PET imaging is based on the detection of gamma photons generated during the radioactive decay of
positron-emitting radionuclides [48]. During this process, a proton within the nucleus is converted into a
neutron, emitting a positron (B*, the electron’s antiparticle with equal mass and opposite charge) and an
electron neutrino (v.), as shown in Equation 1.1. After its emission, the positron travels a short distance
through tissue before encountering an electron, leading to an event known as annihilation. This interaction
produces two gamma photons, each with an energy of 511 keV, which are emitted in nearly opposite
directions (Figure 1.4) [48]. PET scanners are equipped with arrays of detectors positioned in a circular
configuration around the subject, designed to simultaneously capture these coincident photon pairs [52].
This simultaneous detection, known as coincidence detection, enables accurate localization and
quantification of positron-emitting isotopes within the body, forming the physical basis of PET’s ability to
generate three-dimensional maps of radiotracer distribution [52]. Through this mechanism, PET provides
highly detailed information on both the spatial distribution and concentration of radionuclides, thereby
allowing comprehensive visualization and quantification of physiological and biochemical processes in

vivo [52].
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Equation 1.1: A is the Atomic mass, Z is the Atomic number, X is the radioactive positron emitter, Y is the resulting

daughter nucleus, B* is the positron and ve is the neutrino.
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Figure 1.4: Schematic representation of B* decay and consequent annihilation.
1.3.2. Radionuclides commonly used in PET

For a radionuclide to be suitable for PET imaging, it must undergo radioactive decay via positron emission.
The most commonly used radionuclides include carbon-11 ('C), fluorine-18 (**F), gallium-68 (**Ga), and
nitrogen-13 (**N), among others (Table 1.1) [53]. Among these, *F is by far the most widely employed
radionuclide owing to its favorable physical and chemical properties. Its relatively long half-life (109.8
minutes) allows for complex radiochemical syntheses and enables whole-body imaging protocols [54]. In
addition, '¥F exhibits a low maximum positron energy (635 keV), corresponding to a short positron range
in tissue (~2.3 mm) prior to annihilation. This characteristic results in high spatial resolution and a lower
radiation dose to the patient compared to higher-energy positron emitters [48,54]. By contrast, short-lived
radionuclides such as "'C (t’2 = 20.4 min), *N (t/2 = 9.97 min), and O (t'2 = 122 s) pose significant
logistical challenges, primarily due to their brief half-lives that require on-site cyclotron production and
immediate radiochemical synthesis. These isotopes also tend to yield lower image resolution compared to
18F [55-57].

%Ga has also gained increasing relevance in PET imaging in recent years. It is a generator-produced
radiometal that can readily be incorporated into a variety of biomolecules. However, compared to '*F, it
presents some limitations. Its higher maximum positron energy (1899 keV) leads to a longer positron range
and consequently to reduced spatial resolution and image sharpness. Furthermore, its shorter half-life (67.7
minutes) constrains imaging duration and complicates radiotracer logistics, particularly for institutions
lacking an on-site generator or requiring long-distance transport of radiopharmaceuticals [58,59].

An unconventional yet valuable long-lived positron emitter is iodine-124 ('2*I), with a half-life of

approximately 4.2 days. Its extended decay time makes it suitable for monitoring slow pharmacokinetics,
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especially in large biomolecules. In addition, its versatility in both electrophilic and nucleophilic labeling
under mild conditions has established '**I as an important isotope in immunoPET applications [60].

Given the widespread use of *F in PET imaging and its exclusive application within the scope of this PhD
thesis, the following section will focus specifically on radiochemical strategies and methodologies for

radiofluorination.

Table 1.1: Physical characteristics of most common PET radionuclides with ti2 (half-life), Ep+max (positron energy

maximum) and Rmax (maximum range of positron in water).

Radionuclide tiz Production Eg+ max (keV) | Rmax (mm)
18F 109.7 min Cyclotron 80 (p,n)— '*F 635 2.3
e 20.4 min Cyclotron "N (p,0)—~"'C, 960 3.9

"B(p,a)—"'C
%Ga 67.7 min Cyclotron *Zn (p,n)— **Ga, 1880 9.0
Generator %Ge (e ,n)— %%Ga
BN 9.97 min Cyclotron 60 (p,a)—'3N 1190 5.1
14 15 15
150 122 sec Cyclotron "N (d,n)— "0, *N 1720 8.0
(p,n)— "0
124 4.2 days Cyclotron '#Te (p,n)— 1241, 2135 11.7

1.3.3. Production of fluorine-18

Fluorine-18 was typically produced in a cyclotron through proton irradiation of 130, a stable natural isotope
of oxygen, as shown in Equation 1.2. The target material was usually ['*O]H-O, yielding an aqueous
solution of fluoride ion (['8F]). Alternatively, irradiation of ['®0]O. gas generated gaseous fluorine
(['®F]F2). ['®F]F2 could also be obtained by irradiating neon gas with deuterium [61].

The selected production route depended on the intended chemical use: ['8F]fluoride was preferred for
nucleophilic substitutions, whereas ['®F]F. was used for electrophilic labeling reactions [54,62,63]. A key
distinction between these two forms lays in their molar activity (Am). Molar activity was a critical parameter
influencing the efficacy and quality of PET imaging. It had to be carefully monitored and optimized during
both production and radiotracer synthesis to ensure high-quality imaging performance, particularly for '3F-
labeled PET tracers. Am described the amount of radioactivity per mole of compound, typically expressed
in Bg/mol or GBg/umol. Maintaining sufficiently high A, values was essential to prevent receptor

saturation and minimize biological toxicity [61].
B0+p - ¥F+n
Equation 1.2: p is proton and # is neutron.
1.3.3.1. Strategies for radiofluorination

The main strategies for introducing fluorine-18 included electrophilic substitution reactions (using gaseous
['®F]F2), nucleophilic substitution (using aqueous ['®F]fluoride), and transition metal-catalyzed
radiofluorination (also employing aqueous ['®F]fluoride). Formation of carbon—fluorine-18 (C—'8F) bonds

was generally carried out as the final synthetic step because of the short half-life of '8F and typically
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required harsh reaction conditions. However, certain functional groups were incompatible with these
conditions, which prompted the development of indirect radiofluorination strategies. In these approaches,
18F was first incorporated into a simpler prosthetic group, which was subsequently conjugated to the target

molecule under milder reaction conditions [54,64].

1.3.3.2. Electrophilic radiofluorination

Electrophilic substitution reactions typically employ gaseous ['®F]F.. In this approach, the production of
['®F]F. for radiolabeling required the addition of carrier ['°F]fluorine, which limited the theoretical
radiochemical yield (RCY) to approximately 50%. The ['®F]F. gas obtained could be used directly or
converted into less reactive and more selective fluorinating agents, such as acetyl hypofluorite
(["*F]CHsCOOF) [54,65].

An innovative method was developed to increase the A, of ['®F]F. through a two-step process. In this
procedure, ['®F]" was first converted to ['*F]CHsF via nucleophilic substitution on methyl iodide, and the
resulting ['8F]CHsF was subsequently transformed into ['8F]F: in an electrical discharge chamber. This
method enabled the production of ['*F]F2 with high RCY and Ay, although the final outcome still depended

on the amount of carrier fluorine and the efficiency of the isotopic exchange reaction [54].
1.3.3.3. Nucleophilic radiofluorination

Nucleophilic radiofluorination (SN, for aliphatic substrates, SN, for aromatic systems) represents the main
method employed for radiolabeling. ['®F]fluoride is produced in a cyclotron via the '8O(p,n)'®F reaction,
starting from enriched ['®*0]H-0. Although the fluoride ion is a strong nucleophile, its reactivity in aqueous
media decreases significantly due to hydrogen bonding with water molecules. Therefore, before the labeling
reaction, it is necessary to dry the ['3F~] by removing residual water, typically through azeotropic distillation
with acetonitrile [54,66]. To enhance both solubility and nucleophilicity of the fluoride ion in organic
solvents, a phase-transfer catalyst (PTC) such as the cryptand Kryptofix2.2.2 (Kz22). complexed with
potassium (Figure 1.5) is commonly added. Alternatively, tetraalkylammonium salts, such as
tetracthylammonium bicarbonate (TEAF) or tetrabutylammonium bicarbonate (TBAF), are also used as
PTCs (Figure 1.5) [64]. After drying, ['"®F]fluoride is typically employed in polar aprotic solvents such as
Acetonitrile (CH3CN), dimethyl sulfoxide (DMSO), or dimethylformamide (DMF) [54,64].

In SN, reactions, the choice of leaving group plays a crucial role, following the general reactivity order:
trifluoromethanesulfonate (triflate) > 1-nitrobenzenesulfonate (nosylate) > methanesulfonate (mesylate) ~
4-methylbenzenesulfonate (tosylate) > I > Br > Cl [54,62,67]. The position and nature of the leaving group
also influence substitution efficiency, with the general trend: primary benzyl > primary aliphatic >
secondary aliphatic [54].

For SNy, using ['®F]fluoride, activation of the aromatic ring by electron-withdrawing groups (EWGs) such
as —NO2, —CN, or —CFs in the ortho- or para-position relative to the leaving group is required [54,64,68].
These reactions generally require high temperatures (around 100 °C or higher), polar aprotic solvents, and
suitable leaving groups such as trimethylammonium or nitro moieties. However, this method is limited by
the need for electron-deficient aromatic systems [54]. In contrast, heteroarenes such as pyridines are more
readily fluorinated without additional activation. The inherent electron deficiency of the 2- and 4-positions

in these rings facilitates SN, reactions, often leading to higher radiochemical yields [54,64].
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Figure 1.5: Common phase-transfer catalysts used for nucleophilic '8F-radiolabeling.
1.3.3.4. Other methods of radiofluorination

Another effective approach to radiofluorination was the transition metal-catalyzed cross-coupling reaction.
This technique provides broad functional group tolerance, thereby expanding the range of substrates that
could be labeled with ['3F]fluoride [69]. It was typically employed for systems that were not activated
toward direct radiofluorination. Among the transition metals used for this purpose, palladium (Pd), nickel
(Ni), and copper (Cu) were the most common, with Cu-based methods proving the most practical and
efficient [70-72].

Copper-mediated radiofluorination (CMRF), developed by Gouverneur and co-workers, emerged as a
powerful technique in '®F radiochemistry, specifically designed to introduce ['®F]fluoride into substrates
not activated for SN, reactions. This method exploited the reactivity of copper catalysts, typically Cu(II)
salts or complexes, to activate aromatic or aliphatic substrates and promote efficient incorporation and
transfer of ['®F]fluoride [72,73]. In contrast to several other transition metal-mediated processes, CMRF
did not require strict exclusion of air or moisture, which simplified handling and minimized the need for
specialized equipment [54]. Moreover, late-stage CMRF offered notable advantages in both efficiency and

practicality compared with multi-step labeling strategies involving the use of prosthetic groups [72,73].
1.4. A general strategy for the development of new PET radiotracers

The development of a new PET radiotracer is a complex and demanding process, as it requires meeting
stringent criteria such as an affinity below 10 nM and a selectivity greater than 100-fold. However, these
parameters are not absolute and often depend on the level of target expression within the pathological
context [74].

The biological region of interest plays a crucial role in radiotracer design. For instance, when developing a
PET radiotracer intended for brain imaging, it is essential to consider chemical and physical properties that
facilitate penetration into the CNS. The key physicochemical parameters typically include moderate
lipophilicity (logD7.a = 1.5-3.5, logP = 2-4), low molecular weight (< 500 Da), a limited number of
hydrogen bond donors (< 3), and a topological polar surface area (TPSA) below 90 A2. While exceptions
to these guidelines exist, compliance with them generally improves the probability of crossing the BBB
[48,75-77].

The position of the radiolabel within the molecule is also a critical factor, both to facilitate the radiosynthetic
process and to ensure metabolic stability. In the case of '®F, for example, defluorination can lead to
undesired accumulation of radioactivity in bones or to the formation of radioactive metabolites capable of

crossing the BBB, thereby complicating image interpretation.
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Once synthesized, the radioligand is typically subjected to in vitro evaluations, including cellular uptake
assays, assessments of nonspecific binding, and serum stability tests. These are often followed by in vitro
or ex vivo autoradiography to determine the localization of tracer binding and to distinguish between
specific and nonspecific interactions. If the in vitro findings are promising, in vivo studies are carried out,
typically in mice or rats, to assess metabolism, biodistribution, and pharmacokinetics.

Further investigations can be performed using animal models of disease to evaluate whether the radiotracer
exhibits appropriate target engagement and specificity under pathological conditions. If the compound
demonstrates high on-target accumulation, favorable metabolic stability, minimal off-target effects, and

acceptable toxicity, it can then advance to human clinical trials.
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CHAPTER 2
P-glycoprotein

Designing a Small Molecule for PET Radiotracing:
['®F]MC225 in Human Trials for Early Diagnosis in
CNS Pathologies

Introduction adapted from “Mastropasqua, F*., Luurtsema, G., Filosa, C.*, & Colabufo, N. A. “Designing
a Small Molecule for PET Radiotracing: ['®F]MC225 in Human Trials for Early Diagnosis in CNS
Pathologies.” Molecules, 2025, 30(18), 3696. https://doi.org/10.3390/molecules30183696.
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2. Introduction

P-gp, an ATP-binding cassette transporter (ABC), is a membrane-bound efflux pump that utilizes energy
derived from ATP hydrolysis to transport a wide variety of unrelated molecules out of cells, despite their
concentration gradient, playing a crucial role in cellular drug absorption and excretion [78,79]. It is a
glycoprotein of approximately 170 kDa encoded by the multidrug resistance gene-1 (mdrl), highly
expressed in various organs, particularly in the luminal membrane of the small intestine and the BBB, as
well as in the apical membranes of excretory cells such as hepatocytes and renal cells [80]. Changes in P-
gp expression or function could lead to several diseases, both in the CNS and in chemo-resistant morbidities

[81].

2.1. Localization, Structure and P-gp Activity

2.1.1. Localization

P-gp shows high expression on the apical surface of the epithelium of intestinal cells, liver bile ducts, and
proximal renal tubules. Since all these organs have an excretory role, it was suggested that the pump exerts
its physiological role in the elimination of endogenous or xenobiotic metabolites through Phase III-
mediated transport. Additionally, it makes the membrane less permeable to drug passage. P-gp is localized
in several biological barriers at the apical levels of endothelial cells, both in CNS and in other organs where
the flow/transit of xenobiotics needs modulation. This protective role of P-gp is strongly supported by
studies performed with knockout transgenic mice lacking one or both genes encoding P-gp transporting
drug, Abcbla and Abcb1b [82,83]. At the intestinal level, P-gp is highly expressed in the epithelial cells of
the colon and ileum (apical side), while in the jejunum, duodenum, and stomach, it is relatively reduced
compared to the ileum. Here, it plays a key role in drug absorption as it expels the drug and limits its oral
bioavailability, reducing its effectiveness in vivo. This is a very important aspect to consider because among
naturally lipophilic drugs (about 50-60% of new chemical entities and 40-50% of existing ones), it is
estimated that more than 25% are P-gp substrates [84,85]. An interesting aspect of P-gp expression in the
small intestine is its interaction with metabolizing enzymes, particularly with CYP3A4, a cytochrome P450
isoenzyme, towards which there is considerable overlap in substrate specificity and tissue distribution [86].
P-gp is also expressed throughout the respiratory tract where it plays an important role in protection against
the entry of endogenous or exogenous toxic compounds into the lungs. In the human lung, P-gp is expressed
on the apical side of ciliated epithelial cells, ciliated and apical collecting ducts, and lateral surfaces of
serous cells of bronchial glands but not in mucin-secreting goblet cells. Mutations in the mdri gene affect
the natural protection of the respiratory tract by accumulating toxic compounds; however, if P-gp is
overexpressed, xenobiotics are metabolized quickly and expelled from the cells, which is particularly
important for the treatment of lung cancer. Several studies demonstrated that a number of drugs, usually
employed in the treatment of chronic obstructive pulmonary disease (COPD), are P-gp substrates.
Following this finding, the concentration of said drugs is lower than expected, and this supports the fact
that P-gp can limit the pulmonary absorption of P-gp substrates [8§7—-89]. P-gp is also present in placental
tissue of various mammalian species, including humans. It localizes on the apical microvillous surface of
syncytiotrophoblasts (STBs), where it participates in the efflux of hydrophobic and cationic drugs into the

maternal blood, thus limiting fetal exposure to drugs and xenobiotics. The expression of placental P-gp
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during pregnancy is not uniform; in mice and rats, P-gp expression reaches its peak during the second half
of pregnancy and then decreases towards term; however, in humans, a decrease in placental expression is
observed as gestation progresses. Therefore, placental P-gp seems to be upregulated in the early Phase of
human pregnancy, probably to protect the fetus from potentially toxic xenobiotics. Fetal protection has been
confirmed by numerous in vivo experiments using genetically modified mice or using in situ perfusion of
rat placenta [86,90,91]. Furthermore, it is commonly accepted that P-gp inhibition can affect drug targeting
by enhancing the drug toxicity of drugs such as HIV protease inhibitors and antitumor chemotherapeutic
agents. Therefore, Eyal S. et al. conducted an experiment on pregnant macaques using [!'C]Verapamil as a
model substrate of P-gp and Cyclosporin A (CsA) as an inhibitor, testing the feasibility of using non-
invasive and simultaneous PET to evaluate P-gp activity and inhibition in maternal organs and placenta.
The experiment demonstrated that inhibition of P-gp by CsA resulted in a significant increase in the
distribution of ['!C]Verapamil radioactivity in tissues most protected by P-gp, namely, the maternal brain
and fetus [92]. P-gp is also present at the cardiac level, particularly in arterioles and capillaries of the heart.
This is a very important aspect to consider because several drugs employed in the treatment of heart failure
are P-gp substrates; therefore, the actual drug concentration is lower than expected when P-gp is over
expressed, thus reducing bioavailability, since P-gp is localized between blood and cardiomyocytes (Table

2.1)[93,94].

Table 2.1. Summary table of P-gp localization, expression (high 1 or low |), its physiological and pharmacological

roles in different body systems.

Organ/District Localization Physiological/Pharmacological Role

Epithelial cells of the colon

and ileum (1);

Absorption and bioavailability; interacts

Intestine jejunum, duodenum, and with CYP3A4;
stomach ()
Liver Bile ducts (1) Eliminat.ion of endogenous and xenobiotic
metabolites
Kidneys Proximal tubules (1) Excretlo.n of endogenous and xenobiotic
metabolites
P h limiti .
CNS Endothelial cells of BBB (1) rotects the CNS by limiting xenobiotic
passage
Ciliated epithelial cells,
Respiratory  collecting ducts, lateral surfaces Modulates pulmonary absorption of P-gp
system of serous cells in bronchial substrates (e.g., COPD drugs)
glands (1); absent in goblet cells
Microvillous surface Efflux of hydrophobic/cationic drugs into
Placenta ) .
of syncytiotrophoblasts (1) maternal blood; fetal protection
Heart Arterioles and cardiac Reduces intracellular drug concentration,

capillaries (1)

lowering bioavailability

2.1.2. Structure and P-gp Activity

P-gp is a plasma membrane protein organized into a single polypeptide of 1280 residues with a molecular
weight of 170 kDa. It contains two transmembrane domains (TMDs) consisting of 12 transmembrane o.-
helices each and two nucleotide-binding cytosolic regions (NBD) that are highly expressed when water is

involved in ATP hydrolysis; these two halves are symmetric to each other and are connected by a highly
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charged “linker region,” approximately 75 amino acids long and phosphorylated at different sites by protein
kinase C (PKC). The two halves of the molecule do not need to be covalently bound to function. The TMDs,
representing the hydrophobic portion of P-gp, contain the drug-binding domains (DBSs) and create the
pathway through which drug molecules cross the membrane, causing P-gp to shift from an inward-facing
to an outward-facing conformation (Figure 2.1). The structure of P-gp transporter displays specific NDB
domains, namely, Walker A ¢ Walker B, whereas the TMDs are structurally superimposed to other ABC
pumps (sister pumps) [79,82,95-97].

Figure 2.1. Shift in P-gp’s physiological state during its activity. Cryo EM structures of h P-gp. (A) Resting state of P-
gp, corresponding to the inward-facing conformation (PDB ID: 6QEX); (B) outward-facing conformation (PDB ID:
6COV). Nucleotide-binding domains (NBDs) are shown in magenta, and transmembrane domains (TMDs) are shown

in cyan and yellow [95].

An essential aspect to consider is the flexibility of P-gp, which, like any protein in natural conditions, is
flexible in an aqueous environment; specifically, it must adapt its specific dimensions to different ligands.
P-gp has an unusually broad poly-specificity, allowing it to easily change the size of its internal cavity, thus
recognizing hundreds of compounds. X-ray crystallography of the inward-facing conformation of P-gp has
revealed the dimensions of the internal cavity (6000 A*), which are sufficient to accommodate at least two
compounds simultaneously. High flexibility is also provided by the tertiary structure of P-gp, allowing for
three-dimensional reorientation; in fact, it was demonstrated that P-gp interacts with various stereoisomers
of the same compound. In addition to that, molecules displaying an MW between 250 and 4000 Da are also
P-gp substrates, especially if they present hydrophobic moieties that interact with the lipid bilayer, where
P-gp binds them selectively. Owing to the main binding cavity (MBC) and other binding sites (OBSs), P-
gp displays great binding activity, which leads to a pharmaceutical side-effect occurring, determining
multidrug resistance (MDR) [98,99]. The flexible structure of P-gp is responsible for its translational and
rotational movements during the efflux mechanism. Conformational changes, both local and global, are
induced by the entry of a suitable efflux substrate and lead, among other things, to a simultaneous variation

in NBD distance. In P-gp, intracellular coupling helices (CHs), each formed by two TMs, mediate physical
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connections with the NBDs. In the case of substrate binding, a series of small but significant displacements
occurred, mainly in CH2 and CH3, leading to the reorientation of the NBDs towards a pre-dimer
configuration. Cross-linking showed that the conformational flexibility of CH2/CH3 and the hydrophobic
network at the CH2/CH3/NBD2 transmission interface were critical for P-gp transport activity. A key role
in the conformational transition is played by TM4 and TM9, as conformational changes induced by the
substrate in TM4 and TM9 may provide allosteric communication with the NBDs through CH2 and CH3.
Based on experimental observations, the secondary structure of P-gp does not change during its catalytic

function [78,100].

2.2. Role of P-gp in CNS Diseases

CNS pathologies represent a constant challenge in medicine and research as they are steadily increasing,
and in most cases, therapeutic responses are poorly effective. ABC transporters play an essential role in
many neurodegenerative pathologies because altered expression and functionality of these transporters have
been observed in many of them. Additionally, they reduce the efficacy of many drugs since they are
substrates for these transporters [101,102]. Within this class of transporters, a particularly important role is
played by P-gp because it limits the penetration of many exogenous agents across the BBB and appears to
be involved in the etiology of some neurological disorders. Several studies demonstrate that the function of
P-gp decreases in the advanced stages of neurodegenerative diseases such as PD and AD. Dysfunction of
P-gp may contribute to neuronal damage induced by the increased accumulation of toxins, as seen in PD,

or by the reduced ability of the brain to expel accumulating proteins, as in AD [28].
2.2.1. Role of P-gp in Alzheimer’s Disease

The P-gp plays a critical role in endothelial efflux of AB; indeed, it normally transports AP out of the brain.
A reduction in P-gp efflux function at the BBB can therefore lead to an accumulation of insoluble proteins
involved in neurodegenerative diseases in the brain [103,104]. Several studies demonstrate that a reduction
in P-gp expression in brain capillaries at the BBB decreases the clearance of AP from the brain into the
blood, significantly contributing to the accumulation and burden of AP in AD [87,105]. The highest
expression of P-gp has been found in the brainstem, where the lowest levels of Ap plaques have also been
detected. This discovery of the highest level of P-gp expression within the brainstem is observed in both
normal brains and brain tissue of patients with Alzheimer’s disease [106]. Ding Y. et al., using a transgenic
mouse model of AD (mice overexpressing the human amyloid precursor protein (hAPP), Tg2576),
discovered that hAPB40 causes degradation of P-gp in brain capillaries. Specifically, hAp40 triggers the
degradation of P-gp through the activation of the ubiquitin—proteasome pathway; by preventing the
ubiquitination of P-gp, the expression of P-gp protein and its transport activity at the blood—brain barrier

can be preserved, leading to lower levels of A in the brain in vivo [107].
2.2.2. Role of P-gp in Parkinson’s Disease

There is a strong correlation between reduced expression of P-gp and an increased risk of PD. Mice lacking
P-gp show a high accumulation of pesticides and other harmful toxic substances in the brain, indicating its
importance [108]. However, it has not been possible to confirm a correlation between the reduced function

of P-gp at the BBB and the onset of Parkinson’s disease [109]. Several studies therefore demonstrate that
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the reduced efflux of P-gp is not the main cause in the onset of PD, but rather, the function of P-gp decreases
with aging and in the advanced stages of various Parkinsonian diseases [110,111]. Bartels A.L. et al.
conducted an in vivo PET study on seventeen healthy volunteers aged between 18 and 86 years old. By
using [''C]Verapamil, it was shown that a more profound functional decrease in P-gp was observed in the
regions of the white matter of the internal capsule and the corona radiata, as well as in the orbitofrontal

regions [112].
2.2.3. Role of P-gp in Major Depressive Disorder

Major depressive disorder (MDD) is the most severe form of depression and the third leading cause of long-
term disability. It is estimated that 4% of the population suffers from depression, including 5.9% of adults
aged 70 years or older. Approximately 332 million people worldwide are affected by depression. In 2021,
an estimated 727,000 people died by suicide.

MDD affects men and women differently. Women are twice as likely as men to develop MDD over the
course of their lifetime [113] and are more likely to experience recurrent MDD [114]. Moreover, women
and men, among other differences, respond differently to antidepressant treatment, particularly
pharmacological therapies [115].

MDD is characterized by high negative affectivity and reduced positive affectivity, and these emotional
abnormalities can be partly attributed to emotion dysregulation [116].

An association between MDD and P-gp has been identified. This correlation is due to polymorphisms of
the ABCB1 gene, among which the most relevant are single nucleotide polymorphisms (SNPs) at C3435T,
G2677T, and C1236. In a study conducted on a Japanese population sample (62 patients and 160 controls),
associations between functional ABCBI1 polymorphisms and mood disorders, including depression, were
reported [117]. This hypothesis was further confirmed by another study conducted on a Japanese cohort.
The results suggest that the C3435T polymorphism (one of the functional ABCB1 polymorphisms) plays
an important role in the development of major depressive disorder [118].

P-gp also plays an important role in the bioavailability of antidepressants in the CNS. P-gp may lead to
insufficient intracerebral concentrations of these drugs and to a poor therapeutic response [119,120]. The
three ABCB1 SNPs C3435T, G2677T, and C1236T have been controversially associated with substrates
of selective serotonin reuptake inhibitors (SSRIs) and with dose and response to serotonin—norepinephrine
reuptake inhibitors (SNRIs) for MDD [118,121-124]. Hui Hua Chang et al. also demonstrated that ABCBI1
polymorphisms can influence short-term antidepressant response in patients with MDD, without affecting

cortisol levels before and after antidepressant treatment [125].
2.2.4. Role of P-gp in Other Diseases

The P-gp is also involved in the etiopathology of other CNS disorders such as HD. Kao Y.H. et al.
demonstrated that the expression of P-gp is upregulated in cerebral capillaries in the cerebral cortex and
striatum of human patients with HD; in particular, P-gp expression in the cortex increased with the
progression of the disease, and P-gp mRNA levels were higher in a later stage of the disease [126]. The P-

gp is also involved in other conditions such as Schizophrenia [127].
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2.3. P-gp and Multidrug Resistance (MDR)

MBDR is responsible for over 90% of deaths among cancer patients receiving traditional chemotherapeutic
agents or new targeted drugs [128]. MDR is the cellular mechanism through which tumor cells develop
resistance to various structurally and mechanistically unrelated chemotherapeutic drugs. It can manifest
through various mechanisms, with the primary one being the overexpression of P-glycoprotein [129]. It
mediates MDR in many tumors such as breast cancer, lung cancer, human colorectal cancer, ovarian cancer,
and others. Its expression confers high resistance to chemotherapeutic drugs such as taxanes (Paclitaxel),
vinca alkaloids, anthracyclines and camptothecins [130]. The P-gp expels a wide variety of drugs from
tumor cells, leading to a decrease in intracellular drug concentration and the MDR phenotype; thus, it limits
the therapeutic effect, resulting in low bioavailability [131]. Pettersson M. et al. demonstrated that drugs
with a higher molecular weight have a lower risk of efflux by P-gp; specifically, efflux pumps do not affect
macromolecules like proteins because they are too large to be expelled [132]. Regarding methodologies to
reverse MDR, the strategy of molecular-level P-gp downregulation has proven to be less effective compared
to blocking P-gp efflux function. It has been hypothesized that inhibiting P-gp efflux function could
represent a potential therapeutic strategy to overcome MDR. Although it has been shown that numerous P-
gp inhibitors significantly enhance the efficacy of some antitumor drugs in MDR tumor cells in vitro and

in vivo, no P-gp inhibitor has been approved for clinical use [133].
2.4. PET Imaging and the Importance of P-gp

PET imaging of P-gp function was first demonstrated in 1998 using verapamil labeled with !'C. The basic
idea when using labeled P-gp substrates as PET tracers is that a low brain concentration suggests efficient
P-gp function, while a high concentration indicates less efficient P-gp function [134]. Many studies
demonstrate that P-gp activity/expression can correlate with the early onset of not only CNS diseases, but
also with other pathologies such as chemo-resistant tumors, and HIV encephalopathy [135]. By using
radiolabeled P-gp substrates, the contribution of P-gp to the pharmacokinetics of drugs in vivo can also be
studied. Increased brain uptake in animals or humans of the radiolabeled drug after pre-treatment of a
modulator indicates drug transport mediated by P-gp. Increased brain absorption of the drug under
examination in P-gp knockout mice compared to wild-type mice can also prove that the drug under
examination is actively expelled from the brain [136]. Radiotracers for P-gp measurements are typically
administered intravenously. Since the distribution of the PET radiotracer in the brain depends on the arterial
concentration entering the brain, arterial blood is also sampled. Once the radioactivity concentration in the
brain measure by the PET scan and arteries is obtained, quantification of the data can be performed using
two different approaches. Calculated kinetic parameters reflect P-gp function at the BBB. These approaches

are called NON-COMPARTMENTAL METHODS and COMPARTMENTAL METHODS [137].
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2.5. Current State of PET Radiotracers Targeting the P-gp

The main radiotracers currently used are [''C]Verapamil and (R)-[''C]Verapamil, [''C]Loperamide and
[''C]-N-desmethyl-loperamide, [!'C]Metoclopramide and ['®F]MC225 (Figure 2.2), a radiotracer

developed in an academic setting and currently in Phase II clinical trials.
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Figure 2.2. Structures of the main radiotracers.
2.5.1. ["'C]Verapamil and (R)-['"C]Verapamil

Verapamil is a voltage-dependent calcium channel antagonist used to treat hypertension, angina pectoris,
and supraventricular tachycardia. It is also the oldest tracer developed for PET imaging of P-gp in humans,
and thus has been the subject of the largest number of clinical studies. Verapamil is a P-gp substrate, but at
the microdoses used for PET imaging, [!'C]Verapamil acts as a strong P-gp substrate [138,139].
[''C]Verapamil has been used to measure P-gp function at BBB in vivo based on the fact that its penetration
into the brain reflects P-gp function, specifically measuring the decrease in P-gp function as an increase in
tissue radioactivity uptake. Using this radioligand, possible changes in P-gp function have been suggested
in neurological disorders such as PD, AD, or epilepsy [140,141]. [''C]Verapamil was initially used as a
racemic mixture, but it was later discovered that enantiomerically pure (R)-[!'C]Verapamil is preferable for
the kinetic modeling of PET data due to differences in metabolism and plasma protein binding between
(R)- and (S)-Verapamil [142]. Verapamil works a calcium channel blocker in both its enantiomers.
Nevertheless, the S-enantiomer displays a much greater efficiency as a blocker, namely, around 10 times
more. On the other hand, the R enantiomer is preferably used as a P-gp radiotracer because it acts as a
stronger substrate for this protein [143]. Luurtsema G. et al. demonstrated the pharmacodynamic profiles
of both Verapamil enantiomers in several animal models, showing that, despite the fact that both
enantiomers are P-gp substrates, the R enantiomer is a safer PET tracer for measuring P-gp function in vivo

[144,145].
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2.5.1.1. Metabolism and Kinetic Evaluation of [!!C]Verapamil and (R)-
[''C]Verapamil

Verapamil’s main metabolic pathways include N-dealkylation (producing D-617 and D-717), N-
demethylation (producing norverapamil and formaldehyde), and O-demethylation (producing D-703 and
D-702). The metabolites obtained from N-dealkylation are ["'C]D-617 and ['!C]D-717, and from O-
demethylation, ['!C]D-702 and ["'C]D-703, as shown in Figure 2.3. Additionally, small-labeled carbon
fragments are formed. It is predicted that [!!C]Formaldehyde is the main metabolite, which can be further
converted into many other metabolites and eventually into ['C]CO,. A schematic representation of the
main metabolites is shown in Figure 2.3. Thus, the study by Verbeek J. et al. highlights how these [!!C]-
labeled metabolites may contribute to the measured PET signal. In particular, [!!C]D-617 is a P-gp substrate
with similar brain kinetics to (R)-[!!C]Verapamil under basal conditions. P-gp inhibition led to a much
smaller increase in brain uptake of ['C]D-617, suggesting a lower affinity for P-gp compared to (R)-
[M'C]Verapamil. In contrast, the study conducted by Luurtsema G. et al. shows that aside from [''C] polar
metabolites, no other [''C] metabolites of verapamil (such as [''C]D-617 or ['!C]D-703) were detected in
the rat brain. The formation of ['!'C] polar metabolites, such as formaldehyde, could lead to levels of [!'C]
in the brain that are not mediated by P-gp. This could influence the measurements of BBB P-gp function
[146-148]. Ikoma Y. et al. conducted a quantitative analysis of [!'C]Verapamil transfer from plasma to the
brain of healthy volunteers, showing that the amount of not metabolized [!!C]Verapamil was approximately
94% at 7 min, 83% at 12 min, 55% at 30 min, and 35% at 60 min. This study also demonstrates that the
existence of metabolites modifies BBB permeation, and it suggests the possibility that metabolites
contribute to the measured activity [149]. Currently, the preferred model for the kinetic analysis of (R)-
["'C]Verapamil is a single-input model with a single tissue compartment, using the sum of (R)-
[''C]Verapamil and N-dealkylation metabolites in the plasma as the input function, with V4 serving as a
surrogate marker for P-gp function. This model represents the optimal compromise between fit accuracy,
precision, and biological plausibility [147].
ik,
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Figure 2.3. Structure of ['!C]Verapamil and its major metabolites [146].
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This was demonstrated in a study conducted by Lee Y. J. et al. After intravenous administration of
['!C]Verapamil, rapid distribution in the brain was observed for a short period, followed by slow
elimination. In order to demonstrate the specific binding of the radiotracer to the P-gp site, two groups are
compared by measuring the area under the curvecereb (AUCcereb) and Cunax cereb; in fact, one of the groups is
pre-treated with PSC833 and it shows a stark increase in the values of AUC.ereb and Crax cereb compared to
the control group that was not pre-treated [150].

CsA also strongly influences the time-dependent brain uptake of [!'C]Verapamil. The combined use of
['!C]Verapamil and CsA, respectively, as a P-gp substrate and inhibitor, would be ideal for non-invasive
measurement of P-gp transport across the human BBB [151]. The time-activity curves of [!!C]Verapamil
showed a peak 15 min after injection of [''C]Verapamil, both in the presence and absence of CsA. Both the
PSC833 and CsA assays are useful to measure the kinetic profile of [!!C]Verapamil as P-gp substrates in
vivo at the BBB for quantitatively evaluating P-gp function at the BBB [152—154]. Verapamil shows largely
linear PK in plasma and brain at both microdoses and therapeutic doses. It was also found that PET tracers
administered at therapeutic doses are metabolized more slowly than at microdose levels [152]. Toornvliet
R. et al. conducted a pilot study to assess the role of aging on P-gp function at the BBB using (R)-
['!C]Verapamil and PET in healthy volunteers [155]. This pilot study shows that the V4 of the specific P-
gp substrate (R)-[''C]Verapamil in the brain is higher in healthy elderly volunteers compared to healthy
young volunteers. Therefore, during aging, the V4 of (R)-[''C]Verapamil in the brain increases, which may

be associated with BBB dysfunction [156].
2.5.1.2.  Fluorinated Verapamil Analogues

One of the problems with [!'C]Verapamil, which has led to its slow decline in use over the years, is the
short half-life of ''C (20 min) [157]. For this reason, Raaphorst R. M. et al. developed fluorinated analogs
such as (R)-N-['®F]fluoroethylverapamil (['®F]1) and (R)-O-['®F]fluoroethylnorverapamil (['®F]2, Figure
2.4), which could be radiolabeled with '®F. (R)-O-['®F]2 is more specific for P-gp, despite its rapid
metabolism, as well as a poor low metabolic stability [158]. Raaphorst R. M. et al. improved metabolic
stability by incorporating deuterium into the tracer molecule. Additionally, greater metabolic stability was
observed in methyl-containing analogs ['®F]3-d3 and ['®F]3-d7 (Figure 2.4), which could result from steric
hindrance of enzymatic metabolism. ['®F]3-d7 thus showed similar in vivo behavior to (R)-[''C]Verapamil
but with greater metabolic stability [159]. [''C]Verapamil and PET have been used for a long time in in
vivo studies and human studies to investigate P-gp and the changes that substrates and inhibitors provoke

on it [140,160,161].
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Figure 2.4. Structure of '8F-derivatives of verapamil [158,159].
2.5.2. [''C]Loperamide and [''C]-N-Desmethyl-Loperamide

Loperamide and its metabolite N-desmethyl-loperamide are potent substrates of P-gp at the BBB, but [!'C]-
N-desmethyl-loperamide ([''C]dLop) is used as a PET radiotracer for imaging P-gp [162,163]. In a study
conducted on human hepatic microsomes, it was observed that loperamide undergoes N-demethylation
catalyzed by multiple cytochrome P450 isoforms, such as CYP2B6, CYP2C8, CYP2D6, and especially
CYP3A4 [164]. The co-administration of ketoconazole (an inhibitor of CYP3A4) was partially effective in
reducing the metabolism of [''C]Loperamide without showing any appreciable effect on the brain
accumulation of [!'C]dLop [165]. Zoghbi S. S. et al. demonstrated through in vivo and ex vivo studies
conducted on wild-type and P-gp knockout mice that [''C]dLop is a better radiotracer than [''C]Loperamide
for assessing P-gp function at the BBB, as the former has one fewer contaminating radiometabolite and
thus better metabolic stability. Moreover, [!'C]dLop presents [''C]CO; as its final radiometabolite, which
has minimal penetration into the brain [151,166,167]. dLop shows a pK, of 7.3 [168]; therefore, it is a weak
base. This allows for the passive diffusion and subsequent protonation of dLop in acidic environments, such
as lysosomes, excluding mitochondria [169].

Liow-San Liowsulle J.-S. et al. analyzed the biodistribution of [''C]dLop in the whole body in monkeys.
The highest accumulation of radioactivity was found in the liver, lungs, and kidneys. Despite the high
accumulation in the kidneys, little radioactivity was excreted through urine. Instead, most of the
radioactivity was likely excreted from the liver into the gastrointestinal tract. Following demethylation,
[''C]dLop may be exhaled as [''C]CO» [170]. Regarding plasma protein binding, no differences were found
in that of ['!'C]-N-desmethyl-loperamide between mice and humans, unlike (R)-[''C]Verapamil, for which
small but significant differences in the percentages of unbound (R)-[''C]Verapamil were observed [171].
Kannan P. et al. demonstrated that dLop acts as a P-gp inhibitor at high concentrations, whereas it behaves
as a substrate at low concentrations, making the activity of dLop concentration-dependent. The in vivo
results displayed that dLop is interesting only at low concentrations because it is a competitive substrate
for P-gp [172].

Through a study conducted on WT and KO mice and WT mice pre-treated with cyclosporine, it emerged
that the duration of the scan could play an important role in determining the kinetic parameters in the kinetic
model. It has been demonstrated that 2 min after the administration of dLop, passive diffusion is the

prevalent mechanism [173].
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Farwell M. D. et al. studied P-gp activity with ['!C]dLop in rat brains. These studies were carried out by
pre-treating one group with CsA or Tariquidar (TQ) and leaving the other group untreated. CsA and TQ act
as P-gp inhibitors; therefore, a higher uptake of [''C]dLop is observed [174]. The regional cerebral
radioactivity uptake after intravenous administration of [''C]dLop, following various doses of DCPQ (0—
16 mg/kg, iv), was measured in a monkey. It was found to increase almost linearly with the dose of DCPQ.
This strongly indicates that [''C]dLop is sensitive to the degree of P-gp blockade in the brain. [''C]dLop
has thus proven to be a strong substrate for brain P-gp in both mice and monkeys, as is ['!C]Lop [168].
Kreisl W. C. et al. examined the ability of [!!C]dLop to quantify P-gp function in humans after increasing
doses of Tariquidar, highlighting that P-gp function can be quantified from a simple measure of brain uptake
(AUC)0-30) or from the brain influx rate constant (K1), both of which are strongly correlated. However, the
single-pass extraction fraction (E) of [!'C]dLop is sufficiently high that both AUCo.30 and K1 should be
corrected for regional cerebral blood flow to separately measure the effects of permeability from those of
drug administration [173,175]. The baseline AUC -39 value found by Kreisl W. C. et al. [175] in humans
was similar to the AUCo-30 value measured in baboons by Damont A. et al. (2.94 = 0.66 SUV min vs. 3.2
+ 0.5, respectively) [176]. The concomitant administration of the radiotracer allows for the use of lower
doses of Tariquidar while producing a similar degree of P-gp inhibition. This method also reduces the
amount of time needed to administer Tariquidar and perform the PET scan with [!!C]dLop [177]. ['!C]Lop
has also been used to investigate P-gp modulation induced by antiepileptic drugs (AEDs) at the BBB,
observing a small difference in [''C]dLop uptake after pretreatment with AEDs compared to treatment with
cyclosporine [173]. In conclusion, [!'C]-N-desmethyl-loperamide, like (R)-[!'C]Verapamil, is not a highly
sensitive radiopharmaceutical for detecting small (<50%) changes in P-gp expression/function at the BBB

when used without the administration of a P-gp inhibitor [171].
2.5.3. [''C]Metoclopramide

Metoclopramide is an antiemetic and gastroprokinetic drug that acts as an antagonist of D, receptors.
[''C]Metoclopramide, on the other hand, is used as a PET radiotracer to measure P-gp function. It is a weak
substrate of P-gp, showing significantly higher brain uptake under conditions of full P-gp functionality
compared to previously described avid substrates such as [''C]Verapamil or [''C]dLop. Consequently,
[''C]Metoclopramide has better sensitivity for detecting moderate changes in P-gp function at the BBB
level compared to avid substrates [178]. Metoclopramide is metabolized by the CYP450 superfamily,
particularly by the CYP3A4 and CYP2D6 isoforms. The main metabolites formed are M3 (a deethylation
product) and M4 (a monooxygenation product), the latter being formed in the form of three different
isomers. It has been shown that metoclopramide does not act as an inactivator of CYP2D6 [179]. However,
Breuil L. et al. demonstrated that the induction of CYP with CBZ and the inhibition of CYP with RIT have
a negligible impact on the plasma kinetics of [!'C]Metoclopramide in rats. This supports the use of
[''C]Metoclopramide as a PET probe for P-gp function at the BBB in situations where concomitant
pharmacological treatment cannot be avoided [180]. The metabolism of metoclopramide can also be
regulated independently of the intrinsic activity of metabolizing enzymes. Specifically, saturable transport
mediated by a transporter on the sinusoidal plasma membrane of the liver was found to be essential for
hepatic clearance, metabolism, and pharmacokinetics of metoclopramide [181]. Pottier G. et al.

demonstrated, through studies on rats, that co-injecting [''C]Metoclopramide with non-labeled
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metoclopramide at its pharmacological dose (2 mg/kg) slows down the peripheral metabolism of the
radiotracer while maintaining its ability to measure P-gp activity in the brain [182]. Alcohol exposure, on
the other hand, had no impact on plasma concentrations, metabolism, protein binding, or brain kinetics of
['!C]Metoclopramide [183]. From a kinetic perspective, Auvity S. et al. sought simplified parameters for
the quantitative estimation of P-gp’s role in the brain kinetics of the radiotracer. In fact, AUC3-60 min was
determined to be a better parameter that displays the impact of P-gp on the overall brain exposure to
['!C]Metoclopramide without the need for an arterial input function [184]. The effect of an inhibitor on the
kinetics of [!!C]Metoclopramide was studied both in NHP and humans, using Tariquidar in the former and
CsA in the latter. In both cases, P-gp inhibition led to a significant increase in the Vr of
['!C]Metoclopramide. Pharmacokinetic modeling was performed in both cases to rationalize the Vr
increase, using the 1-TCM model for NHP and the 1T2K model for humans. An increase in K1 (28.5% vs.
9%) and a concomitant decrease in K2 (36% vs. 15%) emerged [184,185]. Unlike avid P-gp substrates,
[''C]Metoclopramide shows rapid and substantial initial brain uptake followed by rapid metabolism and
elimination from plasma; therefore, the later part of the cerebral PET signal, which is mainly represented
by unmetabolized [!'C]Metoclopramide, allows for reliable calculation of Kg prain. The advantage of K prain
over cerebral Vr, which is considered the gold standard for measuring P-gp function, is that it is calculated
solely from dynamic cerebral PET data and does not require an arterial input function. However, Kg prain 1S
less sensitive than Vr in detecting maximum P-gp inhibition at the BBB [186]. The feasibility and relevance
of Kg prain O [''C]Metoclopramide have been evaluated in rats, non-human primates (NHPs) and humans,
showing that kg prain has adequate sensitivity to measure the impact of pharmacological inhibition of P-gp
at the BBB. Given the substantial differences in BBB permeation and peripheral clearance of
[''C]Metoclopramide between rats, NHP, and humans, kg prin values cannot be used to compare P-gp
function across species. The main limitation of using kg prain is that this quantification method cannot be
applied to other P-gp radiolabeled substrates that do not share the advantageous pharmacokinetic properties
of [''C]Metoclopramide [186,187]. Bauer M. et al. studied in vivo the biodistribution of
[''C]Metoclopramide in healthy males and females. The results demonstrated that the majority of the
radiotracer was accumulated in the liver, with a minimal part of the radiotracer quickly excreted in urine,
with very little difference between the male and female volunteers [188]. Apart from a slight accumulation
in the basal ganglia (BG), the distribution across different brain regions was quite homogeneous; thus, no
predominant accumulation was observed in regions rich in D2 dopamine receptors, such as the striatum
[184,185]. In mice, it was demonstrated that the renal and hepatic uptake of [''C]Metoclopramide is
partially mediated by transport through OCT1 and OCT2, while MATE transporters contributed to the
urinary excretion of [''C]Metoclopramide and its radiolabeled metabolites [189]. As demonstrated by
Bauer M. et al., [188] age-related differences in brain exposure to [''C]Metoclopramide were not caused
by differences in the peripheral disposition of [''C]Metoclopramide, and reduced clearance of
metoclopramide from the brain in elderly subjects may be related to an age-dependent decline in cerebral
P-gp.

Mairinger S. et al. evaluated in rats how pulmonary P-gp was affected by exposure to [''C]Metoclopramide
(aerosolized model), showing a different behavior compared to other previously studied avid substrates
such as (R)-[''C]Verapamil and [''C]dLop. Unlike (R)-[''C]Verapamil and [''C]dLop, the absence of P-gp

activity led to an increase, rather than a decrease, in pulmonary exposure to [''C]Metoclopramide
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[88,188,189]. Over the years, ['!C]Metoclopramide has also been used to assess both the immediate and
delayed impact of BBB disruption induced by focused ultrasound with microbubbles [190]; furthermore, it
was used to evaluate the effect of treatment with St. John’s Wort extract (SJW) with a high hyperforin
content on central and peripheral P-gp activity, as well as peripheral CYP activity, in healthy volunteers

[191].
2.5.4. [SFIMC225

['®F]IMC225 is a weak P-gp substrate used as a PET tracer for imaging P-gp function in the BBB. This
tracer exhibits higher baseline brain uptake, allowing for measurement of both increases and decreases in
P-gp function. In vivo, ['®8F]MC225 has demonstrated good pharmacokinetic properties, a suitable signal-
to-noise ratio, high sensitivity towards the target, and low levels of radiometabolites in the brain [192]. It
is selective for P-gp, as additional inhibition of Berp had a negligible effect on the tracer’s brain uptake, as
shown by Savolainen et al. [193]. The primary advantage of ['*F]MC225 over [!!C]Verapamil is its greater
metabolic stability and lower number of metabolites in the brain. Over 96% of the parent
radiopharmaceutical ['8F]MC225 remained intact in the brain after 45 min, while radioactive metabolites
constituted only 11-24% of total brain radioactivity at 60 min post-injection, compared to over 50% for
['!C]Verapamil. The main metabolites of [®F]MC225 are products of defluoroethylation and
demethylation. The ['3F]fluoroethane/ethanol formed can likely enter the brain, but the fraction of
metabolites observed in the brain after the PET scan was found to be small [194,195]. Garcia-Valera L. et
al. studied different kinetic models of ["8F|MC225 in NHP to assess P-gp function across varying scan
durations. For short-duration scans, the 1-TCM model was preferred, with K1 being the best parameter for
estimating P-gp function. For long-duration scans (>60 min), the 2-TCM model was preferred, where both
K1 and Vr could be used to estimate P-gp function at the BBB [196]. ['8F]M(C225 has been compared to
(R)-["'C]Verapamil to determine the best pharmacokinetic parameters to evaluate P-gp interactions for both
radioligands. The main difference was the K2 value, which decreased for (R)-[''C]Verapamil, but remained
unchanged for ["®F]MC225, in the presence of an inhibitor. In addition, low baseline Vr values of (R)-
["'C]Verapamil could hinder the quantification of increases in P-gp function, which are associated with
further decreases in V. This limitation is not present with ["®FJMC225, making it suitable for measuring
increases in P-gp function [196-198]. The difference in Vr between ['8F]MC225 and [!!C]Verapamil was
also observed in a healthy human subject under both unblocked and blocked P-gp states, with blocking
achieved via intravenous infusion of the specific P-gp inhibitor cyclosporine (2.5 mg/kg/h) starting 30 min
before the scan. V1 in gray matter increased from 4.38 at baseline to 5.48 after cyclosporine administration,
significantly higher than the Vr values previously reported for [!!C]Verapamil (1.28 at baseline, 2.00 after
P-gp inhibition), verifying ['®®F]MC225 as a promising tracer for measuring BBB P-gp function in humans
[199,200]. The direct comparison between ['*F]MC225 and (R)-[!'C]Verapamil led to an initial evaluation
of ['®F]MC225 in human subjects as a Phase I study. Toyohara J. et al. validated the radiosynthesis process
of ["8F]M(C225, assessing preclinical toxicity and radiation dosimetry based on distribution data in mice.
Preclinical toxicology studies indicated that ["®F]MC225 showed acceptable pharmacological safety at
tracer concentrations required for adequate PET imaging. Regarding radiation dosimetry, a single
intravenous injection of 185 MBq of ['"®F]MC225 resulted in an estimated effective dose of 2.9 mSv (with

voiding 360 min post-injection) and 3.1 mSv (without voiding), well within the acceptable radiation dose
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limits for PET imaging. Cardiovascular toxicity studies further indicated that the cardiovascular activity of
['®FIMC225 is negligible at tissue concentrations sufficient for in vivo quantification of P-gp activity
[201,202]. In the Phase I trial conducted by Toyohara et al. with eight healthy subjects, ['"¥F]MC225 was
well tolerated, with no clinically significant adverse pharmacological effects or safety signals observed.
Differences in V1 were noted across individuals in gray matter and choroid plexus regions, with
interindividual variability (CV) in Vr in the 1-TCM, 2-TCM, and Logan plot models being 26% =+ 4%,
while intraindividual differences were relatively small (CV of Vr was 11% + 3%). These large
interindividual variances may be due to differences in P-gp density and/or function [203]. Mossel P. et al.
analyzed the pharmacokinetics of ['®F]MC225 in healthy volunteers, identifying the 2T4K model as the
most accurate for describing its brain kinetics and quantifying P-gp function at the BBB with VB as the
model parameter. However, ['"*F]MC225 displayed relatively large test retest (TRT) variability (28%) for
Vr, higher than the 9% reported for (R)-[''C]Verapamil [204]. ['*F]MC225 has also been used to study
circadian modulation of P-gp function in the brain. P-gp activity showed daily rhythms independent of
sleep, suggesting that it is modulated by circadian rhythms in neurotransmitters, cytokines, or hormones
[205]. Furthermore, ['®F]MC225 was tested for its effects on anesthetic exposure in rats, showing
significant increases in K2 values and corresponding decreases in Vr after prior anesthesia exposure,

without significant changes in K1 [206].
2.5.5. [''C]-Labeled P-gp Inhibitors: Tariquidar, Elacridar, Laniquidar

Tariquidar, Elacridar, and Laniquidar are third-generation inhibitors with high affinity for P-gp. They also
cause fewer pharmacokinetic and pharmacodynamic interactions because they only minimally interfere
with the cytochrome P-450 system [207]. Bauer F. et al. labeled Tariquidar with carbon-11 to evaluate its
ability to measure P-gp function in rats. [!'C]Tariquidar (Figure 2.5) does not exhibit selectivity towards P-
gp as it also interacts specifically with BCRP at the BBB [208]. Dorner B. et al. labeled Elacridar with
carbon-11, highlighting its ability to specifically bind to P-gp at the BBB. [''C]Elacridar (Figure 2.5),
analyzed in vivo 2h after the injection of unlabeled Elacridar, exhibited behavior comparable to (R)-
[M'C]Verapamil in a similar study setup [209]. The derivative ['®F]Elacridar has also been developed,
showing in vivo behavior similar to that of [!'C]Elacridar. However, the significant degree of defluorination
observed with ['8F]Elacridar, along with low radiochemical yields, limited its subsequent use [210].
Compared to (R)-[!'C]Verapamil, [!'C]Elacridar and [!!'C]Tariquidar exhibited greater metabolic stability.
The K1 values of [''C]Tariquidar and [!''C]Elacridar were up to 10 times lower than those of (R)-
[''C]Verapamil, suggesting that [''C]Tariquidar and [11C]Elacridar were more effectively effluxed at the
BBB than (R)-[!!C]Verapamil. The washout of [''C]Tariquidar and [''C]Elacridar from the brain was very
slow [211]. The brain PET signal of [!'C]Elacridar and [''C]Tariquidar was very low in rats, consistent
with P-gp-mediated efflux transport. This limits the applicability of these tracers for visualizing brain P-gp
density [212]. The tumor uptake of [!!C]Tariquidar and [!!C]Elacridar, on the other hand, demonstrated an
absorption 2 to 3 times higher than the uptake in the brain, suggesting a better suitability of these
radiotracers for tumor imaging rather than brain imaging [151]. The total body distribution of [''C]Elacridar
and [''C]Tariquidar was studied in healthy men and women. They showed a high concentration of
radioactivity in the liver, gallbladder, and intestines, with negligible concentration in the urinary bladder.

This suggests that biliary excretion and possibly intestinal secretion are the primary elimination pathways
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for these radiotracers [213]. A marked decrease in radioactivity excreted in bile was also observed, in both
humans and mice, when a pharmacological dose of unlabeled Tariquidar was co-administered with the
radiotracer, suggesting inhibition of canalicular efflux transport activity [213]. Laniquidar was also labeled
with ''C by Luurtsema G. et al., but initial preclinical studies on this tracer did not show the expected brain
uptake. They highlighted that at PET doses, [!'C]Laniquidar (Figure 2.5) behaved as a substrate for P-gp
rather than as an inhibitor [214]. ['!C]Laniquidar has a K2 close to zero, suggesting that the best model was
a single-tissue compartment model with a single parameter (K1), for which 5 min of data collection was
sufficient. However, [!!C]Laniquidar generates a high number of radioactive metabolites that cross the
BBB:; so, for the 60 min scan interval, it is better to use a kinetic model consisting of two parallel single-
tissue compartment models, one for the parent [''C]Laniquidar and the other for the labeled metabolites
[215]. The biodistribution of [''C]Laniquidar showed the highest uptake in the liver, followed by the spleen,
kidneys, and lungs. In rats, the highest uptake was observed in the lungs, followed by the liver, spleen, and

kidneys [216].
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Figure 2.5. Structures of [!'C] labeled P-gp inhibitors: Tariquidar, Elacridar, Laniquidar.
2.6. Summary of the Introduction

The sensitivity of PET probes in detecting moderate changes in P-gp function at the BBB has been shown
to be different among clinically validated radiolabeled substrates.

["'C]Verapamil was the first radiotracer used for PET imaging of P-gp because it is a selective substrate for
it, thus allowing for non-invasive detection. [''C]Verapamil enables the study of P-gp function at the BBB,
in normal conditions but also after treatment of inhibitors, and therapeutic drug interactions with P-gp. The
racemic [''C]Verapamil has been replaced by its R-enantiomer since it has been shown that, despite being
transported equally by P-gp, it has a slower metabolism [144]. However, [''C]Verapamil presents several
disadvantages, including a rapid metabolism, which reduces the amount of available radiotracer in plasma,
as well as being labeled with ''C, which is not preferred for clinical use. Due to these drawbacks, despite
still being considered the “gold standard”, its use has progressively decreased in favor of better and more
specific radiotracers. Among these are [''C]Lop and its metabolite [''C]dLop, which is a more specific
substrate, as it does not interact with ion channels. The main advantage of ['!C]dLop is its reduced

metabolism [166]. Overall, however, ['C]dLop suffers from limitations similar to those of (R)-
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['!C]Verapamil, as the cerebral PET signal can be compromised by radiolabeled metabolites that are
partially transported by P-gp. The baseline brain uptake of [!!C]-N-desmethyl-loperamide is about two
times lower than that of (R)-[''C]Verapamil, making it even more difficult to assess regional differences in
cerebral P-gp function [155].

[''C]Metoclopramide, in contrast to [''C]Verapamil and [!'C]dLop, is a weak substrate for P-gp, allowing
better penetration through the BBB even when P-gp is active. It also has a more predictable metabolism,
with its metabolites not significantly interfering with PET imaging.

However, the PET radiotracer currently delivering the best results is [¥F]MC225. Like
['!C]Metoclopramide, it is a weak substrate, which is why it shows a higher uptake at the CNS level. Unlike
the previously mentioned radiotracers, ['®!F]MC225 was designed as a specific substrate for P-gp, thus
allowing greater specificity, sensitivity, and providing a more accurate and detailed image of P-gp activity,
especially in the brain. [®¥F]MC225 also has reduced interaction with other transport proteins. Owing to

these characteristics, ['"®F]MC225 is currently undergoing three different Phase II clinical trials.
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2.7. Background and aim

As previously described, there isn’t several PET radiotracer for the imaging of P-gp. Almost everyone used
during the years are not born for the P-gp imaging but they were used for other utilities. In fact, verapamil
is a calcium-antagonist currently uses for the treatment of hypertension; Loperamide is a weak agonist of
oppiod recepters currently uses as antidiarrheal; Metoclopramide is a D2 receptor antagonist used for as
antiemetic agent. Among then, only MC225 was drawn as candidate P-gp PET radiotracer.

['®F]MC225 is a weak P-gp substrate and for this reason it can measure both the overexpression of P-gp
and the reduced expression.

For this reason, ['®*F]MC225 is undergoing two different Phase II clinical trials: (i) ['*F]MC225-PET in
Neurodegenerative Disease, EudraCT Number: 2021-005024-37 (The Netherlands); (ii) The impact of
gender differences in P-glycoprotein function measured with ['*F]MC225 and PET, EudraCT Number:
2022-003664-25 (The Netherlands).

Because several studies show an association between P-gp transporter overexpression and treatment-
resistant depression ['¥F]MC225, the aim of this part of PhD project was to synthesize the phenol precursor
(FM4/MC226) and the corresponding cold compound (FM5/MC225) to obtain the AIFA approval to start
a new Phase II clinical trial with the nuclear medicine department of the “Gemelli hospital” in Rome. The
goal of this new clinical trial is investigate the correlation between P-gp and depression.

To obtain the AIFA approval, FM4/MC226 and FM5/MC225 have been syntetized following the Good
Laboratory Practice (GLP) and the purity of FM4/MC226 had to demonstrate by an accredited external
laboratory. Furthermore it was also necessary to carry out stability studies on the precursor phenol.
However, nothing related to the ongoing clinical trial will be shown in this chapter because it is the property

of the Gemelli Polyclinic.
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2.8. Results

2.8.1. Chemistry
The synthesis of the phenolic precursor FM4/MC226 was performed as previously described by Garcia-

Valera et al. [192], with minor modifications.

Commercially available 5-hydroxy-3,4-dihydronaphthalen-1(2H)-one was first alkylated under basic
conditions using benzyl bromide (BnBr) to protect the phenolic function during subsequent steps,
affording intermediate FM1. Subsequently, a Grignard reaction with magnesium and cyclopropyl bromide
was carried out, followed by dehydration using AcOH/HBTr (2:1), yielding intermediate FM2 as a mixture
of positional isomers. Intermediate FM2 was then reacted with the basic moiety 6,7-dimethoxy-1,2,3,4-
tetrahydroisoquinoline under basic conditions to obtain FM3, again as a mixture of positional isomers.
FM3 was subjected to catalytic hydrogenation using 10% Pd/C to reduce the double bond and
simultaneously remove the benzyl protecting group, affording the final phenolic precursor FM4/MC226.
To obtain the non-radioactive reference compound FMS5/MC22S, the phenolic group of FM4 was

alkylated with 1-fluoro-2-iodoethane under basic conditions.
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Scheme 2.1 Synthesis of phenol precursor FM4/MC226 and cold compound FM5/MC225. (a) BnBr, K2COs3,
CH3CN, reflux, ON; (b) 1) Mg, cyclopropyl bromide, anhydrous THF, RT 4h to reflux ON; 2) AcOH/HBr 3N (2:1),
RT, 2h; (c) 6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline, K2CO3, CH3CN, reflux, ON; (d) Pd/C 10%, Ha, 4.5
bar, MeOH + EtOH 96%, RT, 72h; (f) 1-fluoro-2-iodoethane, K2COs3, acetone, reflux, ON.
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2.9. Discussion

['®FIMC225 is a PET radiotracer developed in the laboratory where this thesis was conducted and is
currently being evaluated in two independent Phase II clinical trials in collaboration with the Department
of Nuclear Medicine of the University of Groningen. These studies aim to investigate the potential
application of this radiotracer in neurodegenerative disorders such as PD and AD (NCT05853471), as well
as to assess the presence of gender-related differences in P-gp expression at the BBB level (NCT05618119).
In parallel, the phenol precursor FM4/MC226 and the non-radioactive reference compound FM5/MC225
were synthesized in order to obtain authorization from the Italian Medicines Agency (AIFA) to initiate an
additional Phase II clinical trial, in collaboration with the Fondazione Policlinico Universitario Agostino
Gemelli IRCCS in Rome, aimed at investigating the correlation between P-gp expression and depression.
FM4/MC226 and FMS5/MC225 were synthesized in three independent batches (202305FM401,
202403FM402, 202407FM403 for FM4/MC226 and 202305FM501, 202403FM502, 202407FM503 for
FM5/MC225). The yields obtained for each synthetic step were comparable among the different batches,
demonstrating the robustness and reproducibility of the synthetic procedure.

For AIFA approval, it was mandatory to demonstrate the purity of the phenol precursor through analyses
performed by an accredited external laboratory. FM4/MC226 showed a purity >98%, which, according to
current regulatory guidelines, made it unnecessary to identify and characterize the individual impurities
present. The purity of FM4/MC226 was assessed by UPLC and quantitative 'H-NMR. In addition,
FM4/MC226 was shown to be free from biological contamination and from palladium residues on
Carbone, the catalyst employed during the synthesis. Residual solvent (Toluene, CH>Cl,, CH;OH) levels
were also below the established regulatory limits (<5000 ppm), ensuring compliance with applicable legal
requirements.

Approval also required the execution of stability studies at the same accredited external laboratory.
FM4/MC226 was found to be stable, although the corresponding data cannot be reported as they are
proprietary and belong to the company Biofordrug.

On the basis of the submitted documentation, on 16/04/2025 [8F]MC225 received authorization from
AIFA for a new Phase II clinical study entitled “Evaluation of P-glycoprotein alterations in treatment-
resistant depression: a ['"FJMC225 PET study” (CTIS ID: IN-1-43738). This clinical trial includes the
enrollment of 30 depressive-responsive and 30 depressive-nonresponsive patients and is expected to be
completed by April 2027.

The '8F-radiolabeling of MC225 was carried out at the Gemelli Polyclinic in Rome using a “two-step
radiosynthesis”. ['®F]MC225 was obtained with a RCY ranging from 8.5% to 12.3% and radiochemical
purity >99%

The radiosynthetic procedure employed, the formulation intended for human administration and the
preliminary results obtained to date cannot be disclosed, as they are the property of Gemelli Hospital in

Rome.
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2.10. Other ongoing projects

Despite the impressive results obtained with [®F]MC225 over the years and the promising outcomes
emerging from the ongoing clinical trial, research in this field is continuing.

During this doctoral work, structural modifications of MC225 were also undertaken with the aim of
developing a new PET radiotracer for P-gp characterized by reduced lipophilicity.

As the primary focus of this thesis chapter is the synthesis of MC225 and its clinical implications, this
section will briefly outline (i) the molecular design strategy, (ii) the main results obtained, and (iii) future
perspectives. The experimental details are therefore not reported here. The full manuscript is currently
under review in ACS Omega, entitled: “From 'SF-MC225 to conformationally free derivatives: Potent and
promising PET tracers to detect P-glycoprotein at the BBB with aryloxy-(thio)-alkyl fragment” (Lisi A.T.,
Mastropasqua F. et al.).

The structural optimization strategy focused on increasing conformational flexibility and, above all, on
introducing a heteroatom into the molecular scaffold (Figure 2.6). The incorporation of a heteroatom also

enabled the removal of the chiral center present in MC225, thereby simplifying the molecular architecture.

K\:/\@[OCHB OCH,
N Pt
OCH, - XN OCH;

R n
=
o I X=0,SorNH
~F n=2or3
MC225 R =H or 3-OCH,

Figure 2.6. From MC225 to new compounds targeting P-gp: general structure.

A structure—activity relationship (SAR) study was conducted to evaluate the impact of these modifications
on P-gp activity, with the goal of identifying new lead compounds suitable for subsequent radiolabeling. A
series of derivatives was synthesized and characterized, featuring a single unsubstituted or meta-substituted
aromatic ring bearing a methoxy group. This aromatic moiety was linked to the 6,7-
dimethoxytetrahydroisoquinoline core through a two- or three-carbon spacer. The connection between the
aromatic ring and the linker was established via a heteroatom (O, S, or NH).

All synthesized compounds were evaluated for P-gp interaction using the calcein-AM assay, and their
apparent permeability (Payp) and BA/AB ratios were determined in Caco-2 cell monolayers. The results,

expressed as ECso values, are summarized in Table 2.2.
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Table 3.3. Evaluation of the BBB Permeability and P-gp Interaction.

X. OCH
OCHs

R

Compound R X Y n P-Eg :}c;ivlvli:y, ® EXJB)"
4 H (0] CH; 2 7.5+£0.3 32+0.2
5 H (0] CH; 1 12.6 £0.40 39+0.1

6 (ATL22) OCHj 0 CH, 2 184023 47403
7 OCH3 (@) CH» 1 53+0.2 45+0.2
8 H S CH» 2 5.6+0.2 3.1+0.1
9 H S CH» 1 8.0+0.5 3.1+£0.2

10 (ATL30) OCH; S CH, 2 33+0.2 38+04
11 OCH3 S CH; 1 8.4+04 3.7+0.1
12 H NH CO 0 >100 33+0.1
13 OCH; NH CO 0 N.A. 45+0.2
14 H NH CH» 1 56.9+1.5 38+3
15 OCH3 NH CH» 1 31.7+2.1 40+0.1

MC225 6.35 18

“The result was obtained by carrying out three independent assays , sample in triplicate; "The value has been
calculated as mean of two independent experiments, sample in triplicate. N.A. = non active

Among the tested molecules, the most promising candidates were 6,7-dimethoxy-2-(3-(3-
methoxyphenoxy)propyl)-1,2,3,4-tetrahydroisoquinoline (6, also known as ATL22; ECso = 1.8 uM, Figure
2.7) and 6,7-dimethoxy-2-(3-((3-methoxyphenyl)thio)propyl)-1,2,3,4-tetrahydroisoquinoline (10, also
known as ATL30; ECso = 3.3 puM, Figure 2.7). Further in-depth computational studies supported these
findings, confirming that ATL22 and ATL30 display the most favorable predicted interactions with P-gp

(data not shown).
OCH3 OCH3
(X (X
O\/\/ OCHj, S\/\/ OCHj,

ATL22 ATL30
EC50 =18 MM EC50 =3.3 HM

Figure 2.7. Chemical structure and pharmacodynamic profile of new lead compounds.

Starting from MC225, the SAR investigation led to the identification of ATL22 as a new lead compound.
ATL22 will be radiolabeled with ''C (Figure 2.8) in collaboration with the Gemelli Polyclinic. Encouraged
by these results, we also synthesized the corresponding fluoroethoxy derivative. Although data regarding
its P-gp activity and permeability are not yet available, we anticipate comparable or improved performance.

If confirmed, this derivative will be radiolabeled with '8F (Figure 2.8), again in collaboration with the
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Gemelli Polyclinic, to enable in vivo comparison between the methoxy and fluoroethoxy analogues and to

obtain a radiotracer with a longer half-life.
OCHs3
o NI L
\/\\/ OCH 3

R="CH,
R = -(CH,),"8F

OR

Figure 2.8. Future Perspectives: Radiolabeling with !'C and/or '8F

2.11. Conclusions

['®FIMC225 has received approval from the AIFA for a new Phase II clinical trial, conducted in
collaboration with the Fondazione Policlinico Universitario Agostino Gemelli IRCCS in Rome, aimed at
investigating the correlation between P-gp expression and depression. Although the human studies are still
ongoing, the first qualitative results are highly promising.

Building on MC225 and informed by SAR studies, a new series of compounds was synthesized in order to
have new PET radiotracers for P-gp. Among the tested molecules, compound ATL30 and, in particular,
compound ATL22 emerged as new lead candidates, suitable for further radiolabeling with both ''C and

ISF.
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2.12. Materials and Methods
2.12.1. Chemistry

The companies from which the reagents and solvents were purchased, together with their CAS numbers,
lot numbers, product codes, purity specifications, and the specific synthetic steps in which they were used,
are reported in Table 2.3. This detailed documentation is required by the AIFA to obtain authorization for
the Phase II clinical study. Thin layer chromatography (TLC) was performed using plates from Merck
(silica gel 60 Fas4). Column chromatography was performed with Merck silica gel 60 A (63-200 mm; ratio
of crude mixture to silica gel 1:30 w/w, unless otherwise stated) as the stationary phase. 'H-NMR spectra
were recorded in the indicated solvent on a Varian Mercury-VX spectrometer (300 MHz) or on an Agilent
500-vnmrs500 spectrometer (499.801MHz). The following data are reported: chemical shift (6) in ppm,
multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, quint = quintet, m = multiplet, dd = doublet of
doublets, dt = doublet of triplets, td = triplet of doublets, and br = broad signal), integration, and coupling
constant (J) in hertz. Recording of mass spectra was done on an HP6890-5973 MSD gas
chromatograph/mass spectrometer; only significant m/z peaks, with their percentage of relative intensity in
parentheses, are reported. HRMS-ESI analyses were performed on a Bruker Daltonics MicrOTOF-Q II

mass spectrometer. All spectra were in accordance with the assigned structures.

Table 2.3. Complete description of all reagents and solvents used in the synthesis of FM4/MC226.

Synthetic step
Material CAS RN ¢ Purity Code Company Lot N°
o1 use
> ?;f;fj:el . 283 175 93- FM1 >99% HOG14 TCI P27TC-NN
Benzyl bromide 100-39-0 FM1 >98% B0411 TCI PVMTC-CJ
K2CO3 584-08-7 FM1-FM3 >99% 209619 Sigma-Aldrich | BCCF1997
Acetonitrile 75-05-8 FM1, FM3 >99 % UN1648 Panreac 0002412013
applichem

Dichloromethane 75-09-2 FM1-FM4 99 % 243\3&}5 L= | Honeywell N3480

Na2S04 7755-82-6 FM1-FM4 >99 % 2319]2(1}3' Honeywell MO0060
Ethyl acetate 141-78-6 FM1, FM3 >99% 23882.321 VWR 24B294033
n-Hexane 110-54-3 FM1-FM2 >98% UN1208 Carlo Erba P3H0801431
Bromocyclopropane 4333-56-6 FM2 >98% C1067 TCI 8CUFM-KK
Magnesium 7439-95-4 FM2 / 459085 Carlo Erba 23513-6639
Tetrahydrofuran 109-99-9 FM2 >99% ! 86&62- Sigma-Aldrich STBK8049

Acetic acid 64-19-7 FM2 >99 % 33209-1L Honeywell 12280

L 10035-10- . )

Hydrobromic acid 6 FM2 48% 26,800-3 Sigma-Aldrich S30736-385

Ethyl ether 60-29-7 FM2 >99% 32203-5L Honeywell N2690

6,7-dimethoxy-

7 ;T;I’C Xy 2328-12-3 FM3 >98% D2472 TCI 820EF-JH
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Methanol 67-56-1 FM3-FM4 >99 % 20847.307 VWR 24A254016
9.5- 205699-
0 _05_ . ~ .
Pd/C 10% 7440-05-3 FM4 10.5% 10G Sigma-Aldrich MKCM7616
Ethanol 96% 64-17-5 FM4 >96 % 20824.321 VWR 23E234031
Celite 68855-54-9 FM4 / 419931 Sigma-Aldrich MKCK8774

5-(benzyloxy)-3,4-dihydronaphthalen-1(2H)-one (FM1). Benzyl bromide (4.03 mL, 33.91 mmol, 1.1 eq)
was added to a solution of 5-Hydroxytetralone (5 g, 30.83 mmol, 1.0 eq) and K,CO; (10 g, 17.07 mmol,
2.5 eq) in MeCN (50 mL). The resulting mixture was refluxed with stirring ON and then was allowed to
cool to room temperature. The solvent was removed under vacuum. The residue was taken up with H,O
(30 mL) and extracted with CH>Cl> (3 x 30 mL). The collected organic layers were dried (Na>SOs4) and
evaporated under vacuum to afford a yellow solid crude residue which was purified by column
chromatography using n-Ex/AcOEt 1:1 to obtain a 7.2 g of FM1 as a white solid. Yield, 93%. 'H-NMR
(500 MHz, CDCl3) 6 7.68 (1H, dd, J; = 7.9 Hz, J>= 1.1 Hz), 7.48-7.22 (7TH, m), 7.08 (1H, dd, J; = 8.1 Hz,
J>=1.2Hz),5.11 2H, s), 2.98 (2H, t, J = 6.2 Hz), 2.68-2.60 (2H, m), 2.19-2.07 (2H, m). GC-MS m/z: 252
(M7, 1), 91 (100).

8-(benzyloxy)-4-(3-bromopropyl)-1,2-dihydronaphthalene + (E)-5-(benzyloxy)-1-(3-bromopropylidene)-
1,2,3,4-tetrahydronaphthalene (FM2). To a suspension of magnesium chips (635 mg, 26.16 mmol, 1.65
eq) in anhydrous THF (30 mL) under a nitrogen atmosphere a solution of bromocyclopropane (1.89 mL,
23.77 mmol, 1.5 eq) in anhydrous THF (10 mL) is added drop by drop. The mixture is heated under gentle
reflux until the disappearance of the magnesium chips is observed. After then, a solution containing
cyclopropylmagnesium bromide is obtained and then brought to room temperature under a nitrogen
atmosphere. The solution is then cooled to 0 °C in an ice bath, and the intermediate FM1 (4.0 g, 15.85
mmol, 1.0 eq) dissolved in anhydrous THF (15 mL) is added. The resulting mixture, kept stirring under a
nitrogen atmosphere, is heated at reflux ON. Subsequently, the mixture is brought to room temperature,
and a saturated aqueous solution of NH4Cl1 (80 mL) is added. Then, ethyl ether (100 mL) is added to extract
aqueous phase. The ethyl ether extraction is repeated twice (2 x 50 mL). The collected organic layers were
concentrated under vacuum to afford a red oil (5.7 g) which is used for the subsequent reaction without
further purification.

The red oil is solubilized in a mixture of Acetic acid (52 mL) and hydrobromic acid 3N (26 mL). The
reaction mixture is kept under stirring for about 2 hours at room temperature. The residue was taken up
with HO (50 mL) and extracted with ethyl ether (3 x 50 mL). The collected organic layers were washed
with a saturated aqueous solution of K»COs (1 x 100 mL), dried (Na,SO4) and evaporated under vacuum
to afford a red oil crude residue which was purified by column chromatography using n-Ex/CH,Cl; 8:2 to
obtain 2.6 g of FM2 as a white solid composed by a mixture of the isomers 8-(benzyloxy)-4-(3-
bromopropyl)-1,2-dihydronaphthalene  and  (E)-5-  (benzyloxy)-1-(3-bromopropylidene)-1,2,3,4-
tetrahydronaphthalene. Yield, 46%. '"H-NMR (500 MHz, CDCl;) § 7.48-7.30 (5H, m), 7.25-7.22, 6.98-6.92
(1H, m + m), 7.19-7.09 (1H, m), 6.89-6.85, 6.83-6.77 (1H, m + m), 6.02-5.91 (1H, m), 5.09, 5.08 (2H, s +
s), 3.46 (2H, t, J = 7.3), 2.88-2.75 + 2.66-2.58 (4H, m + m, allylic), 2.52-2.43 + 2.29-2.19 (2H, m + m),

2.13-2.04 + 1.92-1.81 (2H, m + m). Spectrum data correlate with the presence of the geometric isomer
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mixture. GC-MS m/z: 358 (M*+2, 1) 356 (M*, 1), 91 (100). The isomers do not show different

fragmentation peaks but different retention times (Ry: 15.741 min; Ry 16.410 min).

2-(3-(5-(benzyloxy)-3,4-dihydronaphthalen-1-yl)propyl)-6, 7-dimethoxy- 1,2, 3,4-tetrahydroisoquinoline +
(E)-2-(3-(5-(benzyloxy)-3,4-dihydronaphthalen-1(2H)-ylidene)propyl)-6, 7-dimethoxy-1,2,3,4-

tetrahydroisoquinoline (FM3). The mixture of FM2 isomers (2.6 g, 7.63 mmol, 1.0 eq) is solubilized in
MeCN (40 mL) and added K,CO; (3.2 g, 22.89 mmol, 3.0 eq) and 6,7-dimethoxy-1,2,3 ,4-
tetrahydroisoquinoline (2.7 g, 11.64 mmol, 1.5 eq). The resulting mixture was refluxed with stirring ON
and then was allowed to cool to room temperature. The solvent was removed under vacuum. The residue
was taken up with H,O (30 mL) and extracted with CH>Cl, (3 x 30 mL). The collected organic layers were
dried (Na>SO4) and evaporated under vacuum to afford a yellow solid crude residue which was purified by
column chromatography using CH>Clo,/MeOH 95:5 to obtain 2.7 g of FM3 as a yellow solid composed by
a mixture of the isomers 2-(3-(5-(benzyloxy)-3,4-dihydronaphthalen-1-yl)propyl)-6,7-dimethoxy-1,2,3,4-
tetrahydroisoquinoline and (E)-2-(3-(5-(benzyloxy)-3,4-dihydronaphthalen-1(2H)-ylidene)propyl)-6,7-
dimethoxy-1,2,3,4-tetrahydroisoquinoline. Yield, 80%. 'H-NMR (500 MHz, CDCl;) § 7.48-7.28 (5H, m),
7.22,6.97 (1H,d+d,J=7.5Hz,J="1.5 Hz), 7.16-7.07 (1H, m), 6.85, 6.77 (1H, d, +d, /= 8.1 Hz, J=8.1
Hz), 6.60, 6.59 (1H, s + s), 6.54, 6.51 (1H, s + s), 6.09- 6.02 + 5.93-5.88 (1H, m), 5.09, 5.07 (2H, s + s),
3.85,3.84,3.83 (6H, s +s + ), 3.63,3.56 (2H, s + s), 2.88-2.49 (12H, m), 2.26-2.20 + 1.89-1.70 2H, m +
m). Spectrum data correlate with the presence of the geometric isomer mixture. HRMS-ESI* for

C31H35NO; (m/z): [M+Na] caled, 492.2515; found 492.2505.

5-(3-(6, 7-dimethoxy-3,4-dihydroisoquinolin-2(1H)-yl)propyl)-5,6,7,8-tetrahydronaphthalen-1-ol
(FM4/MC226). The isomeric mixture of FM3 (2.7 g, 5.75 mmol, 1.0 eq) is solubilized in ethanol 96% (20
mL) and methanol (20 mL). The solution is kept stirring and under a nitrogen atmosphere for 15 min. After
the addition of palladium on carbon (Pd/C 10% w/w, 0.06 g, 0.57 mmol, 0.1 eq), the suspension is kept
under stirring for 72 hours at room temperature in an H, atmosphere (4.5 bar). Subsequently, the reaction
mixture is filtered on celite and the solvent is removed under vacuum. The residue is solubilized in
dichloromethane (100 mL) and washed with water (3 x 100 mL). The collected organic layers were dried
(Na»S04) and evaporated under vacuum to afford a white solid crude residue which was purified by column
chromatography using CH>Cl,/MeOH 95:5 to obtain 1.5 g of FM4/MC226 as a white solid. Yield, 68%.
All analyses are reported in Table 2.4 and figure S2.1, S2.2, S2.3.

2-(3-(5-(2-fluoroethoxy)-1,2,3,4-tetrahydronaphthalen- 1-yl)propyl)-6,7-dimethoxy-1,2, 3,4-
tetrahydroisoquinoline (FM5/MC225). 1-fluoro-2-iodoethane (0.11 mL, 1.26 mmol, 2.0 eq) was added to
a solution of FM4/MC225 (240 mg, 0.63 mmol, 1.0 eq) and K»CO3 (261 mg, 1.89 mmol, 3 eq) in acetone
(15 mL). The resulting mixture was refluxed with stirring ON and then was allowed to cool to room
temperature. The solvent was removed under vacuum. The residue was taken up with H,O (30 mL) and
extracted with CH,Cl, (3 x 30 mL). The collected organic layers were dried (Na>SO4) and evaporated under
vacuum to afford a white solid crude residue which was purified by column chromatography using
CH>Cl»/MeOH 95:5 to obtain 100 mg of FM5/MC225 as a yellow oil. Yield, 37%. All analyses are reported
in Table 2.4 and figure S2.4 and S2.5.
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Table 2.4. Analytical data for FM4/MC226 and FM5/MC225.

(2H, m), 4.69-4.79 (2H, m)
6.52 (1H, s), 6.59 (1H, s),
6.62 (1H, d, J = 7.8 Hz),
6.83 (1H, d, J = 7.5 Hz),
7.08 (1H, t, J=7.9).

Parameter Method Acceptance criteria Result Annex
FM4/MC226
Appearance In;;lzlé?ilon white solid conforms -
HRMS-ESI* m/z (M+23)" 404.2190 conforms I
m/z :381 (M*, 16); 206
GEMS 1 (100), 192 (43), 164 (20) | conforms | 11
'H NMR (500 MHz,
Identification CDCL) o 698 (1,
J=17.8Hz, 1H), 6.77 (d,
J=17.7Hz, 1H), 6.62-6.49
1 _ ) )
HNMR 1 3H), 384 (s, 3H), 3.83 | conforms I
(s, 3H), 3.57 (s, 2H), 2.88—
245 (m, 9H), 1.92-1.57
(m, 8H).
=+0.10° =
Optical rotation Polarimetry Lol . [ao o+ -
(c=2-3 in CHCl3) 0.05
FM5/MC225
Appearance In;g::l?ilon yellow oil conforms -
HRMS-ESI* m/z (M+23)" 450.2404 conforms I
'H-NMR (500 MHz,
CDCl3): 8 1.60-1.87 (7H,
m), 2.49-2.89 (10H, m),
Identificati 3.59 (2H, s) 3.83 (3H, s),
entification
'H-NMR 3.84 (3H, s), 4.16-4.21 conforms I
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2.13. Supporting information
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Figure S2.1.: Analytical data for FM4/MC226: HRMS-EST*
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CHAPTER 3
Sigma-1 receptors

Development and In Vitro Evaluation of ["*F|CF31 as a
Novel Positron Emission Tomography Radiotracer

Targeting the Sigma-1 Receptor

Introduction adapted from “Mastropasqua, F.*, Ludwig, F.-A.*, & Abate, C. “A Full-Spectrum Evaluation
of Sigma-1 Receptor (S1R) Positron Emission Tomography (PET) Radioligands from Binding Affinity to
Clinical Imaging”. Molecules, 2025, 30(21), 4296. https://doi.org/10.3390/molecules30214296”.

ol

SAfiR studies ['8F]CF31 In vitro autoradiography
K:S1R=5.36 nM % of displacement:
K;S2R = 3009 nM Haloperidol = 91%
P-gp activity (ECgo) > 100 UM FTC-146 = 94%
Papp = 3.0 CF31 = 95%
Kp=1.34-1.66 nM
logD,,=1.24
Main metabolic pathway -
L
(o]
O —— L . of
18g F
\?/O HO OVmF
["*F]CF31 32 or
HO__~ 18
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3. Introduction

Sigma receptors (SRs) are classified into two subtypes: the sigma-1 receptor (S1R) and the sigma-2 receptor
(S2R, also known as transmembrane protein 97, TMEM97). These subtypes differ in molecular weight,
tissue distribution, and drug-binding selectivity [217]. Notably, the primary amino acid sequences of the
two proteins show no similarity; their crystal structures reveal completely different folding patterns,
although their ligand-binding sites are structurally convergent [218,219].

The S1R is a small transmembrane protein (~25 kDa) [220], encoded by a gene located on chromosome 9,
band p13, in both humans and mice, and composed of four exons and three introns [221,222]. The SIR is
defined as a “pluripotent chaperone” [223] because it is capable of interacting with several proteins, as
reviewed by Schmidt and colleagues [218], although further evidence is required to ascertain the functional
relevance of these interactions. This pluripotent nature of the SIR is responsible for a number of complex
effects on cellular status. The S1R had been cloned in the early 1990s, and its crystal structure was only

recently elucidated.

3.1. Localization, Structure and Function

3.1.1. Localization

The S1R was particularly expressed in the CNS, with high levels in the granular layer of the olfactory bulb,
in multiple cortical layers, and in the dentate gyrus, where it exerted its most prominent activities. Slightly
lower expression levels were also detected in certain pyramidal layers of the hippocampus, in various
hypothalamic nuclei, in the septum, in the central gray matter, in the motor nuclei of the rhombencephalon,
and in the dorsal horn of the spinal cord [224]. Overall, the receptor was particularly abundant in regions
involved in memory processing, emotional regulation, and sensorimotor functions [218,224].

At the peripheral level, SIR expression was detected in the gastrointestinal tract, vas deferens [225], liver
and kidneys [226], heart, adrenal medulla, pituitary gland, testes and ovaries [227].

Subcellularly, the SIR was mainly localized to the endoplasmic reticulum (ER), with a particular
enrichment in mitochondria-associated membranes (MAM), specialized ER subdomains in close contact

with mitochondria [228,229].
3.1.2. Structure

Structurally, the S1R consisted of a 223—amino acid sequence that was highly conserved among vertebrates
but showed no significant similarity to other known proteins. The most closely related protein appeared to
be ERG2p, a C8—C7 sterol isomerase expressed in yeast. Both proteins were thought to derive from the
same sterol-binding domain-like (SBDL) regions; however, no isomerase activity had been demonstrated
for the S1R [230].

The elucidation of the S1R crystal structure (Figure 3.1), published in 2016 [217], represented a pivotal
advance. Subsequently, the crystal structures of the S1R in complex with both agonists and antagonists

(Figure 3.1) were also determined [231].
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conserved conserved

Figure 3.1: Overall structure of the S1R. A. View perpendicular to the membrane plane (indicated in gray). The SIR
adopted a triangular arrangement composed of three tightly associated protomers, each containing a single
transmembrane domain positioned at one vertex of the trimeric complex. When viewed laterally, the receptor displayed
a relatively flat surface in contact with the membrane. B—C. Architecture of the SIR protomer. B. Each protomer
exhibited a B-barrel fold reminiscent of cupin-like proteins, flanked by four a-helices, with the ligand (shown in gray)
bound at the center of the B-barrel domain. The receptor was color-coded according to sequence conservation,
highlighting strong conservation within the ligand-binding domain and lower conservation within the transmembrane
helices, which appeared to primarily serve as membrane anchors. C. The interface between adjacent protomers within
the trimer was also highly conserved, suggesting functional relevance of the oligomeric organization . D-E. Crystal
structures of the human S1R monomer in complex with the canonical antagonists haloperidol (D, orange; PDB ID:
6DJZ) and NE-100 (E, light green; PDB ID: 6DKO0). The receptor binding pocket is shown in blue. F. Binding pocket
of the human SIR in complex with the classical agonists (+)-pentazocine (yellow; PDB ID: 6DK1) and PD 144418
(cyan; PDB ID: 5HK1), with the receptor represented in blue . Picture adpapted from Ref. [217,231].

Regarding ligand-receptor interactions, the key feature is an electrostatic bond between a basic amine
group, protonatable at physiological pH and present in all high-affinity SIR ligands, and the Glul72 residue
of the receptor. The remaining portions of the ligand were accommodated within two distinct hydrophobic
pockets positioned at an optimal distance from the basic nitrogen. Together, these interactions defined the
so-called “Glennon pharmacophore” (Figure 3.2) [232]. According to this model, the pharmacophore of

the SIR comprised a basic amino group capable of bearing a small substituent (typically a hydrogen atom
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or a small alkyl group) and two hydrophobic regions: the primary hydrophobic region located 6-10 A from
the amino site, and the secondary hydrophobic region positioned 2.5-3.9 A from the amine. The robustness

of this model was supported by its strong concordance with the crystallographic data [232].

Amine Site

Secondary Primary
Hydrophobic Hydrophobic
Region Region

Figure 3.2: Schematic representation of the “Glennon pharmacophore” , highlighting the key structural features

common to S1R ligands. Adapted from Ref. [232,233].

Crystallization revealed that SIR appears as a trimeric complex, suggesting that the protein acts through
polymerization states. Each subunit consists of a single TMD and a large cytosolic region containing the
binding pocket for each monomer. The 223 amino acid sequence is organized into five a-helices and ten [3-
strands: the N-terminal end spans the membrane, forms the single TMD, and protrudes into the ER lumen.
The C-terminal end is a flat, hydrophobic sequence associated with the cytosolic surface of the ER. Within
the binding pocket, in addition to the ionic interaction with Glul72, SIR ligands interact with Tyr103
(through hydrogen bonds with hydrophilic residues), which provides a favorable environment for
hydrophobic bonds within the primary hydrophobic region (consisting of Val84, Ala86, Trp89, Met93,
Leu95, Ala98, Tyr103, Leul05, Phel07, Tyrl120, Ilel124, Trpl64, Metl170, 1le178, Thr181, Leul82,
Phel84, Alal85, Thr202, and Tyr206). The secondary hydrophobic region (consisting of Trp89, Ser117,
Tyr120, Ile124, Asp126, Phel33, Val152, His154, Thr160, Val162, Trp164 and Met170, with Ser117 and
His154 showing their hydrophobic side chain in the cavity) tolerates smaller groups than the primary one

[232].
3.1.3. Function

Under physiological conditions, the SIR formed calcium-sensitive complexes with the ER chaperone BiP
(Binding Immunoglobulin Protein) [217,234]. Upon activation by agonists or in response to ER Ca*
depletion, the S1R dissociated from BiP and translocated to multiple cellular compartments, including
mitochondria, the nucleus, and the plasma membrane. Within these locations, the receptor carried out
critical functions such as stabilizing the inositol 1,4,5-trisphosphate receptor (IP;R), promoting calcium
transfer from the ER to mitochondria, and sustaining ATP synthesis [223,235].

More recently, SI1R activity was proposed to modulate store-operated calcium entry (SOCE). Agonists such
as (+)-pentazocine enhanced SOCE-mediated calcium influx, suggesting a regulatory role of SIR in
intracellular calcium homeostasis [236]. The receptor also contributed to the protection of the ER against
ROS. In particular, SIR prevented ROS-induced activation of the inositol-requiring enzyme 1 (IRE1) at
the MAM, thereby stabilizing IRE1 and prolonging activation of the IRE1-XBP1s signaling pathway to
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promote cell survival. In addition, SIR interacted with components of the B-cell lymphoma 2 (Bcl-2) and
nuclear factor erythroid 2—related factor 2 (Nrf2) pathways, conferring resistance to apoptotic and oxidative
stress—induced damage [234]. The neuroprotective effects of SIR agonists were well established and were
attributed to several mechanisms, including regulation of intracellular Ca** dynamics, attenuation of
oxidative stress, and anti-apoptotic signaling.

Beyond its neuroprotective functions, SIR was also implicated in viral infections, including severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) [237]. The receptor was found to interact with the viral
non-structural protein NSP6, and S1R knockout (KO) or knockdown (KD) markedly reduced cellular
infection by both SARS-CoV-1 and SARS-CoV-2, prompting interest in S1R as a host factor in coronavirus
replication. In contrast, depletion of the S2R subtype, which interacted with the viral protein ORF9c¢, did
not affect viral infectivity [238]. For these reasons, SIR was recently proposed as a promising therapeutic

target in COVID-19 research [239,240].
3.2. Agonists vs. Antagonists: Key Differences

The crystal structures of the SIR bound to various ligands revealed that agonists, in contrast to antagonists,
induced a conformational displacement of the o4 helix. This rearrangement likely interfered with the
receptor’s oligomeric assembly, supporting the hypothesis that SIR function was mediated through
protein—protein interactions (PPIs). Consequently, SIR ligands might act as allosteric modulators of PPIs,
and the distinct oligomeric states of the receptor could account for the wide range of cellular effects
attributed to S1R activity. In particular, agonists promoted the formation of lower-order oligomers, such as
monomers and dimers, whereas antagonists stabilized higher-order oligomeric assemblies [241].

Despite these structural and functional insights, defining SIR activity in terms of classical agonism or
antagonism remained challenging. Both classes of ligands demonstrated therapeutic efficacy in similar
pathological contexts, including psychotic disorders [242,243]. Moreover, certain compounds, such as
BMY 14802 [244], exhibited dual behavior-acting as either agonists or antagonists depending on
experimental conditions [245].

To clarify the functional distinctions between agonists and antagonists, several methodological approaches
were developed. Gomez-Soler et al. designed a live-cell biosensor utilizing fluorescence resonance energy
transfer (FRET) to monitor SIR conformational dynamics in real time [246]. In parallel, Yano et al.
established a receptor homomer assay based on bioluminescence resonance energy transfer (BRET), while
other studies applied BRET-based systems to investigate heteromeric interactions between S1R and BiP
[245]. Collectively, although a definitive classification of SIR ligands remains elusive, these fluorescence-
based assays provided valuable insights into the conformational transitions underlying receptor activation

and signaling.
3.3. Role of S1R in neurodegenerative diseases

The SIR contributed to the maintenance of protein homeostasis by enhancing neurotrophin receptor
signaling and reducing protein aggregation, processes that are critically involved in the onset of
neurodegenerative diseases. In addition, the receptor was shown to activate autophagy as a protective
response to the accumulation of misfolded proteins. Through these mechanisms, the SIR exerted a

pronounced neuroprotective effect and was implicated in the pathophysiology of multiple neurological

54



disorders. Recent studies demonstrated that the S1R could interact, either directly or indirectly, with several
receptors and enzymes central to neurodegenerative processes, particularly in AD [247,248]. A reduction
in sigma receptor density was observed in patients with AD [249], and some reports linked this decrease to
the €4 allele of the apolipoprotein E gene (4POE4), although this association remained controversial [250].
Beyond AD, alterations in S1R expression or function were also associated with other neurodegenerative
disorders, including PD [234], HD [251], ALS [252].

Highlighting the importance of this receptor in neurodegeneration, two SIR-targeting ligands,
Blarcamesine (also known as ANAVEX2-73) and Pridopidine, are under clinical investigation for the
treatment of AD [NCT03774459; NCT02244541; NCT03790709; NCT02756858] and HD, respectively
[NCT02494778; NCT01306929; NCT02006472; NCT03019289; NCT00724048].

3.4. Current State of PET Radiotracers Targeting the Sigma-1
Receptor

PET radiotracers are invaluable tools for advancing our understanding of the pathophysiological role of
S1Rs. Moreover, they play a crucial role in supporting the drug development process. The radionuclides
most commonly used for PET imaging of SIR are '*F and ''C [74].

In the following sections, a comprehensive analysis of the most relevant PET radiotracers (Figure 3.3)
developed for S1Rs since the early 2000s is presented, comparing them according to key parameters
essential for radiotracer evaluation. To fully capture the current state of the art, their in vivo performance
in different animal models is assessed alongside in vitro and ex vivo autoradiographic data, as well as
analyses of metabolic stability and pharmacokinetic properties. This overview concludes with an evaluation
of the dosimetric profiles and clinical translation potential of these compounds.

Overall, this synthesis underscores the considerable efforts required to develop optimal PET radiotracers

and highlights the importance of achieving a balance between binding affinity and kinetic behavior.

55



SA4503 derivatives X Oy o NN VQ/OM'SF
K/N K/N
/@MN/\
X K/NV\CEOCHS 1a,n=3,X=CO ['®F]IAM6067
OR 1b,n=1,X=CO .
1c,n=1X=CH

["'CISA4503, X = H, R = "1CHj, 2 (Do,
18| - = = 18, N
['8FIFE-SA4503, X = H, R = CH,CH,"8F ¢ W O &3
['8FIFM-SA4503, X = H, R = CH,"F % LA N
["'CISA5845, X = F, R = "CH;,,

18
['8F]FE-SA5845, X = F, R = CH,CH,'éF F

2 ['®FIFBFP,
['®F1-(S)-FBFP,
['®F]-(R)-FBFP

Fluspidine derivatives Vesamicol derivatives
HO
. -0
Hs''c N
, e o 0
@ ["Cl-(+)-pMV
N bid
= /\/
G por

['®F]WMS-1813, X = CH, Ry = (CH,)3"%F, R, = H 4a,X=0
['8F1-(S)-WMS-1813, X = CH, Ry = (S)-(CH,);'8F, R,=H 4P, X=CH
["®F]-(R)-WMS-1813, X = CH, Ry = (R)-(CH,)3'®F, R, = H

e
['®F]Fluspidine, X = CH, Ry = (CH,),"®F, R, = H @ G\
['®F]-(S)-Fluspidine, X = CH, R; = (S)-(CH,),"®F, R, = H J OO
(2

PB28 derivatives

['®F]-(R)-Fluspidine, X = CH, Ry = (R)-(CH,),'®F, R, = H
3a, X = CH, Ry = H, R, = O(CH,),"8F

3b, X = N, Ry = H, Ry = O(CH,),'8F orlerts
X =N R =H Ry = O(CH,), ["'cIPB183 ["'cIPB212
Pyridazinone and pyrimidine derivatives TZ3108 derivatives

U e SV
f\‘(o\/\/N NN I
o é ['®F]TZ3108, R = F, R, = '°F i

N
['8F]-(-)}-TZ3108, R, = F, R, = "8F 7a
Ry (#)-T23108, R, =R, =F (-)-7b
R 5a,R; =F, R,= 0""CH, (+)-7¢c
[''C]HCCO0923, X = CH, R; = H, R, = 4-0"'CHj ["8FICNY-05 (-)-5b, Ry = F, R,= 0'"CHj
[''C]HCCO0929, X = N, R = ""CHj, R, = 3,4-di-Cl (+)-5¢, Ry =F, R,=0""CH;

6a,R;=0""CH3, R, =F
()-6b, R{ = O""CH3, Ry = F
(+)-6¢, Ry = O"CHy, R, = F

Structurally unrelated radiotracers

Q)
N /©/ ! T NN N
N NC 124 NH H cl
o#s 15 Hs''cO e}

['®FIFPS,n=3
['®FISFE, n = 2

Br

['*FIFTC-146 ['*NIPAG 8 ®

Figure 3.3: Structures of known PET tracers developed for S1R imaging.
3.4.1. Preclinical Biodistribution and Blocking Studies

In vivo biodistribution and blocking studies are key components of PET tracer validation, providing
essential data on pharmacokinetics, uptake, target specificity, and off-target binding. These evaluations are
critical to confirm tracer suitability before clinical translation [49]. [''C]SA4503 in rat and mice studies,
exhibited high initial uptake, followed by a gradual washout over time. Radioactivity in the blood and heart
also decreased progressively. Brain uptake was significantly reduced by pre-administration of haloperidol,
(+)-pentazocine, or non-labeled SA4503. All three agents showed a substantial blocking effect, up to
approximately 80%, indicating a high specific binding to SIR [253,254]. ["*F]FE-SA4503 exhibited a

regional brain distribution in rats similar to that of [!!C]SA4503. However, it showed a higher initial brain
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uptake that declined more rapidly, suggesting a lower affinity and more reversible binding to sigma
receptors. Additionally, ['F]JFE-SA4503 demonstrated a gradual increase in bone accumulation of
radioactivity over time. Brain uptake was significantly reduced following pretreatment, co-injection, or
displacement with haloperidol, as well as by co-injection of SA4503 [255]. ["*F]FM-SA4503 displayed
time—activity curves in the brain and peripheral organs of mice that closely resemble those of [''C]SA4503.
In the brain, ['*F]JFM-SA4503 uptake increased over the first 30 min before gradually decreasing, whereas
[''C]SA4503 peaks within the first 5 min and then declines. Specific binding of ['*F]JFM-SA4503, assessed
via co-injection with haloperidol, was 68% at 60 min p.i., compared to 60% for [''C]SA4503 at 30 min
[256]. ["*F]FE-SA4503, ['8F]FM-SA4503, and ['!C]SA4503 exhibited similar regional distributions in the
conscious monkey brain, with high uptake observed in cortical areas, thalamus, striatum, and cerebellum,
regions known to be rich in sigma receptors. However, their time—activity curves differed significantly.
Blocking studies with haloperidol demonstrated a rapid reduction in tracer uptake for all compounds.
Notably, ['*F]JFM-SA4503 showed higher specific binding compared to [''C]SA4503 (68-83% vs. 50-60%
at 60-80 min p.i.) [255-257]. ['®F]FE-SA5845 was evaluated in the conscious monkey brain. Compared to
['®F]FE-SA4503, it showed lower uptake in the cingulate, temporal, and frontal cortices, but higher uptake
in the vermis, thalamus, and occipital cortex [154]. Regarding compounds structurally related to
[''C]SA4503, compounds la—c exhibited high brain uptake and specific binding comparable to
[M'C]SA4503. Among them, compound 1c¢ showed the most promising profile; however, its brain kinetics
in mice were very slow, which is why this compound was not advanced in NHPs [258]. Compound 2
demonstrated a very high initial brain uptake, surpassing that of both [''C]SA4503 and ['*F]Fluspidine,
followed by a slow clearance phase. It also exhibited strong specific binding [259]. In the mouse model,
['®F]IAM6067 showed rapid brain uptake. Blocking studies with haloperidol resulted in approximately 80%
reduction in uptake, and co-injection with CM398 confirmed in vivo selectivity against S2R, demonstrating
that ['®F]JIAM6067 is a specific and selective radiotracer [260]. In Papio hamadryas baboons, the tracer
displayed high and homogeneous uptake in brain regions known to have high S1R density (cerebral cortex,
hippocampus, striatum, amygdala, cerebellum, and brainstem), followed by complete washout. Blocking
studies confirmed the results observed in mice [261]. Despite its low logD74 (0.76), ['*F]FBFP showed
very high initial brain uptake, followed by gradual washout. Blocking studies with SA4503 revealed a
reduction in uptake both in the brain and in peripheral organs rich in S1R [262]. Since FBFP possesses a
chiral center, enantiomeric resolution was performed, and both enantiomers were evaluated in rodents. Both
the R- and S-enantiomers exhibited high brain uptake and favorable brain-to-blood ratios. Blocking studies
with SA4503 resulted in a marked reduction in the uptake of both enantiomers, consistent with the behavior
observed for the racemate. In dynamic micro-PET studies, ['3F]-(S)-FBFP demonstrated substantially faster
clearance from the brain than the R-enantiomer, indicating distinct pharmacokinetic profiles between the
two [85]. On the other hand, among compounds with a spirocyclic structure, ['* FJWMS-1813 exhibited
high brain uptake and prolonged retention of radioactivity, indicating favorable brain penetration as well
as specific binding. It also showed high initial uptake of radioactivity in most organs known to express
S1R. Radioactivity was also observed in the femur, indicating defluorination in vivo. Blocking studies with
haloperidol demonstrated a significant reduction in radioactivity uptake in organs with high S1R
expression, approximately 80% in the brain, except for the liver [263]. ['®F]Fluspidine showed higher initial

brain uptake (at 5 min) than ['8F]WMS-1813 and [!!C]SA4503, and its uptake at 30 min is 40-50% higher
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compared to its F-propyl derivative and ['!C]SA4503. Its biodistribution pattern is similar to that of
[')FIWMS-1813, including radioactivity observed in the femur [264]. Based on ['®F]Fluspidine,
compounds 3a and 3b were synthesized. Compound 3a exhibited better brain uptake than both [''C]SA4503
and ['®F]Fluspidine, with specific binding in the brain and other SIR-rich organs comparable to the two
reference radiotracers. However, it is eliminated too slowly from the brain and shows irreversible brain
kinetics [265]. In contrast, compound 3b has lower brain uptake than compound 3a but displays faster brain
clearance. Blocking studies showed a higher reduction in brain uptake, consistent with a decrease in
lipophilicity [266]. Baum et al. [267] compared (R)-['*F]Fluspidine, (S)-['3F]Fluspidine, and compounds
3a and 3b in NHPs. All four compounds demonstrated high brain uptake. (S)-['*F]Fluspidine and compound
3b showed rapid washout, whereas (R)-['*F]Fluspidine and compound 3a exhibited much slower clearance
from the brain. Notably, compound 3b displayed a more heterogeneous uptake pattern. The distribution
profiles of all four compounds were consistent with that of [''C]SA4503 in humans. Additionally, (S)-
['®F]Fluspidine and compound 3b were compared to ['!C]SA4503 in monkeys. Both showed high uptake
and a distribution similar to ['!C]SA4503, although the latter displayed a slower washout. Moreover,
[''C]SA4503 exhibited higher nonspecific binding than (S)-['"*F]Fluspidine and compound 3b, possibly due
to its lower S1R affinity [267]. Compounds 4a and 4b exhibited good brain uptake despite their low logD7.4
values. Among the two, compound 4b showed superior initial brain uptake and greater specific binding
[268,269]. Regarding ['*F]FTC-146, studies in mouse models showed that it rapidly crosses the BBB,
reaches peak brain uptake within the first few minutes, and then slowly washes out. This kinetic profile is
similar to that of ["®F]JFM-SA4503 and ['®F]Fluspidine. Pre-treatment with haloperidol or the non-labeled
reference led to a marked reduction in ['®F]JFTC-146 binding in the brain, approximately 80% [270].
['8F]FTC-146 was also evaluated in rats and squirrel monkeys, where it demonstrated widespread uptake
and distribution throughout the brain, showing a similar behavior to ['!C]SA4503 and ['®F]FE-SA4503. In
squirrel monkeys, high specific binding was confirmed through haloperidol blockade studies; however,
accumulation of radioactivity in the skull was also observed, which could pose a problem, as additional
radioactivity in the skull may affect PET analysis. However, subsequent studies conducted in humans found
no evidence of accumulation into the skull [271]. Regarding ['*F]FPS and ['®F]SFE, in the rat brain model,
both exhibited the highest average radioactivity uptake in the posterior and frontal cortices, with slightly
lower uptake observed across all other examined regions, including the striatum, cerebellum, medulla pons,
midbrain, hippocampus, and hypothalamus. A key difference between the two compounds lay in their
pharmacokinetics: ['®F]SFE reached its peak uptake at approximately 5 min p.i. and subsequently showed
progressive clearance across all brain regions, whereas ['®F]FPS demonstrated no observable decrease in
radiotracer concentration within the same timeframe. This clearance behavior was considered an advantage
of ['®F]SFE over ['8F]FPS. Both tracers exhibited high specific binding [272,273]. When comparing
['®F]SFE to ['®F]FE-SA4503 in the mouse brain, both showed similar uptake levels; however, ['*F]FE-
SA4503 demonstrated slower clearance. Additionally, ['8F]JFE-SA4503 displayed slightly higher non-
specific binding than ['®F]SFE [274]. ['®F]TZ3108, evaluated in the rat model, showed uptake patterns
consistent with the distribution of S1R in the body, with pronounced accumulation in the lungs and brain.
An increase in liver uptake was also observed during imaging, likely indicating hepatobiliary clearance. In
NHPs, ['®F]TZ3108 readily crossed the BBB and demonstrated high brain uptake with a regional

distribution similar to that in rats, enabling excellent anatomical visualization. However, its brain kinetics
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were relatively slow, reaching a peak at around 45 min and maintaining stable concentrations for over 120
min. Blocking studies with cold TZ3108 or Yun-122 confirmed specific binding [275]. Additionally, both
enantiomers, (—)-['*F]TZ3108 and (+)-['*F]TZ3108, have been investigated in rats and NHPs. Despite its
lower SIR affinity, the (—)-enantiomer showed faster brain clearance compared to the racemate, reaching
its peak at 30 min versus 45 min. Therefore, (—)-['*F]TZ3108 is considered superior to both the racemic
mixture and the eutomer alone in terms of pharmacokinetics. In blocking studies, (—)-['*F]TZ3108 reduced
uptake in most brain regions [276]. Among the derivatives of TZ3108, only compounds Sb and 6b were
studied in vivo in mice. Compound 5b entered the CNS with a maximum Standardized Uptake Value (SUV)
of 2.1 at 5 min p.i., followed by a progressive decrease from 0 to 60 min, whereas compound 6b reached a
higher maximum SUV of 4.1. Blocking studies with haloperidol and TZ3108 reduced brain uptake by 5—
10% and 30-35%, respectively, confirming specific binding. In macaques, all six radiolabeled compounds
were evaluated and successfully entered the brain, displaying distinct uptake and washout profiles. Among
them, compound 7¢ showed the highest brain uptake, with an SUV greater than 2.0 at 5 min p.i. Compounds
6b and 6¢, however, failed to reach equilibrium during a 2 h scan, making them the least suitable candidates
for further clinical development. In contrast, compounds Sb and 5¢ demonstrated good brain penetration,
favorable washout kinetics, and specific uptake in brain regions with high S1R density [277]. In the mouse
model, both [''"CJHCC0923 and [''CJHCCO929 demonstrated similar brain distribution patterns and
exhibited specific and selective binding to SIR. Between the two compounds, [''CJHCC0929 displayed
superior kinetic properties and higher specific binding [278]. ['®F]CNY-05, in brain imaging studies,
successfully crossed the BBB and showed rapid brain uptake with a favorable cerebral clearance profile.
However, the blocking studies using SA4503 revealed an unexpected increase in radioactivity levels. In
NHPs, the SUV stabilized within the first minutes p.i. and peaked at approximately 40 min. Tracer washout
exhibited promising potential for clinical translation. Additionally, ['*F]CNY-05 was evaluated in 5XFAD
transgenic mice, a model for AD. The tracer uptake in all brain regions of AD mice was significantly lower
than that observed in wild-type (WT) controls. Notably, the hypothalamus showed markedly reduced
radioactivity accumulation in AD mice. These findings support the potential application of [ '®F]CNY-05 in
the imaging of AD-related pathological changes [279]. Compound 9, initially designed for the investigation
of D4 receptors, exhibited high brain uptake and a high degree of specific binding in a monkey model, as
confirmed by blocking studies [280]. As for vesamicol derivatives, [!'C]-(+)-pMV shows a regional
distribution pattern in the rat brain similar to [''C]SA4503, but with lower specific binding [281].

The radioiodine compound ["*I]IPAG was investigated in an LNCaP xenograft model with regard to
possible tumor imaging. It showed specific uptake; however, after a period of 4h, the activity became non-
specifically distributed. Tumor visualization became evident after 24h, as radioactivity was cleared from
non-target organs with minimal SI1R expression, similarly to observations for 5 [282]. [''C]PB183 and
[M'C]PB212 are unable to cross the BBB and were therefore investigated for imaging prostate cancer or
assessing peripheral S1R expression, respectively. In blocking studies using haloperidol, Fluspidine, and
SA4503, [''C]PB212 demonstrated specific and reversible binding in the spleen. Moreover, ['!C]PB212 is
an S1R antagonist, with the potential to provide additional information about S1Rs compared to the
agonists, which are more represented among the SIR PET radioligands [283,284]. To the best of our
knowledge, however, this aspect has not been investigated further. Compound 8 was intended to provide a

dual S1/S2R radiotracer, able to image prostate cancer. In mice bearing PC-3 tumors, increasing tumor
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accumulation was shown, reaching a peak at 1.5 h, along with rapid renal and hepatobiliary excretion.
Blocking studies with haloperidol demonstrated a reduced accumulation in the tumor, indicating specific

binding [285].
3.4.2. InVitro and Ex Vivo Autoradiographic Studies

In vivo biodistribution and blocking studies are key components of PET tracer validation, providing
essential data on pharmacokinetics, uptake, target specificity, and off-target binding. These evaluations are
critical to confirm tracer suitability before clinical translation [49]. Characterization of the radiotracers also
in pathological models (preclinical models of cancers and neurodegenerative diseases that involve S1R) is
also performed for the most promising radioligands, in the perspective of further validation towards the
translation into the clinic.

Many of the compounds discussed in this review have been investigated using in vivo assays but have not
been evaluated through in vitro or ex vivo autoradiography (ARG). Although modern dedicated micro-PET
scanners achieve spatial resolutions of approximately 1-2 mm and excellent system sensitivity (enabling
precise quantification of radiotracer uptake in small brain structures and longitudinal, dynamic studies
within the same animal), ARG remains of extreme importance for validating PET findings by providing
high-resolution spatial maps of tracer uptake, confirming binding specificity, and revealing microregional
distribution patterns that surpass the resolution limits of in vivo imaging [286,287]. In addition, ARG aligns
with the principles of the 3Rs (reduce, refine, replace) in animal research [287]. For both [''C]SA4503 and
['8F]FE-SA4503, ex vivo ARG in rats confirmed the in vivo biodistribution and revealed highly comparable
regional uptake patterns. Notably, high tracer accumulation was observed in the vestibular nucleus,
temporal cortex, cingulate cortex, inferior colliculus, thalamus, and frontal cortex. Moderate uptake levels
were detected in the parietal cortex and caudate putamen, while the cerebellum and hippocampus exhibited
relatively low tracer accumulation [254,255]. Compounds 2 and ['8F]FBFP, structurally related to
[''C]SA4503, demonstrated a brain distribution pattern consistent with regions known to exhibit high S1IR
expression, although some differences were observed compared to [''C]SA4503. Blocking studies
confirmed its specific binding to SIR [259,262]. For ['®F]FBFP, ex vivo ARG was also employed to explore
its potential application in AD by comparing senescence-accelerated prone (SAMPS8) mice with
senescence-accelerated resistant (SAMR1) mice. Consistent with the ex vivo autoradiography results
observed in rats, a high level of ['®F]FBFP accumulation was detected in brain regions with known high
SIR expression in SAMRI mice. In contrast, the same regions showed a reduced accumulation of the
radiotracer in age-matched SAMPS8 mice [259]. For ['*F]IAM6067, in vitro autoradiography in rats showed
strong concordance with in vivo PET imaging, further validating its specificity and selectivity as an SIR
radiotracer [260]. Regarding the spirocyclic compounds, both ['FJWMS-1813 and ['®F]Fluspidine show
an ex vivo ARG pattern consistent with in vivo distribution in brain regions known to be rich in S1R,
particularly in the facial nucleus. For ['®F]Fluspidine, the lowest concentration of binding sites was
observed in the anterior part of the olfactory bulb [263]. Compound 3a displayed a regional brain
distribution similar to that of ['*F]Fluspidine; however, unlike ['®F]Fluspidine, only moderate accumulation
in the facial nucleus was detected [265]. Compound 3b, in ex vivo ARG analysis, displayed high uptake in
brain areas rich in S1R, which is consistent with the brain distribution of [''C]SA4503. Similarly to

['®F]Fluspidine, it has shown low binding site concentration in the anterior part of the olfactory bulb [266].
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For both compounds 4a and 4b, ex vivo autoradiography confirmed the in vivo biodistribution in brain
regions with high concentrations of S1R. Blocking studies with haloperidol or SA4503 further supported
the specificity of binding [268,269]. As for ['8F]FTC-146, administration of the compound resulted in an
accumulation in the midbrain, facial nucleus, cortex, and hippocampus. Uptake was also observed in the
cerebellum, although to a lesser extent than in the midbrain and cortex, whereas the corpus callosum lacked
['®F]FTC-146 binding. Blocking studies demonstrated a marked reduction in tracer uptake throughout the
mouse brain. Overall, ex vivo autoradiography confirmed the in vivo biodistribution in both mice and rats
[270,271]. For ['"8F]CNY-05, in vitro autoradiography confirmed its S1R-specific binding. Similarly to the
in vivo studies, in vitro ARG performed in the 5xFAD mouse model revealed a heterogeneous distribution
of radioactivity across brain regions and a marked reduction in brain uptake in SXFAD mice compared to
WT controls [279]. The regional distribution of (+)-[''C]pMV in the brain was very similar to that of
[M'C]SA4503 [288]. For [''C]PB212, in vitro autoradiography was performed using brain tissues from both
WT and SIR KO mice. Specific binding was demonstrated through blocking studies using haloperidol,
SA4503, and Fluspidine [284]. For compound 9, in vitro autoradiography was performed to evaluate its
binding affinity toward both the D4 receptor and the S1R. The observed distribution did not correspond to
the known brain distribution of the D4 receptor. Blocking studies with (+)-pentazocine conclusively

demonstrated specific binding to SIR [280].
3.4.3. InVitro and In Vivo Metabolism

The chemical identification of radiometabolites serves two primary purposes: first, to accurately quantify
the proportion of unchanged (parent) radiotracer present in the plasma; second, to identify and correct for
any unintended accumulation of radiometabolites in non-target tissues. The formation of radiometabolites
can pose significant challenges in PET imaging, as these byproducts often exhibit markedly different
pharmacokinetics and biodistribution compared to the original tracer [157]. In the case of brain imaging
agents, it is preferable that metabolic breakdown occur outside the CNS, resulting in more polar, less
lipophilic compounds that are unlikely to cross the BBB or interfere with the specific binding to the target
protein [157]. Regarding [''C]SA4503, its metabolic profile varies significantly across species. In rats, the
radiotracer exhibited slow peripheral metabolism, with more than 99% of the intact compound present in
the frontal cortex and 77% remaining in plasma 30 min post-injection (p.i.), and no detectable ''C-labeled
metabolites in the brain [254]. In contrast, cats showed rapid metabolism: the fraction of unchanged
[''C]SA4503 in plasma declined sharply to 21.9% at 30 min, 12.5% at 60 min, and 11.0% at 90 min after
administration [289]. In monkeys, the radiotracer underwent intermediate metabolic degradation, with the
parent compound accounting for 57%, 42%, and 31% of plasma radioactivity at 30, 60, and 90 min,
respectively, under baseline conditions. Under carrier-added conditions, these values slightly decreased to
43%, 32%, and 29% at the corresponding time points. These findings indicate that [''C]SA4503 undergoes
peripheral metabolism more rapidly in monkeys than in rats but less rapidly than in cats [257]. As for
['®F]FE-SA4503, at 30 min p.i., the percentage of unchanged radiotracer in plasma was 49 + 9.5% in mice
and 55 + 24% in monkeys. In mice, a small amount of metabolites was detected in brain tissue (the
percentage of unchanged radiotracer was 93.4 £ 2.6%), and defluorination was observed. In contrast, in
monkeys, neither brain metabolites nor defluorination were observed [154,255]. Instead, the percentage of

unchanged ['®F]FM-SA4503 in mouse plasma was only 8.4 + 1.2% at 60 min p.i. In brain tissue, only a
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small fraction of metabolites was detected, with 94.1 £ 1.0% of the radiotracer remaining unchanged [256].
Regarding the [''C]SA4503 derivatives, radiotracers la and 1b, both containing an amide group, showed
parent compound percentages of 33.7% and 75.4%, respectively, in mouse brain at 30 min p.i. In plasma,
the intact forms of 1a and 1b accounted for 10.1% and 46.9%, respectively, at the same time point. In the
liver, the corresponding values were 3.3% for 1a and 49.3% for 1b. For radiotracer 1c, the parent compound
represented 10.6%, 92.4%, and 68.3% of the total radioactivity in mice plasma, brain, and liver,
respectively, at 30 min p.i. [258]. In contrast, rapid metabolism in mice was detected for [ F]IAM6067,
with only 10.1 + 8.6% of the intact tracer remaining in plasma at 10 min p.i. However, over 91% of the
parent compound was retained in the brain at 10, 20, and 60 min p.i. Two more hydrophilic metabolites
were identified as products of ['*F]JIAM6067 metabolism [260]. For racemic ['*F]FBFP and its R- and S-
enantiomers, approximately 95% of the total radioactivity in the mouse brain at 60 min p.i. was attributable
to the parent compound [262,290].

Regarding spirocyclic compounds in mice at 60 min p.i., the percentage of unmetabolized ['*FJWMS-1813
and ['®F]Fluspidine in plasma was over 85% and approximately 50%, respectively. In the brain, the parent
compound represented over 95% and ~98% of total radioactivity, respectively. For [!8F]Fluspidine, 57%
of the intact tracer was detected in liver homogenates of mice at 60 min, along with two main hydrophilic
metabolites. For both radiotracers, no radiometabolites were found in the brain; however, unbound
['®F]Fluoride was detected in plasma. The findings indicate that ['®F]Fluspidine undergoes a metabolic
process similar to ['* FJWMS-1813, but at a faster rate [263]. The metabolism of the R- and S-enantiomers
of both compounds was also investigated in vitro using rat liver microsomes. In both cases, the (R)-
enantiomer was metabolized more rapidly than the (S)-enantiomer. For ['*FJWMS-1813, only 28% of the
(R)-form remained after 30 min of incubation, compared to 54% of the (S)-form [291]. For ['3F]Fluspidine,
~72% of both enantiomers remained unchanged after 30 min; however, after 90 min, the (S)-enantiomer
showed significantly greater stability, with 58% remaining intact versus 33% for the (R)-counterpart [292].
The stereospecificity of the metabolism of ['*F]Fluspidine was confirmed in a pig model, where at 16 min
p.i., 23% of the (R)-enantiomer and 45% of the (S)-enantiomer remained unmetabolized [293]. In Rhesus
monkeys, 60 min p.i., plasma levels of unmetabolized tracer were 37% for the (R)-enantiomer and 35% for
the (S)-enantiomer [267]. In human plasma, 91% of the (S)-enantiomer remained intact at 30 min p.i. It was
shown that the primary metabolic pathway involves hydroxylation of the fluoroethyl chain followed by
glucuronide conjugation. Furthermore, debenzylation has been identified as a secondary metabolic route
[294]. For the Fluspdine derivative 3a investigated in male ICR mice, the percentage of parent tracer in the
liver was 40% at 30 min p.i., and no radiometabolites were detected in the brain [265]. For compound 3b,
investigated under similar conditions, the percentages of unchanged radiotracer were 77% in plasma, 49%
in the liver, and 93% in the brain [266]. In monkeys, the parent fraction at 60 min p.i. was 18% for
compound 3a and 19% for compound 3b, indicating a faster metabolic depletion in comparison to both the
enantiomers of ['3F]Fluspidine [267]. Compound 4a exhibited very rapid metabolism in mice, with only
6% of the unchanged parent compound remaining 60 min p.i., likely due to its ketal as a vulnerable function
[268]. Indeed, compound 4b, which lacks the ketal group, showed a slower, though still relatively fast,
metabolic degradation. At 15 min after radiotracer injection, 13% of the total radioactivity was detected in
plasma samples and 84% in brain homogenates of ICR mice, respectively [269]. Regarding ['*F]FTC-146,

in mouse models, the percentages of intact parent compound in the liver and plasma were 34% and 60% at
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30 min, respectively, and 27% and 50% at 60 min, respectively. The percentage of intact tracer in the brain
remained at 100% throughout the study duration [270]. In rat models, metabolism was faster than in mice,
with 25.3% and 19.5% of the parent compound detected in plasma at 30 and 60 min, respectively. In
monkeys, the metabolic profile was comparable to that observed in mice. Similarly to mice, 100% of the
parent compound was observed in the brain at all time points analyzed both in mice and monkeys [271]. In
humans, 43% and 23% of peak radioactivity remained in circulation at 30 and 120 min p.i., respectively.
As seen in preclinical studies, only intact ['®F]FTC-146 was detected in the rat brain at 15, 30, and 60 min
p.i. [295]. Metabolism studies of ['*F]TZ3108 were conducted in both rats and NHPs, revealing similar
results across species. The percentages of intact parent compound in plasma of rats and NHPs were 88.5%
and 97.9% at 5 min, 86.5% and >86% at 30 min, and 78.2% and ~70% at 60 min, respectively. The major
metabolite identified in both species does not cross the BBB [275]. As for vesamicol derivatives, the
percentage of unchanged [!'C]-(+)-pMV in the brain was 95%, while in plasma at 30 min p.i., 21% was
detected [288]. Regarding ['®F]CNY-05, in NHPs, more than 50% of the parent compound remained in
plasma at 60 min p.i. No radiometabolites were found to cross the BBB [279]. For compound 8, analysis
of radioactivity in tumor and blood samples at 5 min p.i. showed that more than 99% of the extracted
radioactivity corresponded to the intact compound. However, by 30 min p.i., the proportions had decreased
to 52% in the tumor and 24% in the blood. In contrast, in the liver, intact compound 8 accounted for 46%
and 67% of total radioactivity at 5 and 30 min p.i., respectively [285]. Regarding compound 2, metabolite
analysis in monkey plasma indicated that it was considerably stable, with approximately 80% of the total

radioactivity corresponding to the intact parent compound even at 90 min p.i. [280].
3.4.4. Kinetic Characterization of PET Radiotracers

Kinetic studies are fundamental in the development of novel PET radiotracers because they provide a time-
resolved, quantitative characterization of tracer behavior in vivo, encompassing delivery, target
engagement, metabolism, and clearance. By acquiring dynamic PET data immediately after tracer injection
and applying compartmental models, each compartment representing a distinct physiological or
biochemical state, researchers can estimate rate constants (k1, k2, k3, k4) that reflect key processes such as
blood-tissue transfer, receptor binding, intracellular trapping, and dissociation [296]. Such analyses not
only yield biologically meaningful parameters beyond static SUVs but also guide rational tracer design
(e.g., optimizing affinity and lipophilicity), inform selection of optimal imaging time points, and underpin
protocol simplification strategies for clinical translation [297]. In this framework, Logan graphical analysis
provides a model-independent, linear regression approach for reversible tracer kinetics, enabling the
estimation of total distribution volume (V) or distribution volume ratio (DVR) from dynamic PET data
once a pseudo-equilibrium between tissue and plasma has been achieved [298]. By incorporating Logan
analysis into the kinetic evaluation of novel PET tracers, researchers can efficiently screen candidates for
favorable reversible binding profiles, optimize scanning protocols, and accelerate the transition of
promising compounds toward clinical application [299]. For [!!C]SA4503, a three-compartment, two-tissue
kinetic model was employed to estimate parameters including k1, k2, k3, k4, and blood—brain delay. In
addition, a Logan graphical analysis was applied to assess reversible binding. The brain uptake of
[''C]SA4503 exhibited a biphasic pattern, with a rapid initial uptake followed by a slow, progressive

accumulation over time. Notably, [''C]SA4503 demonstrated prolonged retention in the brain, consistent
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with its target-binding profile [300,301]. For both ['C]SA4503 and [®F]FE-SA4503, a shortened
acquisition protocol of 60 min has been shown to provide sufficient kinetic information. In contrast,
['8F]FE-SA5845 requires a longer acquisition time of up to 2 h to achieve reliable kinetic modeling results
[106,129]. For ["*FJWMS-1813, ['®F]Fluspidine and ['®F]TZ3108, kinetic studies were fundamental to
determining which enantiomer was more suitable. For both ['®FJWMS-1813 and ['®F]Fluspidine, the (S)-
enantiomer showed more favorable kinetics [291,292]. Both enantiomers of Fluspidine were evaluated in
porcine brain using a two-compartment tissue model to determine binding potential (BPxp) and VT, with
comparisons made to [!!C]SA4503. The (S)-enantiomer displayed lower BPxp and Vrt values than both
[''C]SA4503 and the (R)-enantiomer. Additionally, Bmax values, which represent the maximum amount of
radioligand that can bind specifically to receptors when all available binding sites are fully occupied, for
the (R)-enantiomer were approximately five-fold higher than those of the (S)-enantiomer, likely reflecting
differences in their respective K; values. Notably, the (S)-enantiomer exhibited faster equilibration kinetics,
including a higher k4 value, suggesting more rapid dissociation from the target site. Due to these favorable
kinetic properties, specifically shorter scan durations and slower peripheral metabolism, the (S)-enantiomer
shows greater potential for clinical application in brain imaging [48]. In NHPs, binding potential followed
the order: compound 3a > (R)-['®F]Fluspidine > compound 3b > (S)-['8F]Fluspidine, consistent with their
K; values. Vr estimates were also time-dependent: reliable measurements were obtained within 90 min for
(S)-['®F]Fluspidine and compound 3b, while longer acquisitions were required for (R)-['®F]Fluspidine and
compound 3a. However, due to their very slow kinetics, (R)-['®F]Fluspidine and compound 3a are
considered unsuitable for clinical translation [267]. ['*F]CNY-05 was also evaluated in NHPs from a kinetic
perspective, revealing a lower Vr compared to both enantiomers of ['®F]Fluspidine as well as compounds
3a and 3b. As for ['®F]FTC-146, the V was not determined in NHPs, to the best of our knowledge, making
it impossible to compare its kinetic profile with that of other radiotracers [279]. Regarding ['3F]TZ3108,
the (—)-enantiomer, although characterized by lower in vitro affinity for the SIR, was shown to exhibit
significantly faster clearance kinetics compared to the racemate. Specifically, (—)-['®F]TZ3108 reached its
peak brain uptake at approximately 30 min p.i., whereas the racemic mixture peaked at around 45 min.
Importantly, (—)-["*F]TZ3108 demonstrated greater in vivo imaging ability as an SI1R tracer than
[M'C]SA4503, while simultaneously offering more favorable pharmacokinetic properties. These include
improved washout rates and reduced nonspecific binding, making (—)-["*F]TZ3108 a promising candidate

for clinical PET imaging of the SIR system [276].
3.4.5. Dosimetric Evaluation and Clinical Translation

In the context of clinical translation of novel PET radiotracers, preclinical dosimetry and toxicity studies
are crucial to rule out safety issues at an early stage so that there are no concerns for first-in-human trials.
Dosimetric studies allow for the estimation of radiation absorbed doses in organs and tissues following
radiotracer administration, typically using animal models. This step is crucial to ensure that exposure levels
are consistent with human safety thresholds, as recommended by the International Commission on
Radiological Protection [302]. In parallel, preclinical toxicity studies, usually performed in animal models
according to the International Conference on Harmonization (ICH) guidelines, are intended to detect non-
radiological adverse effects, such as chemical toxicity of the compound or its metabolites. As for the

Effective Dose (ED) limits, most European countries follow a general threshold of 10 mSv, in accordance
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with ICRP recommendations, while the U.S. Food and Drug Administration (FDA) sets the ED limit at 50
mSv. However, for radiotracers investigated under the authority of a Radioactive Drug Research Committee
(RDRC) in the United States, dose constraints are applied both to the whole body and to individual organs.
Furthermore, the injected mass must not induce any pharmacologically detectable effect. For most novel
18F_labeled PET radiotracers, the injected mass is maintained within the range of 1 to 5 ug per dose [303].
Human radiation dosimetry studies of [''!C]SA4503 have shown that the highest absorbed doses were
observed in the liver, kidneys, and pancreas. However, the overall radiation burden remained within
acceptable limits for clinical application [254]. Subsequently, [''C]SA4503 was employed together with
['*0]H20 in humans to compare the radioligand’s brain kinetics with the regional cerebral blood flow
(rCBF) in the same subject. Results showed that regional variations in binding potential are due to
differences in SIR density and are not likely to reflect perfusion-related artifacts. Therefore, [''C]SA4503
represents a suitable radiotracer for quantifying SIR expression in the human brain [304]. To date, no other
compound derived from [''C]SA4503 has been investigated in humans. As for ['®F]Fluspidine, both the
(R)- and (S)-enantiomers have been investigated in mouse models to determine radiation dosimetry. The
(S)-['®F]Fluspidine enantiomer was further evaluated in four human volunteers, revealing an ED of 21.0 =
1.3 uSv/MBgq, which falls within the acceptable range for human studies. The radiotracer exhibited faster
elimination from the brain, liver, stomach, and spleen, while clearance was comparatively slower in the
bone marrow [305]. As with [''C]SA4503, no other compounds derived from (S)-['*F]Fluspidine have been
studied in humans. Regarding ['*F]FTC146, dosimetric analysis indicated the highest radiation exposure in
the spleen, urinary bladder, and, most prominently, bone tissue. Nevertheless, preclinical toxicity studies
supported its suitability for human use [306]. In a first-in-human study involving 10 healthy volunteers,
['®F]FTC146 showed an effective dose of approximately 11.0 pSv/MBq. No adverse events were reported,
and absorbed doses in critical and radiosensitive organs were considered acceptable and safe [295]. In terms
of biodistribution, ['*F]JFTC146 demonstrated a faster brain washout in humans compared to NHPs, though
its kinetics remained relatively slow. Clearance was predominantly renal, with elimination via the kidneys
and bladder. Unlike in monkeys, no significant skull uptake was observed in humans, but notable thyroid
uptake was detected [306]. Other radioligands evaluated in the past through dosimetric tests to assess their
potential for clinical translation are ['®F]FPS and ['*F]SFE. For both compounds, each organ is estimated
to receive approximately 0.012-0.015 mGy/MBq, with the adrenal glands identified as the critical organs.
Overall, both tracers appear to be safe for human use, with a maximum administered activity of 185 MBq
and a mass dose of less than 2.8 pg for ['®F]FPS and less than 4 ug for ['®F]SFE per injection. However,

neither compound has been further investigated in human studies [273,307].
3.4.6. Role of PET Imaging in the Assessment of Pathophysiological Processes

Only the most relevant PET radiotracers have been employed to investigate the role of SIR in
pathophysiological processes and receptor occupancy studies. Among them, [!'C]SA4503 stands out as one
of the earliest and most widely used S1R PET tracers, often considered the gold standard in this field. It
has been utilized in a variety of applications. Using [''C]SA4503, it was demonstrated that fluvoxamine
and donepezil bind to S1R in the human brain at therapeutic doses following a single oral administration
[308,309]. The tracer was also used in receptor occupancy studies in rat brains, where pretreatment with

donepezil was shown to increase [''C]SA4503 metabolism in a dose-dependent manner [289]. PET imaging
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with [''C]SA4503 has revealed that the iris-ciliary body and retina are rich in SIR expression [310].
Additionally, the tracer has been employed in preclinical in vivo drug screening to identify novel S1R
agonists [311] and to detect spontaneous pituitary tumors in aged rats, distinguishing them from normal
pituitary tissue and brain tumors [289]. Furthermore, [''C]SA4503 has also been demonstrated to be
suitable to quantify S1R binding of unlabeled ligands in competitive binding studies [312]. (S)-
['®F]Fluspidine has been investigated in patients with acute major depressive disorder, and an increased
S1R binding in specific brain areas was found, which possibly reflects different depression subtypes.
Furthermore, the authors assumed that this, together with a correlation between severity and receptor
density, gives an indication for neuroadaptive counter regulation in such disease states [313]. The
radioligand has also been used in glioblastoma studies in an orthotopic mouse model, revealing the presence
of S1R in the infiltrative tumor margin, highlighting its potential applicability in tumor imaging as well
[314]. ['*F]Fluspidine was also used in healthy volunteers and in patients with HD to demonstrate that
pridopidine acts as a selective ligand for SIR, showing nearly complete SIR occupancy (~90%) and
minimal occupancy of S2R/D3R (~3%) [315]. ['®F]FTC146 has proven to be a valuable tool in the
investigation of pain-related conditions. It has been successfully employed to visualize nerve damage in a
rat model of neuropathic pain, enabling non-invasive detection of affected areas. This highlights the
potential of ['®F]FTC146, in PET/MRI combination, for the study of neuropathic pain [316]. In a clinical
context, ['®F]JFTC146 was used in a pilot study involving five healthy volunteers and five patients with
chronic pelvic pain, demonstrating its possible utility as a diagnostic tool in such conditions [317].
Furthermore, ['®F]FTC146 has been applied in receptor occupancy studies of blarcamesine in rat models of
Fragile X syndrome, where it revealed that blarcamesine binds to SIR in a dose-dependent manner [318].
As for ['F]FPS, it has been used to demonstrate that neuroactive steroids can occupy the S1R in the brain
of mice [319]. ['®F]TZ3108 has shown potential in detecting changes in the quantity and density of SIRs
in the liver of subjects with metabolic-associated fatty liver disease (MAFLD). Specifically, it enables the
assessment of liver function impairment during the early stages of MAFLD, thereby overcoming the
limitations associated with the use of ['®F]FDG. As such, ['®F]TZ3108 may serve as a promising tool for

the early diagnosis of MAFLD [320,321].
3.5. Summary of the Introduction

From the analysis of the various PET radiotracers developed for SIR, the most significant compounds
identified are [''C]SA4503, one of the first PET ligands targeting S1R, along with ['*F]-(S)-Fluspidin and
[*|F]FTC-146, the latter of which has been, and continues to be, evaluated clinically as a diagnostic tool for
several pathologies (e.g., chronic pain, sciatica and osteosarcoma). Importantly, these radiotracers have also
been employed in receptor occupancy studies to characterize novel S1R-based therapeutics, revealing
specific interactions with S1R and thereby supporting their S1R-mediated effects (e.g., Blarcamesin and
Pridopidine). Similarly, they have contributed to elucidating the S1R-mediated mechanisms of action of
already established drugs such as fluvoxamine and donepezil.

Among the newer radiotracers, ["*F]TZ3108 and [*F]CNY-05 appear to be the most promising as
diagnostic agents (the former for the study of MAFLD and the latter for investigating the role of SIR in

neurodegenerative diseases) although their clinical potential remains to be confirmed in future studies.
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Despite ongoing investigations with the currently leading S1R radiotracers, the growing number of
available PET agents will likely continue to expand in the pursuit of an optimal SIR imaging tool that
overcomes the limitations of existing compounds and enables the full exploration of SIR function in health

and disease.
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3.6. Background and Aim

The SIR is widely expressed in the CNS, particularly in the cerebral cortex, hippocampus, striatum,
amygdala, cerebellum, and brainstem. Its rexpression changes in several neurodegenerative diseases, such
as AD [247] and PD [322]. Various molecules targeting SIR are under clinical investigation for the
treatment of these pathologies [323]. For this reason, S1R has been proposed as a promising biomarker for
the early diagnosis of neurodegenerative disorders, as demonstrated by the development of several PET
radiotracers over recent years [233].

The research group in which this thesis was carried out had been active for several years in the study of
S1R. During this research activity, 4-methylpiperidine was identified as a key basic moiety for the design
of high-affinity S1R ligands. In the first series of compounds developed, 4-methylpiperidine was connected
via a 3- or 4-methylene chain to a hydrophobic portion, such as tetralin or naphthalene nuclei [324], or
phenoxy rings [325]. In particular, Berardi et al. investigated 4-chlorophenoxy-ethyl-4-methylpiperidine
and 4-chlorophenoxy-propyl-4-methylpiperidine derivatives to analyze how the introduction of a
stereogenic center near the pharmacophoric nitrogen atom affected binding to S1R and S2R. The chiral
center was introduced by inserting a methyl group at different positions within the intermediate chain
(Figure 3.4). All tested compounds exhibited good affinity for SIR. Among these, the propyl derivative (1-
(3-(4-chlorophenoxy)propyl)-4-methylpiperidine, K; SIR = 1.78 nM, K; S2R = 38.6 nM) showed one of
the highest affinity values, although with limited selectivity (22-fold). The ethyl derivative (1-(2-(4-
chlorophenoxy)ethyl)-4-methylpiperidine (L6) with a subnanomolar K; (SIR = 0.86 nM, K; S2R =239 nM,
Figure 3.5) was also identified as a potent and selective ligand [325].

Building on L6, Abatematteo et al. [326] developed a new series of phenoxyethyl derivatives bearing para-
substituents such as methoxy or chloro groups. The influence of methyl substitution at the o and B positions
of the nitrogen atom, and the resulting creation of a stereogenic center, was also investigated (Figure 3.4).
Overall, the stereochemistry of the chiral carbon atom appeared to affect selectivity only when the methyl
group was adjacent to the basic nitrogen atom. The study further demonstrated that more stringent structural
requirements were needed to reduce S2R affinity. Notably, the presence of a shorter and more flexible
oxyethylene linker improved SIR affinity and selectivity. Nevertheless, L6 remained the best-performing
compound in this series [326].

Maintaining the phenoxyethylene scaffold, our research group subsequently conducted a new SAfiR and
structure—activity relationship (SAR) study (Figure 3.4). The p-chloro substituent was replaced with
electron-withdrawing, electron-donating, or bulky groups. In addition, different substitution patterns on the
aromatic ring, including polysubstitution, were explored. The replacement of the 4-methylpiperidine
moiety with alternative basic groups (BMs) was also evaluated. Since the new compounds were tested using
different experimental sets, the reference compound L6 was re-evaluated (K; SIR = 1.49 nM, K; S2R =
145.5 nM). All newly synthesized phenoxyethylpiperidines exhibited nanomolar affinity for SIR and
varying degrees of selectivity, confirming the promise of the phenoxyethylpiperidine scaffold for SIR
targeting. Compounds showing higher affinity and selectivity, together with L6, were tested in vivo in an

AD model and demonstrated significant anti-AD activity [327].
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Figure 3.4. Evolution of scaffolding over the years [325-327].

Encouraged by these promising results and the potential of this scaffold in AD pathology, several structural
modifications were subsequently carried out to develop a novel PET radiotracer for investigating S1R’s
role in AD. Among the previously tested compounds, the p-NO, derivative (4-methyl-1-(2-(4-
nitrophenoxy)ethyl)piperidine, PA9, K;S1R = 0.38 nM, K; S2R = 143 nM, Figure 3.5) and the p-F derivative
(1-(2-(4-fluorophenoxy)ethyl)-4-methylpiperidine, LBB121, K; SIR = 11.6 nM, K; S2R = 189 nM, Figure
3.5) [327] were seclected as new lead structures. Based on these leads, a new series of
phenoxyethylpiperidines incorporating a fluorine atom was synthesized to improve pharmacodynamic and
pharmacokinetic properties and to identify the optimal fluorine position for radiolabeling (general structure
shown in Figure 3.3). In parallel, isosteric modifications aimed at reducing lipophilicity were explored.
Specifically, the aromatic ring was replaced with a pyridine moiety, and the 4-methylpiperidine was
substituted with 4-methylpiperazine.

Among the tested compounds, compound 10 (also known as CF31), displayed particularly high affinity
and selectivity and was therefore selected for radiolabeling and further biological evaluation through

autoradiography on rat brain slices.

o0, L0, O
Cl CHz;  OoN CHs F

CH;
L6 PA9 LBB121
K;S1R =1.49 nM K;S1R =0.38 nM K;S1R =11.6 nM
K;S2R = 145.5 nM K;S2R =143 nM K;S2R =189 nM

Figure 3.5. Chemical structure and pharmacodynamic profile of L6, PA9 and LBB12 [327].
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3.7. Results
3.7.1. Chemistry

The synthesis of final compounds 10-15 and 17-19 was carried out using a conventional synthetic route
previously described for lead compounds LBB121, PA9 [327] and related derivatives (Scheme 3.1). In
brief, commercially available phenols were condensed with ethyl 2-bromoacetate, and the resulting already
known intermediates 26a-e [327-329] were hydrolyzed under basic conditions to yield the corresponding
already known carboxylic acids 27a-e [327-329]. Condensation of these acids with either 4-
methylpiperidine or 4-methylpiperazine upon activation with 1,1’-carbonyldiimidazole (CDI), afforded the
corresponding amides 28a-b,e and 29a-e, respectively and the already known 28d [327]. The amides were
subsequently reduced to the corresponding final amines 11-15, 18 and the already known 19 [330], as well
as to the intermediates 31 and the previously reported compounds 30 [327], using borane—methyl sulfide
complex (BMS). The resulting amines were then converted into their corresponding hydrochloride salts.
Compounds 30 and 31 were subjected to catalytic hydrogenation using 10% Pd/C to furnish the already
known 32 [327] and 33, respectively. Subsequent alkylation of the phenolic group with 1-fluoro-2-
iodoethane under basic conditions provided final compounds 10 (also known as CF31) and 17.

A distinct synthetic route was employed for the preparation of final compounds 16, 20 and 21 (Scheme
3.2), enabling access to the final amines in only two steps. In this strategy, the appropriate phenol was
alkylated with 1,2-dibromoethane to obtain intermediates 34 [331] and 35, which were then reacted with
either 4-methylpiperidine or 4-methylpiperazine under basic conditions to afford the final products 16,
20 and 21 .

As for compounds 22-25 (Scheme 3.3), the synthesis began with the condensation of 4-fluoroaniline and
2-bromoacetic acid upon activation with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) to form
the already known intermediate 36 [332]. This last compound was then coupled with the appropriate basic
moiety (i.e. 4-methylpiperidine or 4-methylpiperazine) under basic conditions to afford compounds 22

and 23, which were subsequently reduced using BMS to yield the final amines 24 and 25.

o (0] (0]
R©/OH a Rgo\)ko/\ b R<©/O\AOH c y R<©/o\)kBM

a:R=2-F 26a-e 27a-e 28a-b, 28d-e: BM = A
b: R=3-F 29a-e: BM =B
c:R=4-F

d: R=4-OBn

e:R=2-F4-NO,

o~ o~
d " @ BM e /@/ BM ‘ O~ gm
HO F\/\O

11: R=2-F, BM=A 32:BM=A 10:BM=A
12:R=3-F, BM=A 33:BM =B 17:BM =B
13:R=2-F, BM=B

14:R=3-F, BM=B A R

15:R=4-F, BM=B ;’é ;i

18: R=2-F,4-NO,,BM = A . . N N
BM = basic moiety

19: R=2-F4-NO, BM=B K/N\

30: R=4-0Bn,BM = A CH3 CH3

31: R=4-0Bn,BM =B
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Scheme 3.1 Synthesis of final compounds 10-15 and 17-19. (a) Ethyl 2-bromoacetate, K2CO3, CH3CN, reflux, ON;
(b) NaOH 2N, EtOH, RT, 4h; (c) Appropriate BM, CDI, dry THF, RT, ON; (d) BH3-Me:S 2M, dry THF, reflux, 3h;
(e) Pd/C 10%, Ha, 3.5 bar, EtOH 96%, RT, ON; (f) 1-fluoro-2-iodoethane, KoCOs, CH3CN, reflux, ON.

N OH a S O~ Br b X O BM
| — | —b |

X F X
34: X=CH 16: X=CH,BM=C
35:X=N 20: X=N,BM=A

21: X=N,BM=B

BM = basic moiety
A Cc
ES
N

A A .
., T,

Scheme 3.2 Synthesis of final compounds 16, 20 and 21. (a) 1,2-dibromoethane K2CO3, CH3CN, reflux, ON; (b)
Appropriate BM, K2COs, CH3CN, reflux, ON.

NH N H N
2 N ~
7 = 2 gy e T
F F F o F
36

22:BM=A 24:BM=A
23:BM=B 25:BM=B

A

B
BM = basic moiety 'fé\@\ ';\N/\
CHg K/N\CH3

Scheme 3.3 Synthesis of final compounds 22-25. (a) 2-bromoacetic acid, EDC, CH2Cl, RT, 24h; (b) Appropriate
BM, K2COs, CH3CN, reflux, ON; (c) BH3*Mez2S 2M, dry THF, reflux, 3h.

3.7.2. Invitro SIR and S2R Binding Affinities

The results of radioligand displacement studies are reported in Tables 3.1 and 3.2. as inhibition constants
(K; values), which were calculated by converting the experimentally determined ICso values using the
Cheng—Prusoff equation. Overall, phenoxyalkylpiperidines display low-nanomolar K; values at S1R, as
previously shown in our earlier work [327], confirming this scaffold as an optimal framework for high-
affinity SIR binding. Since the lead compound LBB121 shows good SIR affinity but limited S2R
selectivity, we undertook structural modifications in order to obtain higher affinity and selectivity S1R
ligands. Thus, we explored different substituents on the aromatic ring where we also inserted isosteric
changes and replaced the basic moiety in order to identify a new PET candidate for SIR. We always kept
the F-atom in view of the possible development of the '8F-radiolabelled corresponding ligand. We
firstshifted the fluorine atom from the para- to the ortho- and meta-positions (11 and 12). Although this
resulted in slightly improved S1R affinity (K; = 5.84 nM and 6.47 nM, respectively), the selectivity against
the S2R was not improved. Replacing the p-fluoro group with a para-fluoro-ethoxy substituent (10) led to
a slight improvement in the S1R affinity (K;= 5.36 nM) and a marked increase in selectivity (561-fold).

Starting from the lead compound PA9, we retained the para-nitro substitution and introduced an ortho-

fluorine (18). The SIR affinity (K; = 2.38 nM) which was reduced compared to PA9 remained in the low-
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nanomolar range, , while the affinity at the S2R was in the same range of PA9 thus considerably decreasing
the selectivity that dropped from >300-fold to >40-fold.

Replacement of the 4-methylpiperidine moiety in compounds 11, 12, LBB121, 10 and 18 with a 4-
methylpiperazine one (13, 14, 15, 17 and 19) resulted in an approximately 10-fold loss of SIR affinity.
However, the marked reduction in S2R affinity led to a substantial increase in selectivity for each piperazine
compared to the piperidine analogues and the highest selectivity values reached in the series. The only
exception was o-F derivative (13) the in which the 4-methylpiperazine substituent led to a 24-fold loss in
SIR affinity (K; = 138 nM), so that the selectivity matched the value of the 4-methylpiperidine analogue
(11). To explore the effect of the rigidification the 4-methylpiperidine was also replaced by the 2-
azaspiro[3.3]heptane (16) showing an around 2-fold improvement in S1R (K; = 5.85 nM) and S2R affinity
(Ki=65.6 nM) so that the selectivity profile remained unchanged.

Substitution of the aromatic ring with pyridine (20) led to a decrease in S1R affinity (K; = 46.9 nM) with a
parallel decrease in the S2R (K; = 699 nM). Replacement of the phenoxy group with an aniline one (24)
gave a comparable S1R affinity (K; = 19.7 nM) to LBB121 but improved S2R affinity (K; = 78.4 nM) and
thus reduced selectivity.

Introduction of an acetamide group (22) resulted in a dramatic reduction of affinity for both SIR (K; =499
nM) and S2R (Ki = 1631 nM), likely due to electron-withdrawing effects impairing the basicity of the
piperidine N-atom.

The corresponding 4-methylpiperazine derivatives (21, 25, 23, respectively) exhibited the same trend
shown by the phenoxy derivatives: i.e. considerably reduced SIR affinity and loss of S2R affinity with K;
values ranging from 294 nM to 14862 nM for S1R and from 8267 nM to 43020 nM for S2R.

Overall these data while confirming the phenoxy portion combined to a 4-methylpiperidine as the best
combination for achieving S1R low nanomolar affinity and appreciable selectivity, provide also indication
about the piperazine as a mean to achieve high SIR/S2R selectivity.

Taken all these data together, compound 10 (also known as CF31) emerged as the only derivative
combining affinity and selectivity values amenable for PET application, prompting the development of

['8F]-CF31 as a PET candidate for S1R.
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Table 3.1. SIR and S2R affinities

GENERAL STRUCTURE

° g\N N N
R©/ o - Q\CH Q\cm \j@

Ki(nM)*
Compound R BM S1R S2R SI K
S2R/SIR
1 2F A 5.84 % 0.36 85.1+8.6 14
12 3-F A 6.47 +0.88 12949 20
LBB121¢ 4-F A 11.6+0.4 189 + 69 16
13 2-F B 138 + 31 1511 £3.5 11
14 3-F B 79.4+ 14 9521 + 204 120
15 4-F B 59.4+2.35 9648 + 902 162
16 4-F C 5.85+0.69 66+9 11
10 (CF31) 4-O(CH,),F A 5.36+0.57 3009 + 924 561
17 4-O(CH,),F B 653+104  83285+33015 1275
PA9° 4-NO, A 0.38+0.14 143 + 26 376
18 4-NO,,-2-F A 2.38+0.30 115.05 + 34 48
19 4-NO,,-2-F B 344425 6743 + 2194 196
Haloperidol? 3.53 20.5 6

“Values represent the mean of at least two separate experiments in duplicate = SEM; "SI represents selectivity; “Data

from [327]; 4Data from [333].
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Table 3.2. SIR and S2R affinities

GENERAL STRUCTURE

Yl vj\
N '~ /\
— K/N\
CH CH,

F7 X 3
K (nM)”
SI® K
Compound X Y Z BM S1R S2R
S2R/SIR
LBBI121* CH 0 CH, A 11.6+£04 189 +69 16
20 N 0 CH, A 42'69; 699 + 24 15
43020 +
21 N 0 CH, B 31449 o 137
22 CH NH Co A 499 4 113 116311 Si 3
14862+ 29227 +
23 CH NH Co B oo e 2
19.7 + 78.4 +
24 CH NH CH, A ol e 4
25 CH NH CH, B 294 + 180 8122627 li 28

“Values represent the mean of at least two separate experiments in duplicate = SEM; "SI represents selectivity; “Data

from [327].

3.7.3. Blood-Brain Barrier permeability and P-Glycoprotein Interaction

Investigation

CF31 was designed as a fluorine-18 PET ligand for imaging the S1R in the CNS with the aim of supporting
early diagnosis of neurodegenerative disorders such as AD. The tracer’s utility for CNS imaging depends
fundamentally on its ability to cross the BBB and to avoid removal by active efflux transporters, notably
P-gp. The BBB is a tightly regulated interface that restricts the brain entry of most xenobiotics and small
molecules. P-gp, highly expressed at the luminal surface of brain capillary endothelium, is a major
determinant of drug distribution to the brain and can substantially limit cerebral exposure of substrate
compounds [334]. Consequently, assessing both passive permeability across a validated BBB model and
the compound’s interaction with P-gp is a critical step in radiotracer development for CNS targets. To
evaluate whether CF31 has favorable brain access we measured bidirectional permeability coefficients
(PappAB and P.,p,BA), calculated the BA/AB ratio (Papp) across Caco-2 cell monolayers, and quantified P-
gp interaction using established protocols previously published by our group [335]. All experimental results

are reported in Table 3.3.
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Table 3.3. Evaluation of the BBB Permeability and P-gp Interaction of CF31

Compound PappBA (nm/sec)  PappAB (nm/sec)  Papp(BA/AB) ECsoull)\:Ig[;"j:;i:iltzo 0
CF31 1917 629 3.0 >100 (29%)

The comprehensive evaluation of the experimental findings (Table 3.3) indicates that CF31 possesses
favorable properties as a PET radiotracer for CNS applications, based on its BBB permeability and P-gp
interaction profile. CF31 exhibited appreciable bidirectional membrane permeability, reflecting both
passive diffusion (BA flux) and active transport (AB flux). The high P.p,,BA value (1977 nm/s) indicates
very high passive permeability of CF31, while the relatively good Pa,pAB value (629 nm/s), together with
the absence of significant interaction with P-gp (ECso > 100 uM), predicts a lack of efflux at the CNS level.
Therefore, CF31 is expected to cross the BBB effectively and reach its CNS target.

3.7.4. Radiochemistry

Based on its binding affinity and favorable prediction for BBB permeation, CF31 was identified as the
most promising candidate for the development of a novel S1R radioligand and was therefore selected for
further biological investigations.

The synthesis of the tosylated precursor 38 (Scheme 3.4) was accomplished in two steps starting from the
already known 4-(2-(4-methylpiperidin-1-yl)ethoxy)phenol (32) [327]. Initially, compound 32 underwent
microwave-assisted alkylation with 2-bromoethan-1-ol to yield intermediate 37. Subsequent conversion
of the hydroxyl group into the corresponding tosylate, using tosyl chloride (TsCl), afforded the key
intermediate 38, as the precursor required for radiolabeling.

The radiosynthesis of ['8F]CF31 (Scheme 3.4) was optimized employing a ['®F]fluoride-kryptofix
complex and K»COs as base. The used activity (['®F]fluoride) was in the range of 6-8 GBq. Various
amounts of the key intermediate 38 (0.5—2 mg) were tested under thermal conditions using either CH3CN
(70-90 °C) or DMSO (100-140 °C) as solvents. The formation of ['®*F]CF31 was monitored by radio-
HPLC analysis using both short (8 min of run, Method C) and long gradient method (15 min of run,
Method B). The radiochemical yields (non-isolated) were in the range of 52—83% and 36—58% for CH;CN
and DMSO, respectively. Complementary radio-TLC analyses (AcOEt/MeOH 1:1, Figure S3.1) were
performed to further assess the efficiency of each condition.

The optimized protocol was subsequently transferred to an automated module (Synthra RNplus Research,
Hamburg, Figure S3.2 and Figure S3.3). In the final procedure, compound 38 (2 mg) dissolved in 1 mL
of CH3CN was combined with the ['8F]fluoride-kryptofix complex, and the reaction mixture was heated
at 90 °C for 20 min. The reaction was quenched by addition of 3.5 mL of water, and the crude product
was purified by semi-preparative RP-HPLC (Rt: ~41-42 min, Figure S3.4). Fractions containing
['®F]CF31 were concentrated using a preconditioned reversed-phase SPE (RP-SPE) cartridge, followed
by elution with 1.5 mL of absolute ethanol.
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H,C
38 ["®FICF31

Scheme 3.4. Synthesis of tosylate precursor 38 and radiofluorination of final compound [F]CF31: (a) 2-
bromoethan-1-ol, K2CO3, CH3CN, MW, 120 °C, 40 min; (b) TsCl, EtsN, dry CH2Clz, 0 °C, 4h; (c) ['*F]fluoride-
K222/K2C0O3, CH3CN, 90 °C, 20 min.

For subsequent biological studies, ethanol was removed under a gentle stream of helium at 40 °C, and the
final formulation was prepared in phosphate-buffered saline (PBS). The overall synthesis time was
approximately 108 min. ['®F]CF31 was obtained in 12-22% decay-corrected radiochemical yield (RCY,
based on end of bombardment, » = 6), with radiochemical purity >99% and high molar activity (Am: 118—
194 GBg/umol at the end of synthesis, n = 6).

Product identity was confirmed by analytical HPLC through co-injection with the non-radioactive
reference standard using a ReproSil-Pur 120 Ci3-AQ column (3 pm, 150 x 3 mm; Dr. Maisch GmbH),
applying the long elution method B (Figure 3.6 and Figure S3.5).
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Figure 3.6. Radio- (light blue line, A) and UV- (red line, B) HPLC chromatograms of the identity confirmation of
['8F]CF31 co-injected with the reference standard CF31 (ReproSil-Pur 120 Cis-AQ, 3 um, 150 x 3 mm (Dr. Maisch
GmbH); Elution method B).

3.7.5. In Vitro Evaluation of ['8F|CF31.
3.7.5.1.  Chemical Stability Evaluation

The in vitro stability of [**F]CF31 was evaluated by incubation in saline solution and PBS at 25 °C and in
mouse plasma at 37 °C. Aliquots were collected at five time points (0—120 min) and analyzed by radio-
HPLC (Figure 3.7). For stability studies in murine plasma, the aliquots were subjected to protein
precipitation by the addition of cold acetonitrile, followed by vortex mixing and centrifugation. The
recovery of radioactivity after protein precipitation was found to be 91.8 = 3.1 %. In all cases, the proportion
of intact ['®F]CF31 was > 98% after 120 min of incubation, which corresponds to high stability throughout

the entire incubation period.
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Figure 3.6. Radio-HPLC chromatograms (ReproSil-Pur 120 Cis-AQ, 3 um, 150 x 3 mm.
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3.7.5.2. Experimental determination of lipophilicity

The lipophilicity of [**F]CF31 was experimentally determined at physiological pH using the shake-flask
method [77], yielding a logD7.4 value of 1.24 + 0.01 (n = 4). This is markedly lower than predicted by
computational methods (clogP = 4.123 with ChemDraw and clogP = 3.29 with SwissADME). Although
the measured logD-.4 falls below the recommended range (1.5-3.0) for central nervous system—oriented
radiotracers [77], ["®*F]CF31 does not interact with P-gp (Table 3.3). Therefore, it is still expected to
penetrate the BBB, as has been demonstrated for other SIR PET tracers such as [®*F|]FTC146 and
[**F]FBFP with similar or lower logD7.4 value (logD7.4 = 1.45 and 0.76, respectiviy) [233].

3.7.5.3. Experimental determination of Kp and Bmax

The radioligand binding assay demonstrated a high affinity of ['*F|]CF31 for ASI1R. In membrane
preparations from ZS1R-HEK293 cells, homologous competition with unlabeled CF31 yielded an apparent
dissociation constant (Kp) of 1.66 nM and an apparent maximal binding capacity (i.e., the total number of
available receptor sites in the preparation) Bmax of approximately 1.41x107'° mol/mg protein (= 0.14
pmol/mg protein). In intact ASIR-HEK293 cells, [*®*F]CF31 exhibited comparable affinity, with an
estimated apparent Kp of 1.34 nM. Conversely, towards wildtype HEK293 cells, expressing the AS1R at
physiological levels, ['"*F]CF31 displayed lower affinity (apparent Kp = 45.7 nM,).

In summary, ["®*F]CF31 displayed higher apparent affinity in cells transfected with the target receptor
compared to cells expressing the receptor at physiological levels. This difference is likely attributable to
the higher receptor density in transfected cells, which increases the proportion of specific binding relative
to non-specific binding and improves ligand-receptor interaction efficiency. Additional factors such as
receptor localization, accessibility at the cell surface, and reduced ligand depletion in high-Bmax systems
may also contribute to the observed increase in apparent affinity. All data are resumed in Table 3.4. and the
curves for the determination of Kp are shown in Figure S3.6.

Furthermore, radioligand binding experiments confirmed the high target specificity of [*®*F]CF31, as
binding was completely abolished by co-incubation with 1 uM of the S1R ligands haloperidol or FTC-146.
Together, these findings demonstrate that [**F]CF31 is a nanomolar-affinity radioligand for the ASIR,
exhibiting robust and reproducible binding parameters across independent experiments and experimental

systems.

Table 3.4. Experimental values of Kp and Bmax obtained from a single binding assay performed with different HEK293-

based cell systems.

Material Kp (nM) Bmax (mol/mg protein)
hS1R-HEK293 membrane
1.66 1.41x107t°
preparation
hS1R-HEK293 whole cells 1.34 Not determined
Wild type HEK-293 cells 45.7 Not determined
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3.7.5.4. In Vitro Metabolism

['®F]CF31 was incubated with mouse liver microsomes (MLM) in PBS in the presence of nicotinamide
adenine dinucleotide phosphate (NADPH) for 30 min at 37 °C under gentle shaking at 350 rpm (n = 3),
following a published protocol [336,337]. The samples were subjected to protein precipitation by the
addition of ice-cold CH3CN, followed by vortex mixing and centrifugation, as previously described for the
murine plasma stability studies. The resulting supernatants were collected and analyzed by radio-HPLC
(Figure 3.7). The recovery of radioactivity after protein precipitation was determined using a gamma
counter and was found to be 98.4%. The validity of the assay was verified by observing complete
conversion of testosterone under identical conditions. Control experiments lacking either NADPH or both
NADPH and MLM were also carried out for each test compound. After 30 min of incubation, only 5% of
the parent compound, ['®F]CF31, remained. The predominant metabolite, designated ['®F]M1, accounted
for approximately 94% of the total signal. Its retention time (Rt = 1.24 min) indicates high polarity. Based
on previous investigations of radiotracers containing a ['®F]fluoroethoxy group [338], ['*F]M1 is most
likely 2-['®F]fluoroethanol or its oxidized derivatives, 2-['*F]fluoroacetaldehyde and 2-['*F]fluoroacetate,

formed through CYP450-mediated metabolism [339,340], all of which are capable of crossing the BBB.
« A [BBF]CF31 Pre-metabolism

[SF]CF31
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Figure 3.7. Radio-HPLC chromatograms (ReproSil-Pur 120 Cis-AQ, 3 um, 150 x 3 mm; Dr. Maisch GmbH; elution
method B) showing ['®F]CF31 before metabolic studies (A) and after 30 min of incubation in MLM (B). After 30 min,
only 5% of unchanged ['"®F]CF31 remained; the major metabolite was identified as ['8F]M1.
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To verify whether the main metabolite corresponded to the hypothesized structure, the in vitro metabolism
of the non-radioactive analogue ([**F]-CF31) was investigated using compounds 32 and 37 as reference.
The study was conducted as previously described, employing two concentrations of the cold compound (20
and 100 pM, n = 3 for each). The HPLC method was modified (Elution method D), as under the
chromatographic conditions established for [**F]CF31, compounds 32 and 37 exhibited identical retention
times, hindering the identification of potential metabolic pathways.

At 20 uM of CF31, no parent compound was detectable after 30 min of incubation. Conversely, at 100 pM,
CF31 was still present, possibly due to the higher substrate concentration or the relatively high acetonitrile
content in the incubation medium (approximately 1.5%). Nevertheless, at 100 pM a greater amount of one
metabolite was observed.

To determine the predominant metabolite between 32 and 37, the 100 pM CF31 MLM incubation sample
was analyzed after sequential spiking with 32 and 37. In the chromatogram of CF31 spiked with 37, two
distinct metabolite peaks were observed (Figure S3.7). In contrast, the chromatogram of CF31 spiked with

32 showed an increased intensity of metabolite peaks (Figure 3.8).

A .
[“F]CF31

Main
metabolite

Compound 32

UV-channel

RT (min)

Figure 3.8. Radio-HPLC chromatograms (ReproSil-Pur 120 Cis-AQ, 3 um, 150 x 3 mm; Dr. Maisch GmbH; elution
method D) showing ["*F]CF31 before spiking with compound 32 (A) and after spiking with compound 32 (B). The
increased metabolite signal after spiking confirms its assignment to compound 32. For clarity, only the 4-9 min

retention time window is shown in both chromatograms to improve peak visibility.
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These findings identified compound 32 as the primary metabolite, confirming that the main metabolic

pathway involves cleavage of the fluoroethyl group (Figure 3.9).
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Figure 3.9. Schematic representation of the cleavage of the fluororethoxy moiety, which represents the principal

metabolic pathway observed in the in vitro MLM experiment.

3.7.5.5. Invitro autoradiography

In vitro autoradiography of [®*F]CF31 (3.35 nM; An=194 GBg/umol at start of the incubation) with
cryosections of mouse brain (n = 2) revealed a well-defined binding pattern with intense labeling in regions
known to express high levels of the SIR. The autoradiographic images (Figure 3.10) showed particularly
high signal in the caudate—putamen, followed by the cerebral cortex and hippocampus, with additional
pronounced binding in the superior colliculus. This distribution closely mirrors the SIR expression map
reported by Phan et al. [341], which highlights strong immunoreactivity in the same areas, supporting the
conclusion that ['F]CF31 selectively targets SIR. Low non-specific binding of ['"*F]CF31 is indicated by
the low signal displayed in white-matter structures. Blocking studies (Figure S3.8) further confirmed the
target specificity of ['®F]CF31: haloperidol, FTC-146, and CF31 at 1 uM displaced > 90% of the total
binding.

Figure 3.10. Examples for total binding; showing the heterogeneous distribution of binding sites of ['*F]CF31 in mouse
brain with high density in regions known to express sigmal receptor; low binding in white matter regions indicates low

non-specific binding (corresponding to the comparably low lipophilicity) (quantum level 4000 — 50972).
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3.8. Discussion

Starting from the lead compounds L6 [326], PA9 and LB121 [327], a new series of
phenoxyethylpiperidines and their isosteres was developed. SAfiR studies revealed that the
phenoxyethylpiperidine scaffold outperforms the corresponding isosteric derivatives (Tables 3.1 and 3.2).
Among the synthesized compounds, CF31 emerged as a promising new PET candidate, displaying high
S1R affinity (K;=5.36 nM) and excellent selectivity against the S2R (approximately 560-fold). Its lack of
interaction with the P-gp (ECso > 100 uM) and the appreciable bidirectional membrane permeability,
suggested its ability to cross the BBB, supported by the experimental logD».4 of 1.24.

Radiolabeling has successfully been performed using K>, and K>COj sol. (20 mg/mL) in CH3CN at 90
°C for 20 min, yielding the corresponding '*F-labeled compound with good RCY (12-22%), high molar
activity (118-194 GBg/pmol), and excellent radiochemical purity (>99%, n = 6).

["*F]CF31 exhibits high chemical stability in PBS, saline solution, and mouse plasma (>98% after 2h). In
vitro metabolism studies in mouse liver microsomes however show extensive degradation, with only ~5%
of unchanged parent compound remaining after 30 min of incubation. Parent-compound control
experiments have confirmed cleavage of the fluoroethoxy group as the main metabolic pathway.
Determination of Kp values for ['*F]CF31, with and without blocking agents, demonstrates clear target
specificity. Notably, the measured Kp is consistent with the K; of the cold compound (2—5 nM vs. 5.36 nM,
respectively).

In vitro autoradiography clearly demonstrate that ["*F]CF31 possesses a highly specific binding profile, an
excellent match with the known SIR distribution, and overall characteristics that support its potential
application as a selective PET radiotracer for the SIR.

The promising results obtained through in vitro autoradiography, both in the presence and absence of a
blocker, allow for a comparison with the main PET radiotracers for SIR as discussed in the current
literature. This comparison is, however, limited to autoradiographic data, as in vivo information is not yet
available.

The autoradiographic distribution of [**F]CF31 is consistent with previously reported S1R radioligands,
such as [**F]Fluspidine and [**F]FTC146. Similarly to these tracers, ['**F]CF31 shows high uptake in SIR-
rich regions, including the cortex and hippocampus, and low binding in white matter structures, indicative
of minimal nonspecific binding. While [**F]Fluspidine exhibits particularly strong accumulation in the
facial nucleus, ["*F]CF31 displays a distinct yet consistent S1R-specific pattern, further supported by
effective blockade of tracer uptake. Unlike FTC-146, CF31 exhibits a lower K; which may be
advantageous in avoiding irreversible kinetics in vivo. Metabolically, however, CF31 performs less
favourably than the other reported radiotracers, showing poor metabolic stability, although these data are
currently limited to in vitro predictions and require in vivo confirmation.

Given that lead compounds belonging to the same structural class as CF31, previously reported in our
earlier work [327], have demonstrated strong anti-AD activity in vivo, ongoing studies are investigating
[**F]CF31 using human brain slices from AD patients and healthy controls to explore its potential utility in

early AD diagnosis. Data from these studies are not yet available.
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3.9. Future perspectives

Regarding future directions, ["*F]CF31 will be evaluated in vivo (rats and/or mice) to determine its ability
to cross the BBB and to analyze its biodistribution. These experiments will also provide insights into its
actual metabolic stability and the potential for any metabolites to cross the BBB and influence imaging
results.

If poor metabolic stability is confirmed in vivo, structural modifications may be warranted, as the
metabolically labile site has been precisely identified: metabolism occurs specifically at the fluoroethoxy
moiety. The Ar—O—CH: group represents the weakest metabolic site due to its high conformational
accessibility and the ability of the ether oxygen to stabilize the a-carbon radical/carbocation formed during
CYP-mediated oxidation, resulting in an unstable hemiacetal that rapidly collapses to the corresponding
phenol.

Several strategies could be considered to improve metabolic stability. One option is the isosteric
replacement of the ether oxygen with a carbon (Option A, Figure 3.11), which would abolish the O-
dealkylation pathway, prevent hemiacetal formation, and reduce stabilization of oxidative intermediates.
Alternatively, introducing an electron-withdrawing substituent on the aromatic ring, such as F, Cl, or CFs
(Option B, Figure 3.11), could decrease CYP-mediated oxidation by lowering the electron density of the
ring and sterically shielding the ether bond. This approach is unlikely to compromise S1R affinity or
selectivity, as such substituents have been well-tolerated in this scaffold, as demonstrated in the SAfiR
studies reported in this chapter and in our previous work [327]. Another strategy could be the introduction
of a gem-dimethyl group along the side chain (Option C, Figure 3.11) increases metabolic stability by
imposing steric hindrance that limits access of oxidative enzymes, while simultaneously eliminating o-
hydrogens at the substituted carbon, thereby reducing susceptibility to oxidative metabolism. However, this
strategy may significantly affect both affinity and selectivity. Finally, deuteration of the ethoxy chain
(Option D, Figure 3.11) could be employed, as commonly done in PET radiotracer development. The
presence of deuterium would slow CYP-mediated O-dealkylation via a primary kinetic isotope effect,

reducing the rate of the C—H bond cleavage at the rate-limiting step without affecting receptor binding.
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Figure 3.11. Possible strategies to improve metabolic stability include: A) isosteric replacement of the ether oxygen
with carbon; B) introduction of an electron-withdrawing substituent on the aromatic ring; C) introduction of a gem-

dimethyl group chain D) incorporation of a deuterated ethoxy chain.

3.10. Conclusions

['®*F]CF31 is a novel PET radiotracer targeting the S1R. Belonging to the phenoxyethylpiperidine class, it
has demonstrated high affinity and exceptional selectivity for SIR in vitro. Its low interaction with P-gp,
combined with a favorable logD74, suggests efficient penetration into the central nervous system. The
observed Kp values, together with autoradiographic studies conducted in the presence and absence of a

blocker, confirm the tracer’s high specificity and support its further evaluation in in vivo studies.
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3.11. Materials and Methods
3.11.1. Chemistry

All chemicals were purchased from Sigma-Aldrich, TCI Chemicals, Ambeed, or Angene. Thin layer
chromatography (TLC) was performed using plates from Merck (silica gel 60 Fjs4). Column
chromatography was performed with Merck silica gel 60 A (63-200 mm; ratio of crude mixture to silica
gel 1:30 w/w, unless otherwise stated) as the stationary phase. Melting points (mp) were determined with
a capillary apparatus (Biichi 540). 'H-NMR spectra were recorded in the indicated solvent on a Varian
Mercury-VX spectrometer (300 MHz) or on an Agilent 500-vnmrs500 spectrometer (499.801MHz). The
following data are reported: chemical shift (d) in ppm, multiplicity (s = singlet, d = doublet, t = triplet, q =
quartet, quint = quintet, m = multiplet, dd = doublet of doublets, dt = doublet of triplets, td = triplet of
doublets, and br = broad signal), integration, and coupling constant (J) in hertz. Recording of mass spectra
was done on an HP6890-5973 MSD gas chromatograph/mass spectrometer; only significant m/z peaks,
with their percentage of relative intensity in parentheses, are reported. HRMS-ESI analyses were performed
on a Bruker Daltonics MicrOTOF-Q II mass spectrometer. All spectra were in accordance with the assigned
structures. The purity of target compounds was assessed by HPLC. Analytical HPLC analyses were
performed on final compounds using a Thermo Fisher Scientific Vanquish HPLC with Thermo Fischer
Scientific Accucore aQ Column, 2.6 pm, 2.1 X 100 mm at a flow rate of 0.3 mL/min. Isocratic elution of
the compounds 10, 16, 18-19 and 21-22 was carried out with 60:40 (v/v) (pH = 3.00), whereas compounds
11-15, 17, 20 and 23-24 were eluted using 70:30 (v/v) NH4OAc /MeOH (pH = 3). Finally, elution of the
compound 25 was carried out with 90:10 (v/v) NH4OAc /MeOH (pH = 3). UV signals were detected at 254
nm and 280 nm. All compounds are >95% pure by HPLC.

General procedure for the synthesis of esters 26a-e. To a solution of the appropriate phenol (1 mol, 1 eq)
in CH3CN (15 mL), K»CO3 (2 mol, 2 eq) and ethyl 2-bromoacetate (1.2 mol, 1.2 eq) are added. The resulting
mixture was refluxed with stirring ON and then was allowed to cool to room temperature. The solvent was
removed under vacuum. The residue was taken up with H>O (20 mL) and extracted with CH,Cl, (3 x 20
mL). The combined organic layers were dried (Na,SO4) and evaporated under vacuum to afford a crude
residue which was purified by column chromatography. The GC-MS and NMR analyses are consistent with
those previously reported.

ethyl 2-(2-fluorophenoxy)acetate (26a) [329].

ethyl 2-(3-fluorophenoxy)acetate (26b) [329].

ethyl 2-(4-fluorophenoxy)acetate (26¢) [327].

ethyl 2-(4-(benzyloxy)phenoxy)acetate (26d) [327].

ethyl 2-(2-fluoro-4-nitrophenoxy)acetate (26e) [328].

General procedure for the synthesis of acids 27a-e. The ethyl esters 26a-e were dissolved in a mixture 1:1
of NaOH 2N (15 mL) and EtOH 96% (15 mL) and the reaction mixture was stirred at room temperature
for 4 h. The solvent was removed under vacuum. The solution was acidified (HC1 3N) and extracted with
AcOEFEt (3 x 20 mL). The combined organic layers were dried (Na,SO4) and evaporated under vacuum to
afford a desired carboxylic acid, which was used without further purification.

2-(2-fluorophenoxy)acetic acid (27a) [329].
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2-(3-fluorophenoxy)acetic acid (27b) [329].
2-(4-fluorophenoxy)acetic acid (27c) [327].
2-(4-(benzyloxy)phenoxy)acetic acid (27d) [327].
2-(2-fluoro-4-nitrophenoxy)acetic acid (27e) [328].

General procedure for the synthesis of amides 28a-b, 28d-e and 29a-e. The acids 27a-e (1 mol, 1 eq) were
dissolved in dry THF (8 mL) and CDI (1.3 mmol, 1.3 eq) were added. The reaction mixture was stirred at
room temperature for 2 h to activate the acid. The appropriate BM (1.3 mol, 1.3 eq) was added to the
solution and the mixture was stirred at room temperature for 18 h under argon atmosphere. The mixture
was taken up with H,O (20 mL) and extracted with Et,O (2 x 20 mL) and AcOEt (2 x 20 mL). The collected
organic layers were dried (Na,SO4) and evaporated under vacuum to afford a crude residue which was
purified by column chromatography.

2-(2-fluorophenoxy)-1-(4-methylpiperidin-1-yl)ethan-1-one (28a). The crude residue was purified by
column chromatography using CH,Cl/AcOEt 6:4 to obtain a yellow oil. Yield, 83%. 'H-NMR (CDCls,
300 MHz) &: 0.93 (3H, d, J= 6.6 Hz), 1.01-1.19 (2H, m), 1.56-1.73 (3H, m), 2.57-2.66 (1H, m), 3.00-3.09
(1H, m), 3.95-4.01 (1H, m), 4.48-4.54 (1H, m), 4.74 (2H, s), 6.89-6.96 (1H, m, Ar), 7.01-7.11 (3H, m, Ar).
GC-MS m/z: 251 (M", 49), 140 (89), 126 (100), 112 (20), 98 (42), 83 (36), 55 (51).
2-(3-fluorophenoxy)-1-(4-methylpiperidin-1-yl)ethan-1-one (28b). The crude residue was purified by
column chromatography using CH,Cl/AcOEt 6:4 to obtain a yellow oil. Yield, 88%. 'H-NMR (CDCls,
300 MHz) &: 0.94 (3H, d, J= 6.6 Hz), 1.01-1.18 (2H, m), 1.55-1.72 (3H, m), 2.57-2.66 (1H, m), 2.99-3.08
(1H, m), 3.85-3.91 (1H, m), 4.49-4.54 (1H, m), 4.66 (2H, s), 6.64-6.75 (3H, m, Ar), 7.16-7.24 (1H, m, Ar).
GC-MS m/z: 251 (M", 29), 140 (43), 126 (100), 95 (29), 83 (31), 55 (48).
2-(4-(benzyloxy)phenoxy)-1-(4-methylpiperidin- 1-yl)ethan-1-one (28d) [327].
2-(2-fluoro-4-nitrophenoxy)-1-(4-methylpiperidin-1-yl)ethan-1-one (28¢). The crude residue was purified
by column chromatography using CH,Cl/AcOEt 6:4 to obtain a yellow solid. Yield, 61%. 'H-NMR
(CDCl3, 300 MHz) &: 0.95 (3H, d, J = 6.3 Hz), 1.05-1.18 (2H, m), 1.63-1.77 (3H, m), 2.57-2.66 (1H, m),
3.04-3.12 (1H, m), 3.83-3.87 (1H, m), 4.45-4.50 (1H, m), 4.88 (2H, s), 7.11 (1H, t, J = 8.7 Hz), 7.97-8.04
(2H, m, Ar). GC-MS m/z: 296 (M*, 12), 140 (55), 126 (100), 83 (21), 55 (40).
2-(2-fluorophenoxy)-1-(4-methylpiperazin-1-yl)ethan-1-one (29a). The crude residue was purified by
column chromatography using CH>Cl,/MeOH 95:5 to obtain a yellow oil. Yield, 58%. 'H-NMR (CDCl;,
500 MHz) ¢: 2.28 (3H, s), 2.36-2.42 (4H, m), 3.60-3.69 (4H, m), 4.75 (2H, s), 6.91-6.97 (1H, m, Ar), 7.01-
7.12 (3H, m, Ar). GC-MS m/z: 252 (M", 10), 99 (54), 70 (100), 56 (34), 42 (27).
2-(3-fluorophenoxy)-1-(4-methylpiperazin-1-yl)ethan-1-one (29b). The crude residue was purified by
column chromatography using CH,Cl,/MeOH 95:5 to obtain a trasparent oil. Yield, 90%. '"H-NMR (CDCl;,
500 MHz) ¢: 2.28 (3H, s), 2.37-2.40 (4H, m), 3.55-3.63 (4H, m), 4.67 (2H, s), 6.64-6.73 (3H, m, Ar), 7.20-
7.24 (1H, m, Ar). GC-MS m/z: 252 (M7, 24), 99 (50), 70 (100), 56 (32), 42 (25).
2-(4-fluorophenoxy)-1-(4-methylpiperazin-1-yl)ethan-1-one (29¢). The crude residue was purified by
column chromatography using CH,Clo,/MeOH 95:5 to obtain a trasparent oil. Yield, 83%. 'H-NMR (CDCls,
500 MHz) ¢: 2.30 (3H, s), 2.35-2.39 (4H, m), 3.56-3.64 (4H, m), 4.68 (2H, s), 6.88 (2H, dd, J = 8.3 Hz, Jr
=4.5 Hz, Ar), 6.95 2H, t, J = 8.0 Hz, Ar). GC-MS m/z: 252 (M7, 28), 99 (52), 70 (100), 56 (30), 42 (22).
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2-(4-(benzyloxy)phenoxy)-1-(4-methylpiperazin-1-yl)ethan-1-one (29d). The crude residue was purified by
column chromatography using CH,Cl/MeOH 95:5 to obtain a yellow solid. Yield, 98%. 'H-NMR (CDCls,
500 MHz) ¢: 2.28 (3H, s), 2.36-2.38 (4H, m), 3.58-3.63 (4H, m), 4.63 (2H, s), 5.01 (2H, s), 6.87-6.91 (4H,
m, Ar), 7.30-7.33 (1H, m, Ar), 7.36-7.39 (2H, m, Ar), 7.41-7.42 (2H, m, Ar). GC-MS m/z: 340 (M", 40),
141 (29), 91 (100), 70 (37).

2-(2-fluoro-4-nitrophenoxy)-1-(4-methylpiperazin-1-yl)ethan-1-one (29e). The crude residue was purified
by column chromatography using CH,Cl/MeOH 95:5 to obtain a yellow solid. Yield, 76%. 'H-NMR
(CDCl3, 500 MHz) &: 2.30 (3H, s), 2.37-2.43 (4H, m), 3.56-3.63 (4H, m), 4.89 (2H, s), 7.12 (1H, t, J=8.2
Hz), 7.99-8.04 (2H, m, Ar). GC-MS m/z: 297 (M, 13), 141 (18), 99 (52), 70 (100), 56 (38), 42 (29).

General procedure for the synthesis of final amines 11-15, 18-19, 24-25 and 30-31. A solution of BH3-Me»S
2M (3 mol, 3 eq) in dry THF (10 mL) was carefully added dropwise to a stirred and ice bath cooled solution
of the appropriate amides 28a-b, 28d-e and 29a-e (1 eq, 1 mol) in dry THF (5 mL). The reaction mixture
was refluxed with stirring for 3h, cooled to 0 °C and carefully added with MeOH (10 mL) to destroy the
excess of boran complex. Then, HCI 3N (10 mL) was added and the resulting mixture was refluxed with
stirring for 1h. The mixture was allowed to cool at room temperature and alkalized with NaOH 2M. The
residue was extracted with CH,Cl, (3 x 20 mL). The collected organic layers were dried (Na;SO4) and
evaporated under vacuum to afford a crude residue which was purified by column chromatography using
CH,Cl,/MeOH 95:5. The corresponding hydrochloride salts were prepared by adding a HCI saturated
ethereal solution to a solution of the amine. The hydrochloride salt was purified by crystallization in
MeOH/Et;0.

1-(2-(2-fluorophenoxy)ethyl)-4-methylpiperidine (11). The title compound was obtained as a transparent
oil as free base and as white crystalline solid as hydrochloride salt. Yield, 64%. m.p aciy 150-153 °C. 'H-
NMR (CDCl3, 300 MHz) ¢: 0.92 (3H, d, J= 6.0 Hz), 1.19-1.43 (3H, m), 1.60-1.65 (2H, m), 2.04-2.16 (2H,
m), 2.81 (2H, t, J = 6.2 Hz), 2.94-2.98 (2H, m), 4.16 (2H, t, J = 6.3 Hz), 6.84-7.09 (4H, m, Ar). GC-MS
m/z: 237 (M7, 2), 112 (100).

1-(2-(3-fluorophenoxy)ethyl)-4-methylpiperidine (12). The title compound was obtained as a white solid as
free base and as white crystalline solid as hydrochloride salt. Yield, 65%. m.p.gcy 169-172 °C. 'H-NMR
(CDCl3, 300 MHz) &: 0.92 (3H, d, J = 6.0 Hz), 1.20-1.43 (3H, m), 1.60-1.65 (2H, m), 2.03-2.12 (2H, m),
2.77 2H, t,J=6.1 Hz), 2.92-2.97 (2H, m), 4.08 (2H, t, /= 6.1 Hz), 6.59-6.70 (3H, m, Ar), 7.16-7.24 (1H,
m, Ar). GC-MS m/z: 237 (M*, 1), 112 (100).

1-(2-(2-fluorophenoxy)ethyl)-4-methylpiperazine (13). The title compound was obtained as a transparent
oil as free base and as white crystalline solid as hydrochloride salt. Yield, 82%. 'H-NMR (CDCl;, 500
MHz) &: 2.28 (3H, s), 2.36-2.73 (8H, m), 2.83 (2H, t, J= 6.0 Hz), 4.16 (2H, t, J = 6.0 Hz), 6.86-6.90 (1H,
m, Ar), 6.94-6.97 (1H, m, Ar), 7.01-7.07 (2H, m, Ar). GC-MS m/z: 238 (M", 1), 127 (73), 113 (100), 70
(95), 42 (35).

1-(2-(3-fluorophenoxy)ethyl)-4-methylpiperazine (14). The title compound was obtained as a transparent
oil as free base and as white crystalline solid as hydrochloride salt. Yield, 50%. m.p gciy 234-237 °C. 'H-
NMR (CDCl3, 500 MHz) &: 2.28 (3H, s), 2.41-2.72 (8H, m), 2.80 (2H, t, J= 5.7 Hz), 4.07 2H, t, J=5.7
Hz), 6.59-6.67 (3H, m, Ar), 7.17-7.21 (1H, m, Ar). GC-MS m/z: 238 (M", 1), 127 (54), 113 (100), 70 (79),
42 (26).
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1-(2-(4-fluorophenoxy)ethyl)-4-methylpiperidine (15). The title compound was obtained as a yellow oil as
free base and as white crystalline solid as hydrochloride salt. Yield, 70%. m.p ciy 224-226 °C. 'H-NMR
(CDCl;, 500 MHz) ¢6: 2.29 (3H, s), 2.43-2.62 (8H, m), 2.79 (2H, t, J = 5.7 Hz), 4.05 (2H, t, J = 5.7 Hz),
6.83 (2H, dd, J=8.7 Hz, Jr=4.2 Hz, Ar), 6.95 (2H, t, J= 8.7 Hz). GC-MS m/z: 238 (M", 1), 127 (48), 113
(100), 70 (77), 42 (22).

1-(2-(2-fluoro-4-nitrophenoxy)ethyl)-4-methylpiperidine (18). The title compound was obtained as a
yellow solid as free base and as white crystalline solid as hydrochloride salt. Yield, 59%. m.p.acr 198-201
°C. 'H-NMR (CDCl;, 300 MHz) &: 0.92 (3H, d, J = 6.0 Hz), 1.17-1.44 (3H, m), 1.61-1.66 (2H, m), 2.08-
2.16 (2H, m), 2.84 (2H, t, J= 6.0 Hz), 2.91-2.97 (2H, m), 4.26 (2H, t, /= 6.0 Hz), 7.04 (1H, t, J = 8.5 Hz),
7.98 (1H, dd, J; = 8.5 Hz, J>=2.7 Hz Ar), 8.02-8.06 (1H, m, Ar). GC-MS m/z: 282 (M, 1), 112 (100).
1-(2-(2-fluoro-4-nitrophenoxy)ethyl)-4-methylpiperazine (19) M2tthew W. Martin, John Newcomb ct al.
4-fluoro-N-(2-(4-methylpiperidin-1-yl)ethyl)aniline (24). The title compound was obtained as a red oil as
free base and as white crystalline solid as hydrochloride salt. Yield, 46%. m.p.gcyy 184-187 °C. 'H-NMR
(CDCl3, 300 MHz) &: 0.93 (3H, d, J= 6.3 Hz), 1.15-1.43 (3H, m), 1.59-1.64 (2H, m), 1.92-2.00 (2H, m),
2.58 (2H, t, J= 6.0 Hz), 2.83-2.88 (2H, m), 3.10 (2H, t, J= 6.0 Hz), 4.21 (1H, br s), 6.54-6.59 (2H, m, Ar),
6.85-6.91 (2H, m, Ar). GC-MS m/z: 236 (M", 5), 112 (100).
4-fluoro-N-(2-(4-methylpiperazin-1-yl)ethyl)aniline (25). The title compound was obtained as a pink oil as
free base and as white crystalline solid as hydrochloride salt. Yield, 52%. 'H-NMR (CDCls, 500 MHz) &:
2.29 (3H, s),2.43-2.50 (8H, m), 2.62 (2H, t, J=5.7 Hz), 3.10 (2H, t, /= 5.7 Hz), 4.19 (1H, br s), 6.56 (2H,
dd, J=8.5Hz, Jr=4.2 Hz, Ar), 6.88 (2H, t, J= 8.5 Hz, Ar). GC-MS m/z: 237 (M, 5), 113 (100), 70 (81).
1-(2-(4-(benzyloxy)phenoxy)ethyl)-4-methylpiperidine (30) [327].
1-(2-(4-(benzyloxy)phenoxy)ethyl)-4-methylpiperazine (31). The title compound was obtained as a white
solid. Yield, 76%. 'H-NMR (CDCl;, 500 MHz) &: 2.28 (3H, s), 2.45-2.66 (8H, m), 2.79 (2H, t,J = 5.9 Hz),
4.05 (2H, t,J=5.8 Hz), 5.19 (2H, s), 6.84-6.88 (4H, m, Ar), 7.29-7.38 (5H, m, Ar). GC-MS m/z: 326 (M",
5), 113 (100).

General procedure for the synthesis of compounds 32-33. Compounds 30 and 31 (1 mol, 1 eq) were dissolved
in EtOH 96% (8 mL) and put to react under H, atmosphere at 4.5 bar pressure and in presence of 10% Pd on
activated carbon at room temperature ON. Subsequently, the mixture was filtered on a Celite® pad and the
filtrate was concentrated under reduced pressure to obtain a crude residue which was purified by column
chromatography using CH,Cl,/MeOH 95:5.

4-(2-(4-methylpiperidin-1-yl)ethoxy)phenol (32) [327].

4-(2-(4-methylpiperazin-1-yl)ethoxy)phenol (33). The title compound was obtained as a pink oil. Yield,
70%. '"H-NMR (CDCls, 500 MHz) & 2.30 (3H, s), 2.45-2.74 (8H, m), 2.81 (2H, t, J = 5.7 Hz), 3.70 (1H,
brs), 4.01 (2H, t, J=5.7 Hz) 6.69 (4H, br s, Ar). GC-MS m/z: 236 (M, 1), 127 (54), 113 (100), 70 (69).

General procedure for the synthesis of fluoroethoxy derivatives CF31 and 17. To a solution of the
appropriate phenol (32 or 33) (1 mol, 1 eq) in CH3CN (15 mL), K»COs (2 mol, 2 eq) and 1-fluoro-2-
iodoethane (2 mol, 2 eq) are added. The resulting mixture was refluxed with stirring ON and then was
allowed to cool to room temperature. The solvent was removed under vacuum. The residue was extracted

with CH,Cl, (3 x 15 mL). The collected organic layers were dried (Na,SO4) and evaporated under vacuum
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to afford a crude residue which was purified by column chromatography using CH>Cl,/MeOH 95:5. The
corresponding hydrochloride salts were prepared by adding a HCI saturated ethereal solution to a solution
of the amine. The hydrochloride salt was purified by crystallization in MeOH/Et,0.
1-(2-(4-(2-fluoroethoxy)phenoxy)ethyl)-4-methylpiperidine (CF31). The title compound was obtained as a
white solid as free base and as white crystalline solid as hydrochloride salt. Yield, 60%. m.p wciy 147-149
°C. 'H-NMR (CDCl;, 500 MHz) &: 0.92 (3H, d, J = 6.0 Hz), 1.20-1.43 (3H, m), 1.60-1.65 (2H, m), 2.07-
2.16 (2H, m), 2.76 (2H, t, J = 6.0 Hz), 2.93-2.98 (2H, m), 4.05 (2H, t, /= 6.2 Hz), 4.09-4.22 (2H, m), 4.63-
4.81 (2H, m), 6.83-6.86 (4H, m, Ar) (The NMR spectrum is shown in Figure S3.9.). GC-MS m/z: 281 (M,
2), 126 (5), 112 (100) (The GC-MS and HPLC chromatograms are shown in Figures S3.10 and S3.11,
respectively).

1-(2-(4-(2-fluoroethoxy)phenoxy)ethyl)-4-methylpiperazine (17). The title compound was obtained as a
white solid as free base and as white crystalline solid as hydrochloride salt. Yield, 49%. m.p cry 229-231
°C. 'H-NMR (CDCls, 500 MHz) &: 2.31 (3H, s), 2.43-2.71 (8H, m), 2.80 (2H, t, J= 5.7 Hz), 4.06 (2H, t, J
= 5.7 Hz), 4.12-4.20 (2H, m), 4.67-4.78 (2H, m), 6.83-6.87 (4H, m, Ar). GC-MS m/z: 282 (M*, 1), 127
(28), 113 (100), 70 (80), 56 (27), 42 (21).

General procedure for the synthesis of ethyl bromide 34 and 35. To a solution of the appropriate phenol (1
mol, 1 eq) in CH3CN (20 mL), K>COs (2 mol, 2 eq) and 1,2-dibromoethane (3 mol, 3 eq) are added. The
resulting mixture was refluxed with stirring ON and then was allowed to cool to room temperature. The
solvent was removed under vacuum. The residue was taken up with H,O (20 mL) and extracted with CH,Cl,
(3 x 20 mL). The combined organic layers were washed with brine, dried (Na>SO4) and evaporated under
vacuum to afford a crude residue which was purified by column chromatography.
1-(2-bromoethoxy)-4-fluorobenzene (34) [331].

5-(2-bromoethoxy)-2-fluoropyridine (35). The crude residue was purified by column chromatography using
n-Ex/AcOEt 7:3 to obtain a white solid. Yield, 32%. 'H-NMR (CDCls, 500 MHz) &: 3.62 (2H, t,J = 6.2
Hz), 425 (2H, t, J = 6.0 Hz), 6.83-6.87 (2H, m, Ar), 6.98 (1H, t, J= 8.5 Hz, Ar). GC-MS m/z: 218 (M",
49), 220 (M*+2, 48), 109 (100), 83 (57), 57 (28).

General procedure for the synthesis of final amines 16 and 20-23. The appropriate BM (1.2 mol, 1.2 eq)
was added to a solution of the appropriate bromine derivative 34-36 (1 mol, 1 eq) in CH3CN (10 mL) and
K>COs (1.2 mol, 1.2 eq). The resulting mixture was refluxed with stirring ON and then was allowed to cool
to room temperature. The solvent was removed under vacuum. The residue was taken up with H>O (20 mL)
and extracted with CH>Cl (3 x 20 mL). The collected organic layers were dried (Na>SO4) and evaporated
under vacuum to afford a crude residue which was purified by column chromatography using
CHxCIx/MeOH 95:5. The corresponding hydrochloride salts were prepared by adding a HCI saturated
ethereal solution to a solution of the amine. The hydrochloride salt was purified by crystallization in
MeOH/Et;0.

2-(2-(4-fluorophenoxy)ethyl)-2-azaspiro[3.3]heptane (16). The title compound was obtained as a trasparent
oil as free base and as white crystalline solid as hydrochloride salt. Yield, 77%. m.p aciy 142-145 °C. 'H-
NMR (CDCl3, 500 MHz) ¢: 1.80 (2H, quint, J= 7.7 Hz), 2.11 (4H, t, J= 7.7 Hz), 2.80 (2H, t, /= 5.7 Hz),
3.31 (4H, s), 3.92 (2H, t, J= 5.7 Hz), 6.82 (2H, dd, J = 8.7 Hz, Jr = 4.2 Hz, Ar), 6.95 (2H, t, J = 8.7 Hz,
Ar). GC-MS m/z: 235 (M*, 2), 110 (100), 56 (24), 42 (27).

89



2-fluoro-5-(2-(4-methylpiperidin- 1-yl)ethoxy)pyridine (20). The title compound was obtained as a
trasparent oil as free base and as white crystalline solid as hydrochloride salt. Yield, 82%. m.p.ucy) 171-174
°C. 'H-NMR (CDCl;, 300 MHz) &: 0.91 (3H, d, J = 6.3 Hz), 1.19-1.38 (3H, m), 1.59-1.64 (2H, m), 2.03-
2.11 (2H, m), 2.76 (2H, t, J = 5.8 Hz), 2.91-2.96 (2H, m), 4.10 (2H, t, /= 5.8 Hz), 6.83 (1H, dd, JFr=9.0
Hz, J=3.6 Hz, Ar), 7.29-7.35 (1H, m, Ar), 7.81 (1H, dd, J; = 3.3 Hz, J> = 1.9 Hz, Ar). GC-MS nv/z: 238
(M*, 1), 112 (100).

1-(2-((6-fluoropyridin-3-yl)oxy)ethyl)-4-methylpiperazine (21). The title compound was obtained as a
yellow oil as free base and as white crystalline solid as hydrochloride salt. Yield, 67%. 'H-NMR (CDCls,
500 MHz) &: 2.26 (3H, s), 2.39-2.65 (8H, m), 2.78 (2H, t, J= 5.7 Hz), 4.07 (2H, t, J = 5.7 Hz), 6.80 (1H,
dd, J=8.7 Hz, Jr = 4.0 Hz, Ar), 7.27-7.31 (1H, m, Ar), 7.80 (1H, dd, J; = 2.5 Hz, J> = 2.0 Hz, Ar). GC-
MS m/z: 239 (M*, 1), 127 (66) 113 (100), 70 (83), 42 (28).
N-(4-fluorophenyl)-2-(4-methylpiperidin-1-yl)acetamide (22). The title compound was obtained as a red
solid as free base and as white crystalline solid as hydrochloride salt. Yield, 52%. m.p mci 218-221 °C. 'H-
NMR (CDCls, 300 MHz) &: 0.96 (3H, d, J= 6.3 Hz), 1.46-1.99 (3H, m), 1.66-1.71 (2H, m), 2.20-2.28 (2H,
m), 2.83-2.89 (2H, m), 3.08 (2H, s), 6.99-7.05 (2H, m, Ar), 7.51-7.55 (2H, m, Ar), 9.23 (1H, br s). GC-MS
m/z: 250 (M*, 1), 112 (100).

N-(4-fluorophenyl)-2-(4-methylpiperazin-1-yl)acetamide (23). The title compound was obtained as a pink
solid as free base and as white crystalline solid as hydrochloride salt. Yield, 73%. m.p.cr) 215-219 °C. 'H-
NMR (CDCls, 500 MHz) ¢: 2.32 (3H, s), 2.45-2.65 (8H, m), 3.13 (2H, s), 7.02 (2H, t, J = 8.5 Hz, Ar), 7.52
(2H, dd, J=8.7 Hz, Jr = 4.7 Hz), 9.09 (1H, br s). GC-MS m/z: 251 (M", 7), 113 (100), 70 (81), 42 (25).

2-bromo-N-(4-fluorophenyl)acetamide (36) [332].

2-(4-(2-(4-methylpiperidin-1-yl)ethoxy)phenoxy)ethan-1-ol (37). Compound 32 (1 mmol, 1 eq), 2-
bromoethan-1-o0l (2 eq, 2 mmol), and K>CO3 (2 mmol, 2 eq) were weighted altogether in a 2-5 mL
microwave vial and CH3CN (4 mL) was added. The vial was sealed, shaken vigorously, and heated at the
microwave irradiator at 120°C for 40 min. After cooling, the solvent was removed under reduced pressure
and the corresponding residue was taken up with H>O (20 mL) and extracted with CH,Cl, (3 x 20 mL). The
collected organic layers were dried (Na,SO4) and evaporated under vacuum to afford a crude residue which
was purified by column chromatography using CH>Cly/MeOH 95:5 to obtain the title compound as a white
crystalline solid. Yield, 55%. 'H-NMR (CDCls, 500 MHz) & 0.91 (3H, d, J = 6.5 Hz), 1.20-1.29 (2H, m),
1.30-1.40 (1H, m), 1.55-1.72 (2H, m), 2.03-2.08 (2H, m), 2.74 (2H, t, J = 6.2 Hz), 2.90-2.98 (2H, m), 3.91
(2H, t, J=4.5 Hz), 4.01 (2H, t, J= 4.5 Hz), 4.04 (2H, t, J = 6.0 Hz), 4.78 (1H, br s, exchange with D,0),
6.82 (4H, br s). GC-MS m/z: 279 (M", 1), 112 (100).

2-(4-(2-(4-methylpiperidin- 1-yl)ethoxy)phenoxy)ethyl 4-methylbenzenesulfonate (38). To a solution of
compound 37 (1 mmol, 1 eq) in CH>Cl, (15 mL), TsCl (1.3 eq, 1.3 mmol), and Et;N (1.3 mmol, 1.3 eq)
were added. The resulting mixture was stirred at 0 °C for 4h. The residue mixture was taken up with H,O
(20 mL) and extracted with CH>Cl» (3 x 20 mL). The collected organic layers were dried (Na>SO,) and
evaporated under vacuum to afford a crude residue which was purified by column chromatography using
CH,C1/MeOH 95:5 to obtain the title compound as a yellow solid. Yield, 80%. 'H-NMR (CDCls, 500
MHz) 6: 0.92 3H, d, J= 6.5 Hz), 1.22-1.30 (2H, m), 1.32-1.41 (1H, m), 1.58-1.65 (2H, m), 2.02-2.10 (2H,
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m), 2.44 (3H, s), 2.74 (2H, t, J = 6.0 Hz), 2.91-2.97 (2H, m), 4.03 (2H, t, J = 6.0 Hz), 4.09 (2H, t, /= 5.0
Hz), 4.33 (2H, t, J = 4.7 Hz), 6.69-6.72 (2H, m, Ar), 6.77-6.81 (2H, m, Ar), 7.33 (2H, d, J = 8.0 Hz, Ar),
7.81 (2H, d, J = 8.5 Hz, Ar). HRMS-ESI for C,3H3NOsS (m/z): [M+H]" calcd, 434.2003; found, 434.2010
[M+Na]" calcd, 456.1821; found 456.1822.

3.11.2. Biological studies
3.11.2.1. Cell cultures

HEK-293 cells, stably transfected with human sigmal receptor (hS1R-HEK293; obtained from Olivier
Soriani, Inserm/CNRS, Institut de Biologie Valrose, Université de Nice, Nice, France) were cultivated in
selective medium (RPMI, supplemented with 10 % FCS, 100 U/ml penicillin, 100 pg/ml streptomycin, and
100 pg/ml G-418 in a humidified incubator at 37 °C with a 5 % CO; atmosphere.

Caco-2 and MDCK-MDRI cells were grown in Dulbecco’s high-glucose modified eagle medium,
composed of 10% fetal bovine serum, 2 mM of glutamine, 100 U/mL of penicillin, and 0.1 mg/mL of
streptomycin (all components purchased from Euroclone, Milan, Italy) in a humidified incubator at 37 °C

with a 5 % CO2 atmosphere.
3.11.2.2. In vitro competition binding assays

The affinity for SIR and S2R was determined by in vitro radioligand displacement experiments as
published [327].

In brief, SIR affinity was determined with [°H]-(+)-pentazocine (Am = 995 GBg/umol; Revvity) and the
membrane preparation of hSIR-HEK?293 cells with serial dilutions of the test compound. Incubation was
performed in 50 mM TRIS-HCI, pH 7.4 at 21°C, supplemented with 120 mM NaCl, 5 mM KCl, 2 mM
CaCl,, and 1mM MgCl, for 120 min at ambient temperature.

S2R affinity was determined with [PH]DTG (An=1850 GBg/mmol; ARC) and the membrane preparation
of liver obtained from Wistar rats with 100 nM FTC-146 to mask S1R receptors, and serial dilutions of the
test compound. Incubation was performed in 50 mM TRIS-HCL, pH 7.4 at 21°C, for 120 min at ambient
temperature.

For SIR and S2R assays, non-specific binding of the respective radioligand was determined by co-
incubation with 10 pM haloperidol. Free and bound radioligand were separated by filtration on GF/B glass-
fibre filters (Hahnemiihle FineArt GmbH, Dassel, Germany) pre-soaked in 0.3% polyethyleneimine using
a Brandel Cell Harvester and rapidly washed four times with pre-chilled 50 mM TRIS-HCI, pH 7.4 at 4°C.
Filters were isolated, transferred to scintillation vials, and incubated with scintillation cocktail (Ultima
Gold™, Revvity) at 300 rpm for two hours at room temperature. The vials were counted in a liquid
scintillation counter (Hidex 600 SL; Hidex Oy, Turku, Finland) to determine activity as Becquerel per vial.
Data were expressed as percentage of specifically bound activity versus concentration of the respective test
compound and analysed by non-linear curve analysis using GraphPad Prism software to calculate I1Cso
values. Inhibitory constant values (K;) were calculated using the Cheng-Prusoff equation with dissociation
constants of Kp= 33 nM for [*H]-(+)-Pentazocine and Kp = 50 nM for [’H]DTG. All experiments were

performed at least two times with two technical replicates.
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3.11.2.3. Calcein-AM experiment

These experiments were carried out as described by Contino et al. [335] with minor modifications.

Briefly, the MDCK-MDRI1 cell line (30,000 cells per well) was seeded into a 96-well black culture plate
with 100 pL medium and allowed to become confluent overnight. 100 pl of test compounds were solubilized
in culture medium and added to monolayers, with final concentrations ranging from 0.1 to 100 pM. 96/wells
plate was incubated for 30 min. Calcein-AM was added in 100 pl of Phosphate Buffered Saline (PBS) to
yield a final concentration of 2.5 uM, and the plate was incubated for 30 min. Each well was washed 3
times with ice-cold PBS. A saline buffer was added to each well, and the plate was read with Victor3
(PerkinElmer) at excitation and emission wavelengths of 485 nm and 535 nm, respectively. In these
experimental conditions, Calcein cell accumulation in the absence and in the presence of tested compounds
was evaluated, and the fluorescence basal level was estimated with untreated cells. In treated wells, the
fluorescence increase with respect to basal level was measured. ECso values were determined by fitting the

fluorescence increase percentage versus log[dose].
3.11.2.4. Caco-2 monolayer preparation

For permeability and drug transport assays, to prepare the Caco-2 monolayer, in vitro model of BBB barrier,
cells were seeded into a Merck Millicell™ Cell Culture Insert Plates assay system (Millipore, Bedford,
MA), where a cell monolayer is set in between a filter cell and a receiver plate, at a density of 20,000
cells/well. The culture medium was replaced every 48h and the cells were kept for 21 days in culture. The
TransEpithelial Electrical Resistance (TEER) of the monolayers was measured daily, before and after the
experiment, using an epithelial voltohmmeter (Millicell® -ERS, Millipore). Generally, TEER values

greater than 1000 () for a 21 day culture are considered optimal.
3.11.2.5. Permeability Experiments

After 21 days of Caco-2 cell growth, the medium was removed from filter wells and from the receiver plate,
which was filled with fresh HBSS buffer (Invitrogen). This procedure was repeated twice, and the plates
were incubated at 37 °C for 30 min. After incubation, the HBSS buffer was removed and drug solutions
and reference compounds were added to the filter well at a concentration of 100uM, while fresh HBSS was
added to the receiver plate. The plates were incubated at 37 °C for 120 min. Afterwards, samples were
removed from the apical (filter well) and basolateral (receiver plate) side of the monolayer to measure the
permeability.

The apparent permeability (Papp), in units of nm/second, was calculated using the following equation:

VA > % <[drug]acceptor)

- (
app Area x time [druglinitiai

Where VA is the volume (in mL) in the acceptor well, area is the surface area of the membrane (0.11 cm?

of the well), time is the total transport time (7200 s), [drug]acceptor i the concentration of the drug measured
by UV spectroscopy, and [drug]iial is the initial drug concentration (1 x 10-* M) in the apical or basolateral

wells.
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3.11.3. Radiochemistry

Anhydrous Acetonitrile used for radiosynthesis Kryptofix® K>, were purchased from Sigma-Aldrich
Chemie GmbH, part of merck, Taufkirchen, Germany. Anhydrous acetonitrile used for radiosynthesis and
K»COs were purchased from VWR Life Science, part of avantor, Darmstadt, Germany).

Radio thin layer chromatography (radio-TLC) was performed on silica gel (POLYGRAM® SIL G/UVs4
from Machery-Nagel, Diiren, Germany) pre-coated plates with a mixture of ethyl acetate/MeOH 1/1 (v/v)
as eluent. The plates were exposed to storage phosphor screens (BAS-IP MS 2025, Fujifilm Co., Tokyo,
Japan), recorded using an CR-25 Bio image plate scanner, and images were evaluated using AIDA
software (both Elysia s.a., Angieur, Belgium).

18F Separation Cartridges” (45 mg, PS-HCO5", Synthra GmbH, Hamburg, Germany) were used without
preconditioning. Preconditioning of Sep-Pak® Cs light and plus cartridges (Waters GmbH, Eschborn,
Germany) was done using 5 ml of EtOH and 20 ml of water.

Mouse plasma for determination of in vitro stability was kindly provided by University of Leipzig,
Medical Faculty Rudolf-Boehm-Institute for Pharmacology and Toxicology, Leipzig, Germany).

For determination of metabolic stability in vitro, GIBCO liver microsomes, pooled from CD-1 mice
(MLM), were purchased from Thermo Fisher Scientific GmbH (Dreieich, Germany). -Nicotinamide
adenine dinucleotide 2'-phosphate reduced tetrasodium salt (NADPH) and testosterone were purchased
from Sigma-Aldrich Chemie GmbH, part of merck, Taufkirchen, Germany.

For evaluation of stability the thermo shaker BioShake iQ (QUANTIFOIL Instruments, Jena, Germany)
was used.

For centrifugation a Centrifuge 5424 (Eppendorf, Hamburg, Germany) was used, unless otherwise stated.
3.11.3.1. ["F]Fluoride production

No-carrier-added ['®F]Fluoride was produced via the ['*O(p,n)'8F] nuclear reaction by irradiation of an
['80]H20 target (Hyox 18 enriched water, Rotem Industries Ltd, Israel) on a Cyclone 18/9 (iba
RadioPharma Solutions, Belgium) with fixed energy proton beam using Nirta ['®F]Fluoride XL target.

3.11.3.2. Manual Radiosynthesis of ['*F]CF31

The manual synthesis of [®*F]CF31 began with the provision of azeotropically dried ['®F]fluoride,
dissolved in CH3CN or DMSO. Using the synthesis module Synthra RNplus Research (Synthra GmbH,
Hamburg, Germany), cyclotron-produced ['*F]fluoride (6-8 GBq) was fixated on an PS-HCO;" cartridge
and eluted by a mixture of Kz, (11.4 mg); K2COs (sol., 20 mg/mL, 89 pL) in 1 mL CH3CN and 0.3 mL
H:O. After addition of 1.8 mL CH;3CN, the ['8F]fluoride-Kryptofix complex solution was obtained by
azeotropic drying by heating for 15 min and final addition of CH3CN and DMSO.

For the labeling, aliquots of the ['®F]fluoride—Kryptofix complex were added to a vials containing the
tosylate precursor (38) previously dissolved in the reaction solvent (CH3CN or DMSO). The reactions
were carried out in CH3;CN at 70-90 °C and in DMSO at 100-140 °C. To monitor the labeling progress,
aliquots were withdrawn at 5, 10, 15 and 20 min and analyzed by radio-HPLC and, randomly, by radio-
TLC (Figure S3.1).

Radio-HPLC was performed on a JASCO X-LC system (JASCO Labor- und Datentechnik GmbH,
Pfungstadt, Germany) equipped with a UV/vis detector UV-2070 (monitoring at 285 nm) and a
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radioactivity flow detector GABI Star (raytest Isotopenmessgerite, Straubenhardt, Germany) including
Nal detector (2” x 2” pinhole, 16 mm x 30 mm).

Analyses were performed using a ReproSil-Pur 120 Ci3-AQ, 3 um, 150 x 3 mm (Dr. Maisch GmbH) and
a solvent system consisting of CH3CN and 20 mM aqueous NH4OAc.

Two distinct linear gradient elution methods, one short and one long, along with one isocratic method,
were employed: (Method A, Isocratic method) 40% CHsCN for a 15-min run; (Method B, Long gradient
method) isocratic elution at 5% CHsCN from 0 to 1.5 min, followed by a linear gradient from 5% to 80%
CH:CN between 1.5 and 10.0 min, isocratic elution at 80% CHsCN from 10.1 to 12.0 min, and re-
equilibration at 5% CHsCN from 12.1 to 15.0 min; (Method C, Short gradient method) isocratic elution
at 5% CH:CN from 0 to 0.5 min, followed by isocratic elution at 80% CHsCN from 0.51 to 5.0 min, and
re-equilibration at 5% CH3CN from 5.1 to 8.0 min. For all methods, the flow rate was set at 0.7 mL/min,
and detection was carried out at 285 nm.

Optimized manual procedure for ["*F]CF31: the azeotropically dried ['®F]fluoride—Kryptofix complex
was dissolved in CH3CN (1 mL) and 38 (2 mg) dissolved in CH3CN (1 mL) was added. The resulting

reaction mixture was stirred at 90 °C for 20 min.
3.11.3.3. Automated Radiosynthesis of ['3F]CF31

The optimized manual labeling procedure was transferred to the remote-controlled synthesis module
Synthra RNplus Research (Synthra GmbH, Hamburg, Germany Figure S3.2 and S3.3), installed in a hot-
cell. The ["®F]fluoride was trapped on a PS-HCOs cartridge, entry 1, Figure S3.3). The trapped
['8F]fluoride was eluted with Kryptofix/K,COs, as described for the manual synthesis (entry A, Figure
S3.3) into reactor 1 (entry 2, Figure S3.3) and was dried by azeotropic distillation with CH3CN (entry A,
Figure S3.3) for 15 min. Then 2 mg of 38 in 1 mL of CH3CN (entry As, Figure S3.3) was added into
reactor 1 (entry 2, Figure S3.3) and stirring for 20 min at 90 °C. The reaction mixture was diluted with
3.5 mL of H,O (entry As, Figure S3.3) to terminate the reaction, followed by eluted in reactor 2 (entry 3,
Figure S3.3).

The resulting mixture containing ['"®F]CF31 was injected through the injector (entry 4.1, Figure S3.3) and
the loop (entry 4.2, Figure S3.3) on the RP-HPLC column (ReproSil Gold C18 10um, 50 x 10 mm, Dr
Maisch GmbH, Ammerbuch, Germany; entry 5, Figure S3.3) and eluted with a mobile phase of 15%
CH3CN (20 mM NH4OAc) with flow rate of 3 mL/min.

The radiolabeled product (['®F]CF31) was collected (R = 41-42 min) and directed to a collection vial
(entry 6, Figure S3.3) that was previously loaded with 25 mL of water. After loading on a SPE Sep-Pak
Cis light cartridge (entry 7, Figure S3.3) and washing with 5 mL water (entry Cs, Figure S3.3), the
radiotracer was eluted with 1.5 mL of EtOH (entry C,, Figure S3.3) into the target product vial (entry 8,
Figure S3.3). EtOH was evaporated under a gentle Helium stream at 40 °C to a final volume of 10-25 pL.
The radiotracer was formulated by addition of PBS to obtain a final product solution containing < 10 %
EtOH (vv).

For quality control, the final product of the radiotracer was inspected by analytical radio- and UV-HPLC
with and without co-injection of the reference compound in isocratic (Method A) or gradient method (long
and short, Method B and C, respectively) with RP-HPLC (ReproSil-Pur 120 Ci3-AQ, 3 pm, 150 x 3 mm
(Dr. Maisch GmbH).
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For the determination of A, an aliquot of the [**F]CF31 solution (50 uL, 62-216 MBq) was analyzed by
HPLC under isocratic conditions (40% CH3;CN, Method A), using chromatograms recorded at 285 nm,
the wavelength of maximum absorbance.

The amount of non-radioactive CF31 was calculated from calibration curves (Figure S3.12) obtained

using different solutions of CF31 (50 pL), analyzed under the same isocratic conditions as described.
3.11.4. Determination of In Vitro Stability

[*F]CF31 (10 uL = 35 MBq) was added to saline solution and PBS (250 pL for both) and shaken gently
(350 rpm) at 25°C for 2 h (n = 2). The radiotracer was incubated smililarly with mouse plasma and shaken
gently at 37°C (n = 3).

Aliquots of 25 pL were withdrawn every 30 min. Samples from saline and PBS were diluted and analyzed
by radio-HPLC. Aliquots from mouse plasma were added to 100 pL of ice-cold CH3CN, vortexed for 5
min, and placed on ice for 3 min, followed by centrifugation at 14,000 rpm for 10 min. The supernatant
was separated from the pellet and analyzed by radio-HPLC. Efficiencies of the extractions were calculated
after activity measurement of aliquots of the supernatants and the corresponding residues by gamma

counter using the following equation:

activitysypernatant x 100%

activityresidue+ activitysupernatant

Extraction Efficiency (%) =

Radio-HPLC analysis of samples from saline solution, PBS, and mouse plasma was performed using the

same radio-HPLC method as for quality control after automated synthesis (Method B and C).
3.11.5. Determination of Lipophilicity (LogD7.4)

The apparent distribution coefficient (logD74) value of ["®F]CF31 was determined using a shake-flask
method by measuring the distribution of the radiotracer between n-octanol and PBS (0.05 mol/L, pH =
7.4) following a previously published protocol [77]. The two phases were pre-saturated with each other.
A solution of the radiotracer (10 puL, 0.5 MBq) was added to a 15 mL plastic centrifuge tube containing
n-octanol (3 mL) and PBS (3 mL). The tube was vortexed for 3 min and centrifuged at 3,500 rpm for
5 min (UNIVERSAL 320 R, Hettich, Germany). About 50 pL of the n-octanol layer and 500 pL of the
buffer layer were pipetted in two tared tubes and the activity was measured in an automatic y-counter
(Wallac 1480 Wizard, PerkinElmer, USA). The logD74 was determined as the ratio of cpm/mL of the n-
octanol layer to that of the buffer layer. Samples from the n-octanol layer were redistributed until
consistent distribution coefficient values were obtained. The measurement was carried out in triplicate

and repeated three times.
3.11.6. Determination of Binding Affinities by Homogenate Assays

Briefly, the SIR affinity of ['F]CF31 was determined by homologous radioligand displacement using
hS1R-HEK293 membrane preparations as well as intact hSIR-HEK293 and HEK293wt cells. Serial
dilutions of CF31 (0.01 nM—1 uM) were used for displacement. Non-specific binding was determined in
the presence of haloperidol or FTC-146 (1 uM). Cells/membranes were incubated with 1.3 nM ['¥F]CF31
(1.31 MBg/mL; A, = 101 GBg/umol at incubation) in PBS for 120 min at room temperature.
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3.11.7. In Vitro Autoradiography

In vitro autoradiography was performed as described previously. Briefly, mouse brain (courtesy of Dr.
Birgit Belter, Institute of Radiopharmaceutical Cancer Research, HZDR, Germany) cryosections mounted
on glass slides were incubated with 3.35 nM ["®F]CF31 in PBS for 90 min at room temperature. For
competition/blocking experiments, sections were co-incubated with vehicle or haloperidol, FTC146, or
CF31 (each 1 pM) to assess total and non-specific binding and binding saturability. Slides were then
washed twice in ice-cold 50 mM Tris-HCI (pH 7.4; 2 min each, 4°C), briefly dipped in cold demineralized
water (5 s), dried in a cold air stream, and exposed to a phosphor imaging plate. Plates were scanned in a

phosphorimager and images were analyzed using AIDA software (Elysia, Straubenhardt, Germany).

3.11.8. In Vitro Metabolism

[®*F]CF31 was incubated with MLM in PBS in the presence of NADPH for 30 min at 37 °C with gentle
shaking at 350 rpm (n = 3), following a previously published protocol [337] with minor modifications.
For all incubation mixtures the total volume was 250 pL. 12.5 pL of MLM (1 mg/mL) was added to 187.5
pL of PBS, followed by 25 pL of ['**F]CF31 (10-20 MBq). The mixture was pre-incubated at 37 °C with
gentle shaking at 350 rpm for 5 min. Subsequently, 25 pL of pre-incubated NADPH (2 mM) was added,
and the reaction was incubated at 37 °C with gentle shaking at 350 rpm for 30 min (n = 3). Positive control
experiments were performed using testosterone as substrate, both in the presence and absence of NADPH
(25 pL of testosterone, 12.5 uLL. of MLM at 1 mg/mL, and either 0 or 25 pL. of 2 mM NADPH in 212.5
pL or 187.5 pL of PBS, respectively). In these experiments, incubation was carried out at 37 °C with
gentle shaking at 350 rpm for 60 min, corresponding to the time required for complete conversion of
testosterone. Negative control experiments were conducted by incubating [*®*F]CF31 either without
NADPH (25 pL of [**F]CF31 and 12.5 pL of MLM at 1 mg/mL in 212.5 pL of PBS) or in the absence of
both MLM and NADPH (25 pL of [*®*F]CF31 in 225 pL of PBS). All negative control incubations were
performed at 37 °C with gentle shaking at 350 rpm for 30 min. After incubation, samples were subjected
to protein precipitation. An aliquot of 25 pL from each reaction mixture was added to 100 uL of ice-cold
CH3CN, vortexed for 5 min, and placed on ice for 3 min, followed by centrifugation at 14,000 rpm for 10
min. The supernatant was separated from the pellet and analyzed by radio-HPLC. Efficiencies of the
extractions were calculated after activity measurement of aliquots of the supernatants and the

corresponding residues by gamma counter using the following equation:

activitysypernatant
_ perr % 100%
activityresiquet activitysypernatant

Extraction Efficiency (%) =
Radio-HPLC analysis of [*F]CF31 metabolism was performed using the same radio-HPLC method as
for quality control after automated synthesis (B and C). For the analysis of testosterone metabolism in the
positive control experiments, HPLC was performed using an appropriate gradient method and UV
detection (A = 245 nM). Incubations of non-labeled CF31 were performed at two different substrate
concentrations (20 and 100 uM, n = 3 for each) instead of using ['®F]CF31. HPLC analysis was conducted
based on the method used for quality control after automated synthesis, monitoring at 285 nm, with the
following changes (Method D): 1.5-8.0 min 40-60 % CH;CN, 8.0-10.0 min 60-80 % CH3CN. For the

purpose of metabolite identification, the references 32 and 37 were added to samples from incubation of

CF31.
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3.12. Supporting information

AcOEt / MeOH 1:1

CH:CN DMSO

[BF]CF31 —> ' E
PN

Figure S3.1. Radio-TLC monitoring of the manual synthesis after 20 min of reaction in AcOEt/MeOH 1:1. The

percentage of product formation is shown in blue.

Figure S3.2. Synthra RNplus Research radiosynthesizer GmbH, Hamburg, Germany.
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Figure S3.3. Scheme of Synthra Graphical User Interface for the automated radiosynthesis of the ['®F]CF31 with A1)
Kryptofix complex (K222, 11.4 mg; CH3CN, 1 mL; H20, 300 uL; K-COs sol. (20 mg/mL), 89 uL); A2) 1.8 mL of
CH3CN; As) 2 mg of 38 in 1 mL of CH3CN; A4) Empty; As) 3.5 mL of water; A¢-A7) empty; B1-Bs) empty; Ci) empty;
C2) 1.5 mL of EtOH; C3) 5 mL of water; 1) “shorty” (Chromafix 30-PS-HCO3™ Content of sorbent =45 mg from Synthra
GmBH); 2) Reactor 1; 3) Reactor 2; 4.1) Injector; 4.2) Loop; 5) ReproSil Gold (SHORT) Cis, 50 x 10 mm, 10 um from

Dr Maisch GmBH; 15% ACN (20 mM NH4OAc), flow 400 mV (3.05 mL/min); 6) Collection vial (25 mL of water);
7) SPE (Sep-Pak Cis light, 3 mL EtOH, 20 ml water) 8) Target product vial.

98



Integration

cis
Channel ] No| Name | Ret. Tirne| Height ] Abs.A:ea} Rel Area | Amount
Gamma Detector 1 - 2.84 30496.81 1739734.00 4870 0.00
2 - 11.38 170.20  16763.64 047 0.00
23250 3 - 40.00 1081243 1815783.0( 50.83 0.00
Integration AView2\D ata\alLU\arbeitsordner\FM_18F-CF-31_Synthra_Wersion03_25.07.2025_09
15310
7370
-571

372 422 47.2 522 57.2 622 67.2 722 772 822 87.2 92.2 972 1022 1072 MM22 M72
Chromatogram: C:\SynthraView2\Data\ALU\Arbeitsordner\FM_18F-CF-31_Synthra_Version03_25.07.2025_03hS4min.ifp

mit

uv =

mAaU

1930
11960
11990
2020
36.0 41.0 45.0 51.0 56.0 61.0 66.0 71.0 76.0
:3 Analysis Time: 44,28 Analysis "FM_18F-CF-31_Synthra_Version03_23.07.2025_03h48mir.ifp"

Figure S3.4. Representation of the graphical interface during purification by semi-preparative HPLC (ReproSil Gold

Cis, 10 pm, 50 x 10 mm, Dr. Maisch GmbH, Ammerbuch, Germany), eluted with a mobile phase of 15% CHsCN (20

mM NH4OACc) at a flow rate of 3 mL/min (Rt ~41-42 min). (A) Gamma channel; (B) UV channel.

[°F]CF31

A

Figure S3.5. Radio- (light blue line) and UV- (red line) HPLC chromatograms of the identity confirmation of
['®F]CF31 co-injected with the reference standard CF31 (ReproSil-Pur 120 Cis-AQ, 3 pum, 150 x 3 mm (Dr. Maisch

GmbH); Elution method B).
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Figure S3.6. Homologous competition binding assays of CF31 versus ['®F]CF31 in different biological matrices for

determination of the Kp.
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Figure S3.7. Radio-HPLC chromatograms (ReproSil-Pur 120 C18-AQ, 3 um, 150 x 3 mm; Dr. Maisch GmbH; elution
method C) showing ["’F]CF31 before spiking with compound 37 (A) and after spiking with compound 37 (B). The
presence of two distinct peaks indicates that compound 37 does not correspond to the major metabolite. For clarity,

only the 4-9 min retention time window is shown in both chromatograms to enhance peak visibility.
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Figure S3.8. A) example for self blocking; range (quantum level 0 — 50972) identical to the above example of total
binding; B) Example for blocking with FTC146; range (quantum level 0 — 50972) identical to the above example of
total binding.

CF-31 -55000

STANDARD FLUORINE PARAMETERS o
‘ B ~ N
e~ L 50000

CF-31

45000
40000
35000
-30000
25000
-20000
15000

10000

| 5000
N u'l M
J WA AN L !

. ~-5000

La—_

1.92-
206

9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5
f1 (ppm)

385
1 92{ -_—
1 =
f
}
196 =
2001
199
207
2 ga{
2.74-]

4.0 35 3.0 25 20 1.

Figure S3.9. 'H-NMR spectrum of CF31. CDCl3, 300 MHz, 25 °C.
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Figure S3.10. GC-MS analysis of CF31.
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Chromatogram and Results
Injection Details
Injection Name: CF-31 Run Time (min): 15,00
Vial Number: G:E1 Injection Volume: 2,00
Injection Type: Unknown Channel: uv_vis_2
Calibration Level: Wavelength: 280
Instrument Method: MeOH:AcNH4 pH = 3 4:6, flow 0.3 Bandwidth: n.a.
Processing Method: Basic Quantitative Dilution Factor:  1,0000
Injection Date/Time: 05/mar/25 15:58 Sample Weight:  1,0000
250 1% PET sigma-1_fenossialchilpiperidine 231 [manually integrated) UV _VIS_2 WV 280 nm
200 1.1375
] o
] /@/ \/\U\
] HCI
150 F\/\o
5 ] CF-31
E,
2 1004
3 ]
2
0
< ]
50
| =
50
00 20 40 50 80 100 120 140 150
Time [min]
In tion Results
No. |Peak Name Retention Time Area Height Relative Area | Relative Height | Amount
min mAU*min mAU % % n.a.
1 1375 34,017 196,273 100,00 100,00 na.
Total: 34,017 196,273 100,00 100,00

Figure S3.11: HPLC analysis of CF31. MeOH-NH4OAc (pH = 3.0) 4:6, flow 0.3 mL/min. Wavelength, 280 nM.

Int. (mV*s)

R2=1 y=4,112x-0,5227
200
150 T R
100
50
W '
0 @&
0 10 20 30 40 50
Conc. (uM)

Figure S.12. Calibration curve for the determination of Am.
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CHAPTER 4

Sigma-2 receptors

Introduction, background and Aim
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4. Introduction

As mentioned in Chapter 3, the S2R belongs to the sigma receptor family but is pharmacologically and
structurally distinct from the S1R.

The S2R was first identified by Hellewell et al., who demonstrated that [*H]-DTG specifically bound to
two proteins in rat liver: a 25 kDa protein corresponding to the SIR and a 21.5 kDa protein corresponding
to the S2R. The definitive distinction between these two receptors was made using Dextralorphan (DXA,
Figure 4.1), which blocked radioligand binding to the S1R but not to the 21.5 kDa protein. The latter was
therefore designated as the S2R [342].

In 2011, it was proposed that S2R was part of the progesterone receptor membrane component 1 (PGRMC1)
complex. This hypothesis was based on observed similarities between PGRMC1 expression and S2R
density in tumor cells and normal tissues. Moreover, the S2R ligand SW120 was found to bind to the
PGRMCI1 protein complex. These findings led to the suggestion that the S2R binding site might be
associated with PGRMC1 [343].

However, subsequent studies by Abate C. et al. demonstrated that S2R and PGRMCI1 are distinct entities.
Their results indicated that S2R ligands such as DTG and PB28 (Figure 4.1) do not bind to the PGRMC1
monomer but instead to the heme-mediated dimeric form of PGRMC1 with micromolar affinity. These

findings supported the view that S2R and PGRMCI1 are separate proteins [344,345].

OH \ i
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o\\ /@E)N
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DTG Dextralorphan CT1812
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N\) 2 N (0]

/@)‘\/\/N
F
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PB28 Haloperidol Roluperidone

Figure 4.1: Structures of the main S2R ligands.

The most recent and widely accepted hypothesis regarding the molecular identity of S2R was proposed by
Alon et al. in 2017, who identified S2R as TMEM97 (also known as MAC-30). TMEM97 is an integral
membrane protein localized to the ER and comprises four transmembrane domains, with both N- and C-
termini oriented toward the cytoplasm (Figure 4.2). It has a molecular weight of approximately 21.5 kDa

and plays a role in cholesterol homeostasis [346].
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Figure 4.2: Structural analysis of TMEM97 and mapping of the ligand binding site. (A) Schematic of TMEM97 in the
membrane. The acidic residues chosen for mutagenesis are colored light red, with Asp29 and Asp56 highlighted in
dark red. (B) Molecular models of TMEM97; the top four ranked models are shown. Models are colored with rainbow
colors from the N-terminus to the C-terminus, as indicated. The position of the membrane plane is shown in gray,

Asp29 and Asp56 are shown as red spheres Picture adpapted from Ref. [346].

Alon et al. performed affinity chromatography purification of calf liver homogenates and isolated proteins
interacting with the piperazine-based S2R ligand JVW-1625. Binding studies using [*H]-DTG were
subsequently conducted on membrane proteins overexpressed in HEK293 cells, revealing TMEM97 as the
most likely candidate. Several lines of experimental evidence supported this identification: (i) knockdown
of TMEM97 in PC-12 cells resulted in reduced S2R expression; (ii) in Sf9 insect cells engineered to
overexpress human TMEM97, [*H]-DTG binding affinities were consistent with reported S2R values; (iii)
S2R ligands from diverse chemical classes displayed affinities for TMEM97 matching previously reported
S2R affinities; (iv) the Ki values of two TMEM97 ligands, Elacridar and Ro 48-8071, in TMEM97-
overexpressing Sf9 membranes were identical to those measured in MCF7 cells, which endogenously
overexpress S2Rs; and (v) site-directed mutagenesis of glutamate (E) and aspartate (D) residues showed
that D29 and D56 are essential for ligand binding, in a manner analogous to the SIR binding site (Figure
4.2) [346].

Furthermore, the same group that identified TMEM97 as S2R subsequently resolved the crystal structure
of the protein in complex with roluperidone and PB28, marking a major milestone in S2R research (Figure

4.3) [347].
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Figure 4.3: First determination of the crystal structure of S2R in complex with roluperidone and PB28 (structures

A

shown in Figure 4.1). (a) Crystal structure of the S2R in complex with PB28, with the N- and C-terminal ends labeled.
(b) A sectional view of the S2R ligand-binding pocket (left) and a view of the pocket entrance from the membrane side
(right). (¢) Orientation of PB28 within the binding site, highlighting the electrostatic interaction with Asp29 (black
dashed line) as well as additional contacts with surrounding residues. (d) Corresponding depiction of the binding pose
of roluperidone. (e) Structure of the SIR bound to PD144418 (PDB ID: SHK1), with residues marked that adopt roles

and orientations analogous to those observed in S2R. Picture adpapted from Ref. [347].
4.1. Function

Like S1IR, S2Rs are involved in the regulation of intracellular calcium homeostasis. Several studies have
identified two distinct calcium responses mediated by S2R ligands. The first is a rapid, dose-dependent
response characterized by a transient increase in intracellular calcium released from the ER, even in the
absence of extracellular calcium. This effect is abolished by pretreatment with thapsigargin. The second
response is slower and more sustained, originating from mitochondrial calcium stores after prolonged
exposure to S2R ligands, and remains unaffected by thapsigargin pretreatment [348].

In the intracardiac and cervical ganglia of neonatal rats, S2Rs have been shown to rapidly inhibit calcium
influx through ion channels, suggesting that these receptors can block multiple types of calcium channels
present in excitable cells [349].

PB28, a potent S2R agonist in SK-N-SH cells, has been reported to inhibit calcium release from the ER, a
process typically enhanced by physiological agonists such as IPs or caffeine. This effect occurs rapidly,
indicating that it does not require de novo protein synthesis [350]. These findings reinforce the concept that
S2R can negatively modulate intracellular calcium levels, counteracting the calcium increases mediated by
S1R. It has also been proposed that S2R activation may trigger a calcium-dependent cascade in PC12 cells,
contributing to dopamine release via the Ca*"/calmodulin-dependent protein kinase II pathway, particularly
under amphetamine stimulation. This points to a possible interplay between the two sigma receptor
subtypes in regulating intracellular signaling [351].

Multiple lines of evidence indicate that S2R can induce cell death through distinct mechanisms.
Specifically, S2R agonists have been shown to promote cytotoxicity via lysosomal dysfunction and the
production of ROS [352,353]. In addition, S2R appears to modulate ER stress [354], likely through
regulation of Ca?" release mediated by direct or indirect interactions with IPs receptors, ryanodine receptors,
and the sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA) [355]. Further evidence links S2R

ligand-induced cytotoxicity with the downregulation of SOCE [356], activation of caspases and
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mitochondrial superoxide generation [357], and the initiation of p53- and caspase-independent apoptotic
pathways [358].

However, Mach et al. demonstrated that the cytotoxicity induced by S2R agonists such as PB28 and SW43
is independent of both TMEM97 and PGRMCI1. Knockout of TMEM97, PGRMCI, or both proteins in
HeLa cells did not alter the cytotoxic effects of these ligands, suggesting that their antiproliferative activity
is not mediated by either protein [359]. Nevertheless, the specific roles of TMEM97 and PGRMCI in
modulating these cytotoxic pathways in the presence of S2R ligands remain to be clarified.

Several molecules, including PB28, haloperidol (Figure 4.1), and the cyclohexanediamine derivative
BD614, along with various neuroleptics active at sigma receptors, exhibit cytotoxic effects, underscoring
the involvement of sigma receptors in mechanisms of programmed cell death and proliferation [243].
Prolonged exposure to sigma ligands induces cell death in a dose-dependent manner, with high
concentrations producing rapid morphological alterations and subsequent cell death. Because S2Rs are
overexpressed in rapidly proliferating cells and S2R agonists can trigger apoptosis, these compounds have
emerged as promising anticancer agents [244,245]. Owing to this strong association with tumor
proliferation, S2R has also been proposed as a potential molecular target for PET imaging to assess the
proliferative state of solid tumors in vivo [360].

Beyond its role in calcium regulation and cytotoxicity, S2R is also involved in cholesterol synthesis and
regulation. S2R shares a functional domain with cholesterol-associated genes such as TM6SF and EBP and
has been identified as a regulator of cholesterol homeostasis. In response to progesterone, S2R and
cholesterol biosynthesis genes are co-upregulated in ovarian epithelial cells. Conversely, reduction of S2R
expression results in decreased cholesterol content and diminished internalization of the low-density

lipoprotein receptor (LDLR) [137].
4.2. Role of S2R in Alzheimer's disease

S2Rs are well known for their involvement in cellular proliferation. More recently, compelling evidence
has demonstrated a role for S2R in neurodegenerative disorders such as AD [361]. In 2014, it was proposed
that S2R mediates the binding of AP42 oligomers and contributes to synaptotoxicity [362]. Subsequently,
in 2017, researchers reported that S2R ligands exert neuroprotective effects capable of mitigating cognitive
deficits and neuroinflammation [363].

Modulation of S2R, and thereby interference with oligomer binding at neuronal synapses, offers a
traditional pharmacological strategy to counteract amyloid-f oligomer toxicity. S2R modulators have the
potential to act directly at the synapse by blocking the binding of toxic amyloid-f oligomers and preventing
oligomer-induced synaptotoxicity [220]. Independent groups have shown that S2R modulators possess
neuroprotective and synaptoprotective properties: they prevent toxic amyloid-f oligomers from binding to
neuronal synapses and restore neuronal function and cognitive performance in a variety of preclinical AD
models, ranging from cultured neurons to in vivo systems including C. elegans and rodent models [220].
Supporting the strong connection between S2R and AD, the small molecule CT1812 (also known as Elayta;
Figure 4.1) is currently being developed by Cognition Therapeutics and is under evaluation in multiple
phase 2 clinical trials for Alzheimer’s disease (NCT03507790, NCT04735536, NCT05531656). CT1812
is administered orally, crosses the BBB, and binds selectively to S2R, exerting a novel mechanism of action

that is fundamentally distinct from that of most existing Alzheimer’s therapeutics. By engaging S2R,
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CT1812 displaces AP oligomers from neuronal receptors, thereby reducing AB-induced synaptic toxicity.
In preclinical studies, CT1812 also slows oligomer-induced synapse loss and restores synaptic activity
[364].

These preclinical findings have begun to be supported by completed clinical studies evaluating safety as
well as pharmacokinetic and pharmacodynamic outcomes [364—-366]. Ongoing phase 2 clinical trials will

further assess the therapeutic efficacy of CT1812 in patients with AD.

4.3. Current State of PET Radiotracers Targeting the Sigma-2
Receptor

Over the years, several PET radiotracers have been developed for S2R imaging (Figure 4.4). From a
structural perspective, these compounds can be broadly categorized into benzamide derivatives, indole
derivatives, and a set of additional molecules that do not cluster into defined structural classes. The
radionuclides most commonly employed for S2R imaging are "*F and ''C, although 7°Br has also been used

in some cases.
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Figure 4.4: Structures of known PET tracers developed for S2R imaging.
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4.3.1. Benzamide derivatives

Benzamide derivatives (Figure 4.4) represent the most significant class of PET radiotracers developed for
S2R imaging. The scaffold introduced by Mach R.H. and colleagues consists of a benzamide core bearing
various aromatic substitutions, linked to 6,7-dimethoxytetrahydroisoquinoline through either a two- or four-
carbon linker. These compounds were originally designed for tumor imaging.

The first series of compounds incorporated the radioisotope ''C. Although [""C]RHM-2, ["C]RHM-1,
[*"C]1, and [*'C]2 exhibit comparable affinity for S2R, in vivo biodistribution studies demonstrated that
[""C]JRHM-1 achieved the highest tumor uptake at all time points in BALB/c mice bearing EMT-6
mammary tumors, as well as the most favorable tumor-to-organ ratios. This difference is likely attributable
to variations in lipophilicity. Blockade studies with YUN143 showed an 18—46% reduction in tumor-to-
organ ratios for ['"C|RHM-1 [367].

Compounds 1 and 2 were also radiolabeled with 7Br to evaluate their suitability for breast tumor imaging
in a murine breast adenocarcinoma model. Both 7°Br derivatives exhibited rapid clearance from non-target
tissues and good tumor retention, with fast hepatic and renal washout over the first 2 hours. Because both
liver and kidney express high levels of S2R, the prolonged retention of [7*Br]1 and [**Br]2 in these organs
likely reflects S2R-mediated binding, as confirmed by blockade experiments. The pronounced uptake of
[7*Br]2 in liver and kidneys limits its usefulness for imaging tumors in the abdominal cavity. The longer
half-life of 7*Br compared with ''C also enabled Scatchard analyses, which indicated that ["*Br]2 has low
nonspecific binding [368].

RHM-1 was additionally labeled with *H. Owing to its subnanomolar affinity and >4000-fold selectivity
for S2R, [*FH|RHM-1 proved superior to [PH]|DTG for quantifying S2R density and function in in vitro
binding assays [369].

Overall, these studies indicate that benzamide derivatives containing a four-carbon linker outperform their
two-carbon counterparts. On this basis, Mach’s group synthesized a second generation of benzamides
labeled with 8F, all incorporating the four-carbon linker ([**F]ISO-1, ['*F]3, ['*F]4, [**)F|RHM-4).
Evaluation in female BALB/c mice bearing EMT-6 tumors showed that all four radiotracers exhibited
excellent tumor uptake at 5 min p.i. Tumor uptake remained elevated at 1 and 2 hours relative to normal
tissues, fat, and muscle. Among them, ["*F]RHM-4 achieved the highest tumor-to-muscle ratio. Although
tumor uptake of [**F]3 and [**F]4 exceeded that of ['"®*F]ISO-1, these radiotracers displayed slower blood
clearance, reducing their suitability for PET imaging. Blockade studies with YUN-143 confirmed selective
S2R binding by [*¥F]ISO-1 and [**F]RHM-4, identifying these two compounds as the most promising
candidates [370]. RHM-4 was also labeled with '*’I for potential Single Photon Emission Computed
Tomography (SPECT) imaging ([**’I|RHM-4). Its in vivo behavior closely matched that of ["*F|RHM-4,
except for modest iodine retention in the thyroid [371].

Regarding [*®*F]ISO-1, Dehdashti et al. conducted the first clinical study in humans and demonstrated its
feasibility for imaging solid tumors, including lymphoma, breast cancer, and head and neck cancer. Tumor
SUVmax and tumor-to-muscle ratios correlated with Ki-67, the gold-standard marker of cellular
proliferation. The strong correlation between ["*F]ISO-1 uptake and Ki-67 highlights its potential for
assessing tumor proliferative status. The study also reported extensive plasma protein binding (free fraction

~1%) and high metabolic stability [372].
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McDonald et al. evaluated [*F]ISO-1 in 29 women with primary breast cancer and found a modest but
significant correlation between SUVm.x and Ki-67, supporting its use as an in vivo biomarker of
proliferative activity [373].

Shoghi et al. further demonstrated a strong linear relationship between [*F]ISO-1 uptake and the ratio of
proliferating to quiescent cells in mouse mammary tumor xenografts, confirming its utility for visualizing
proliferative status. ["F]ISO-1 has also been used to monitor therapeutic response in N-methyl-N-
nitrosourea (MNU)-induced tumors treated with bexarotene or vorozole, with PET-derived uptake values
correlating with tumor regression or progression [374].

In summary, benzamide derivatives have proven to be effective PET radiotracers for tumor imaging.
Among them, [*®F]ISO-1 emerges as the most promising and is currently under clinical evaluation

(NCT00968656; NCT02284919).
4.3.2. Indole derivatives

Unlike the benzamide derivatives described above, which were primarily designed for tumor imaging,
indole derivatives (Figure 4.4) were developed as brain-penetrant radiotracers suitable for applications in
the CNS.

Among the first indole-based radiotracers reported [**F]S and [**F]SYB4 are included., They differ in the
position of the fluoroethoxy substituent and, more importantly, in their BM, with ['**F]SYB4 incorporating
5,6-dimethoxyisoindoline. In mouse biodistribution studies, both ['*F]5 and [**F]SYB4 exhibited higher
initial brain uptake than [*®*F]ISO-1, as well as elevated brain-to-blood ratios at 15 min p.i. Pretreatment
with haloperidol significantly reduced tracer accumulation in both brain and liver, confirming the specific
in vivo binding of [**F]5 and [**F]SYB4 to S2R. Between the two, ['**F]SYB4 showed superior brain uptake
and brain-to-blood ratios. Ex vivo experiments with cyclosporine A (a P-gp inhibitor) increased brain uptake
of both tracers while leaving blood activity unchanged, suggesting that these radiotracers may serve as P-
gp substrates, which could account for their relatively modest initial brain penetration. Neither
radiometabolite was able to cross the BBB [375].

These comparisons appear to indicate that 5,6-dimethoxyisoindoline provides more favorable properties
than 6,7-dimethoxytetrahydroisoquinoline as a BM moiety for this series. This was further supported by
direct comparison of [**F]S and [**F]6, which differ only in their BM group. In vivo biodistribution studies
showed that ['®F]6 achieved higher initial brain uptake and higher brain-to-blood ratios than [**F]5
[375,376].

To determine the optimal aromatic position for the fluoroethoxy substituent, [**F]6, ['®F]7, and ["*F]|SYB4
were compared in vivo. ['*F]6 and [**F]SYB4 displayed higher initial brain uptake at 2 min p.i. than ['*F]7,
with all three outperforming [*®*F]ISO-1. At 30 min, brain uptake was similar for [**F]7 and ['"*F]SYB4, but
markedly higher for [**F]6, consistent with its superior affinity. [**F]6 also produced the highest brain-to-
blood ratios. Blocking studies with the unlabeled ligand or CM-398 demonstrated the greatest reduction in
radioactivity for [**F]6 in brain, heart, spleen, lungs, and kidneys, confirming its highest level of specific
S2R binding. All three compounds exhibited minimal in vivo defluorination [376].

Pretreatment with cyclosporine A increased ['®F]6 uptake in both brain and blood, indicating that [**F]6 is
amoderate P-gp substrate. Similar results were obtained for [*®*F]7 and [**F]SYB4. Ex vivo autoradiography

of ['®F]6 showed robust accumulation in cortex, cerebellum, and olfactory bulb, consistent with findings
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for other S2R radioligands, along with higher uptake in the midbrain and lateral ventricles and lower uptake
in hippocampus and thalamus, confirming selective S2R binding. Pharmacokinetic analysis revealed that
['*F]6 entered the brain rapidly and was subsequently washed out slowly from rat brain regions. Metabolite
analysis showed that [*®*F]6 remained the predominant radioactive species in the brain, with negligible
radiometabolite contribution, consistent with its high specific binding [376].

The encouraging rodent data prompted evaluation of ["*)F]SYB4 in NHPs to assess translational potential.
In monkey brain, [*F|SYB4 exhibited highest uptake in the cerebellum (which showed the highest V1
values), followed by putamen and hippocampus, with the lowest levels in white matter. This distribution
pattern is consistent with S2R expression reported in rodents. Specific binding was demonstrated using
CM-398 as a blocker. Metabolism of [**F]SYB4 was rapid, with ~36% parent fraction at 30 min. The
resulting radiometabolites were more polar and therefore unlikely to cross the BBB or interfere with
quantitative PET analysis [377].

A variation on this theme is [®*F]RM273, in which the indole scaffold is replaced by an aza-indole
framework. [*F]RM273 showed good brain penetration, entering the CNS rapidly and clearing quickly,
indicative of low nonspecific binding in vivo. Metabolite studies showed that, under conditions of an intact
BBB, PET images obtained with [*F]RM273 were unaffected by radiometabolites. Autoradiography
revealed strong binding in cortical and hippocampal regions, overlapping well with the distribution of
established S2R ligands such as ISO-1, PB28, and siramesine, indicating a high degree of S2R specificity.
[*F]RM273 was also evaluated in a rat glioblastoma model, where it exhibited an exceptionally high Bax
value (3600 fmol/mg tissue), consistent with previous reports of elevated S2R density in glioblastoma cell

lines such as U-138MG and C6 [378].
4.3.3. Structurally unrelated radiotracers

In addition to the categories described above, several research groups have developed a number of PET
radiotracers that do not fall within the main structural classes (Figure 4.4).

['*F]8 features a 3,4-dihydroisoquinolinone scaffold linked through a three-carbon linker to 6,7-
dimethoxytetrahydroisoquinoline. Autoradiographic studies showed maximal binding of [**F]8 in the
cerebral cortex and hippocampus, along with high accumulation in the cerebellum. Time—activity curves
(CT scans) revealed elevated levels of radioactivity in the cortex, olfactory bulb, and cerebellum, consistent
with autoradiographic findings; however, hippocampal radioactivity was not higher than in other regions,
contradicting autoradiography. PET imaging demonstrated rapid washout of [**F|8 from rat brain. Overall,
[**F]8 was unsuccessful for in vivo S2R imaging in rat brain, likely due to hindered BBB penetration
resulting from P-gp—mediated efflux [379].

Regarding compounds 9 and 10, both containing a chiral center, radiolabeling was carried out on the
racemic mixtures. ["'C]-(£)-9 exhibited widespread brain distribution with particularly high uptake in the
cerebral cortex and hypothalamus, whereas ["C]-(£)-10 showed no region-specific distribution. This
contrast likely reflects differences in affinity and lipophilicity. CT scans confirmed that [*'C]-(£)-9 reached
a high peak uptake in the whole brain at 3 min p.i., whereas ["'C]-(£)-10 displayed lower uptake, suggesting
that the higher lipophilicity of ["'C]-(£)-9 enables more efficient BBB penetration. The washout rate of
["'C]-(%)-9 was slower than that of ["'C]-(£)-10, consistent with its higher S2R affinity and slower receptor
dissociation. Blockade studies further supported the superiority of [**C]-(£)-9 over [*'C]-(£)-10 [380].

113



[**F]11 and [*®*F]12 bear some resemblance to indole-based radiotracers, incorporating benzimidazole and
benzoxazole scaffolds, respectively, with [**F]12 also employing 5,6-dimethoxyisoindoline as the BM. In
mouse biodistribution studies, [**F]11 showed higher brain uptake than [*F]ISO-1. Pretreatment with
CM398 markedly reduced [**F]11 uptake in S2R-rich organs, confirming high specific binding. In contrast,
uptake reduction for [**F]12 was observed only in the pancreas, suggesting that this moderate-affinity ligand
yields measurable S2R-specific binding only in tissues with high receptor density. Pre-injection of
cyclosporine A significantly increased brain accumulation of both [**F]11 and [**F]12, indicating that both
are P-gp substrates [381].

Compound 11 was further evaluated as a potential diagnostic tool for glioblastoma. Small-animal PET/CT
imaging with [*®F]11 demonstrated high uptake and clear visualization of US7MG glioma xenografts in
nude mice, with superior tumor retention and higher tumor-to-muscle ratios compared with [**F]ISO-1
[381].

The radiotracers ["'C]-(x)-PB28, ["'C]-(-)-(S)-13, and [""C]WC-59 are unique in that they do not contain
6,7-dimethoxytetrahydroisoquinoline or its lower homologue as the BM.

Instead, ["'C]-(%)-PB28 and ["'C]-(-)-(S)-13 incorporate cyclohexylpiperazine, while [**C]WC-59 contains
9-azabicyclo[3.3.1]nonane. PB28 is a well-established reference S2R ligand and has been crystallized in
complex with the receptor [219]. In vivo biodistribution of ["'C]-(%)-PB28 in mice showed high uptake in
posterior cortex, temporal cortex, cerebellum, and, to a lesser extent, frontal cortex, thalamus, and striatum.
Uptake increased over the first 60 minutes and remained comparable at 90 min. However, blockade studies
using unlabeled PB28 or the selective S2R ligand SM-21 failed to reduce tracer uptake, instead yielding
increased uptake in all brain regions, likely due to displacement of tracer from peripheral reservoirs. These
findings indicate that the observed brain uptake of ['"'C]-(£)-PB28 represents nonspecific binding, leading
to discontinuation of its development [382].

[""C]-(-)-(S)-13 represents a further structural variation, with the propyl linker replaced by an acetamide
and radiolabeling performed on the S-enantiomer. PET imaging showed very low brain accumulation in
rats, with haloperidol producing only minor reductions. These data suggest predominantly nonspecific
uptake. Clearance from blood was slower under blocked conditions, possibly due to haloperidol interfering
with radiotracer metabolism. When tested in mice bearing EMT-6 breast cancer, C6 glioma, or PC-3
prostate cancer xenografts, ["'C]-(-)-(S)-13 exhibited no uptake in PC-3 or EMT-6 tumors and only
moderate uptake in C6 tumors, which was only slightly reduced by haloperidol co-administration.
Consequently, this radiotracer was also not pursued further [383].

[*F]WC-59, a carbamate analogue structurally reminiscent of benzamide radiotracers, was evaluated in
BALB/c mice with EMT-6 tumors. Its biodistribution did not show any advantage over existing PET tracers
for assessing proliferative status, and thus development was not continued [384].

Taken together, these findings indicate that radiotracers lacking 6,7-dimethoxytetrahydroisoquinoline, or
its lower homologue, as the BM moiety generally fail to provide adequate PET imaging performance. This
strongly supports the conclusion that 6,7-dimethoxytetrahydroisoquinoline is a critical structural

component for high-quality S2R radioligands.
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4.4. Summary of the Introduction

Compared to S1R, the number of PET radiotracers reported for S2R remains limited. Among the available
compounds, structural diversity is relatively narrow, both in the hydrophobic domain and in the BM. With
respect to the hydrophobic portion, most radiotracers fall into the benzamide or indole classes; regarding
the BM, 6,7-dimethoxytetrahydroisoquinoline is predominantly used, with 5,6-dimethoxyisoindoline
occasionally serving as a lower homologous substitute. Only a few compounds deviate from this
framework, namely ["'C]-(x)-PB28, [''C]-(-)-(S)-13, and [""C]WC-59, and these are also the radiotracers
that showed the poorest performance.

Indole-based radiotracers generally show adequate brain penetration and are therefore applied in CNS
imaging, whereas benzamide derivatives were primarily designed for tumor imaging. Many S2R
radiotracers interact with P-gp, likely due to similarities between the S2R pharmacophore and that of P-gp,
the major efflux transporter at the BBB. As a consequence, these agents have limited use in
neurodegenerative disorders.

Because of their interaction with P-gp and the high expression of S2R in tumors, most S2R PET radiotracers
have been applied predominantly in oncology. Among these, [*®*F]ISO-1 is notable; it is a clinically
advanced S2R PET tracer and is currently under evaluation in ongoing clinical trials (NCT00968656,
NCT02284919).
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4.5. Background and Aim

The research group in which this PhD thesis was carried out has been studying the S2R for many years.
Several molecular scaffolds have been explored as potential therapeutic tools, including
tetrahydronaphthalene derivatives and 2-aminopyridine derivatives bearing cyclohexylpiperazine as a BM
[385,386], as well as thiosemicarbazone derivatives incorporating 3 H-spiro[isobenzofuran-1,4'-piperidine]
as BM, which have shown promise as strategies against pancreatic cancer [387].

S2R has also been investigated as a promising diagnostic target, using fluorescent compounds such as
tetrahydroisoquinoline derivatives featuring 6,7-dimethoxy-3,4-dihydroisoquinoline as BM [388], or
tetrahydronaphthalene derivatives containing cyclohexylpiperazine as BM [389,390]. Moreover, PET
radiotracers for S2R have been developed based on the tetrahydroisoquinoline scaffold and 6,7-dimethoxy-
3,4-dihydroisoquinoline as BM [379].

Among these compounds, PB28 stood out and was co-crystallized with the S2R crystal structure by Alon
et al. [347].

Within the framework of S2R research, we attempted to develop two different PET radiotracers featuring
completely distinct scaffolds and BMs.

In the first case, we retained the rigid conformers of benzamides linked through a three-carbon spacer to
6,7-dimethoxy-3,4-dihydroisoquinoline as the BM. In the second case, we aimed to design an innovative
PET radiotracer incorporating an indole or aza-indole scaffold connected via a four-carbon linker to 3H-
spiro[isobenzofuran-1,4'-piperidine] as the BM.

For the development of the new rigid benzamide-based PET radiotracer, we started from 2-(3-(6,7-
dimethoxy-3,4-dihydroisoquinolin-2(1H)-yl)propyl)-5-(2-fluoroethoxy)-3,4-dihydroisoquinolin-1(2 H)-
one (8, Figure 4.5) [379], whose properties were thoroughly discussed in the introductory section of this
chapter. Compound 8 exhibited high affinity for S2R (K; = 9.24 nM) and high selectivity over SIR (K; =
3095 nM). Moreover, the presence of fluorine in the fluoroethoxy chain facilitates the radiolabeling step.
These compounds, prompted the development of their isomeric tetrahydroquinolines, whose investigation
led to another reference lead compound, i.e. 1-(3-(6,7-dimethoxy-3,4-dihydroisoquinolin-2(1H)-
yl)propyl)-5-methoxy-1,2,3,4-tetrahydroquinoline (FA10, Figure 4.5) [391], which showed high affinity
for S2R (K; = 1.42 nM) and high selectivity over SIR (K; = 3987 nM).

OCHj;
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OCHj;

O\/18F
OCHg,
['8F18 FA10
K; S1R = 3095 nM K; S1R = 3987 nM
K;S2R =9.24 nM K;S2R =1.42 nM

Figure 4.5. Chemical structure and pharmacodynamic profile of lead compounds [**F]8 [379] and FA10 [391].
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The promising properties of FA10 inspired the replacement of the methoxy group with a fluoroethoxy one,
yielding 1-(3-(6,7-dimethoxy-3,4-dihydroisoquinolin-2(1H)-yl)propyl)-5-(2-fluoroethoxy)-1,2,3,4
tetrahydroquinoline (14, also known as L.C2, Figure 4.6).
LC2 demonstrated low nanomolar affinity and moderate selectivity toward sigma-2 receptor and, more
broadly, high selectivity against major CNS targets, including common GPCRs, enzymes, ion channels,
and transporters. Based on the promising results obtained, the corresponding PET radiotracer radiolabelled
with '®F. | was obtained and subjected to in vitro autoradiography studies on rat brain slices and in vivo PET
imaging in female CD-1 mice, with analysis of time—activity curves (TACs). These preliminary data will
be likely confirmed in due course at the Emory University in Atlanta (USA).
OCH3
o
N

O\/\F
LC2

Figure 4.6. Chemical structure of PET candidate LC2.

To develop a new PET radiotracer for the S2R, we built upon the work of Moldovan et al., who synthesized
a series of indole and azaindole derivatives bearing fluorine substituents at different positions. In agreement
with the findings of Alon et al. [347], the most promising compound was the azaindole substituted at
position 6 with an F-atom, namely [*F]RM273 (Figure 4.7). This innovative brain-penetrant PET
radiotracer exhibits high affinity for S2R (K; = 1.6 nM) and marked selectivity over the SIR (K; = 691 nM)
[378]. This study follows the work of Linkens et al., who employed a “scaffold-hopping” approach to design
tetrahydroisoquinoline-substituted isoindolines that demonstrated significantly higher affinity for S2R
compared to SIR [392].

A major advantage of [®®*F]RM273 is its ability to effectively cross the BBB, an important feature given
that S2R ligands share a key pharmacophore, 6,7-dimethoxytetrahydroisoquinoline, with P-gp, the major
efflux transporter at the BBB [334].

Since 6,7-dimethoxytetrahydroisoquinoline represents both a common pharmacophore with P-gp and a core
scaffold in many PET radiotracers for S2R (as discussed in the previous section), we sought to replace it
with a different BM to design a novel, structurally distinct PET radiotracer. To achieve this, we drew
inspiration from the work of Anobile et al. [393], in which the structure of the S2R ligand Siramesine, an
indole-based structure incorporating a 3H-spiro[isobenzofuran-1,4-piperidine] as the basic moiety was
slightly modified [394], leading to compound MT8 (Figure 4.7). that demonstrated remarkable affinity for
S2R (K; = 0.43 nM) and good selectivity over SIR (K; =27.3 nM) [393].
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Figure 4.7. Chemical structure and pharmacodynamic profile of lead compounds [*F]RM273 [378] and MT8 [393].

Building upon the promising characteristics of ["*)F]RM273 and MT8, we designed a new series of indole
and azaindole derivatives substituted at the 5- or 6-position with either a fluorine atom or a fluoroethoxy
group (Figure 4.8) for potential PET ligands development, incorporating the 3 H-spiro[isobenzofuran-1,4-
piperidine] unit as the BM.

N

Figure 4.8. General structure of PET candidates for S2R.
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4.6. Results
4.6.1. Chemistry

The synthesis of the phenol precursor 20 and the final compound 14 (also known as LC2) was carried
out following a synthetic route previously described for the lead compounds FA10 [391] and 8 [379], with
minor modifications (Scheme 4.1).

Commercially available 4-hydroxy-2,3-dihydro-1H-inden-1-one underwent a Schmidt rearrangement using
NaNs in CHz2Clz/methanesulfonic acid (1:1) to afford the already known compound 15 [395]. The phenolic
group was first protected by benzylation with benzyl bromide, yielding compound 16, which was
subsequently alkylated with 1-bromo-3-chloropropane in the presence of NaH to obtain the chloride
derivative 17. Nucleophilic substitution with 6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline afforded
intermediate 18, and the amide group was then reduced using BMS in dry THF to give the corresponding
amine 19. This compound was subjected to catalytic debenzylation over 10% Pd/C to furnish the phenol
precursor 20. Finally, alkylation of the phenolic group with 1-fluoro-2-iodoethane under basic conditions
afforded the final compound L.C2 which was converted to oxalate salt via treatment with oxalic acid in

Et:0, followed by recrystallization from MeOH/Et-0.
OCH,
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Scheme 4.1. Synthesis of phenol precursor 20 and final compound LC2. (a) NaN3, CH2Clz/methanesulfonic acid
(1:1), 0 °C, 2h; (b) BnBr, K2CO3, acetone, reflux, 4h; (c) 1-Bromo-3-chloropropane, NaH, dry DMF, RT, 3h; (d)
6,7-Dimethoxy-1,2,3,4-tetrahydroisoquinoline, KoCO3, CH3CN, reflux, ON; (e) BH3-MezS 2M, dry THF, reflux,
ON; (f) Pd/C 10%, Hz, 4.5 bar, EtOH 96%, RT, 72h; (g) 1-Fluoro-2-iodoethane, K2CO3, acetone, reflux, ON.

4.6.2. In vitro Binding Affinities

The results of radioligand displacement studies are reported in Tables 4.1. as K; values, which were
calculated by converting the experimentally determined ICso values using the Cheng—Prusoff equation.

LC2 exhibits high affinity for the S2R receptor along with good selectivity compared with the methoxy
analogue (FA10) [391], the introduction of a fluoroethoxy group in LC2 results in reduced affinity for S2R
(K; = 5.87 nM vs 1.42 nM, respectively) and, more importantly, a marked decrease in selectivity due to
increased affinity for SIR (K; = 427 nM vs 3987 nM, respectively). However, these data were obtained
using two different binding protocols. Therefore, the binding assay for FA10 was repeated using the same

protocol applied to LC2, and the new results were comparable to those obtained for LC2 (K; SIR = 427
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nM; K; S2R = 8.25 nM). Based on these updated data, replacing the methoxy group with a fluoroethoxy
group leads to similar affinity and selectivity profiles.
When compared to compound 8 [379], a lead compound with a dihydroisoquinolinone scaffold, the use of
a tetrahydroquinoline core in LC2 leads to increased affinity for S2R (K; = 5.87 nM vs. 9.24 nM,
respectively), but at the cost of reduced selectivity, as LC2 shows considerably higher affinity for SIR than
compound 8 (K; =427 nM vs. 3095 nM, respectively).

Table 4.1. SIR and S2R affinities.

Compound Structure K; SIR (nM) KiS2R (nM)  SI? K; SIR/S2R
OCH,4
(VNC:Q:OCH3
LC2 @C\j 427 5.87 73

O\/\F
OCHj3
(v@[owa 3987° 1.42° 2807°
FA10 N
482°¢ 8.25°¢ 58¢
OCHj3
o]
A~ OCH3
8¢ @iﬁ“ NC@[O% 3095 9.24 330
0\/\F

S represents selectivity; "Data from [391]; “Data were obtained using the same binding protocol employed for LC2,

as reported in the experimental section; 9Data from [379].

Given its favorable affinity and selectivity profile for potential PET imaging of S2R in the CNS, LC2 was
further evaluated against 56 major CNS targets, including common GPCRs, enzymes, ion channels, and
transporters. Initial screening was performed by measuring the percentage inhibition of target activity
(Figure S4.1). For targets showing >50% inhibition in the primary screen, secondary radioligand binding
assays were conducted (Table 4.2).

Across all tested targets, LC2 demonstrated selectivity at least 70-fold over S2R, with the exceptions of 5-
HTa (50-fold), 5-HT2g (38-fold), a4 (35-fold), a2 (58-fold), and SERT (28-fold).

Overall, these results indicate that LC2 is a highly selective S2R ligand at the brain level with minimal off-

target activity, supporting its potential as a promising PET radiotracer candidate.
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Table 4.2. Secondary radioligand binding assays for the targets with >50% of inhibition on primary screening.

Target K; (nM)? SIP K; target/S2R
5-HTia 303 50
5-HTis 2731 455
5-HTwp 9856 1643
5-HT:2s 227 38
5-HT7a 913 152
QLA 212 35
Q2A 618 103
o.2B 350 58
D3 433 72
D4 >10000 >1667
MOR 8800 1467
PBR >2000 >333
SERT 167 28
NR:zs 857 143
HERG 1782 297

2All assays were conducted following established PDSP protocols [396]. *SI represents selectivity.

4.6.3. Blood-Brain Barrier permeability and P-Glycoprotein Interaction

Investigation

LC2 has been selected as a promising PET candidate for brain imaging of S2R. For effective CNS
application, it is essential that the compound crosses the BBB. One of the primary defense mechanisms of
the BBB is P-gp [334].

To evaluate the brain penetration potential of LC2, bidirectional permeability coefficients (PappAB and
Pypp,BA) were measured across Caco-2 cell monolayers, and the efflux ratio (PaupBA/P_.ppAB) was
calculated. In addition, LC2’s interaction with P-gp was assessed using established protocols previously

reported by our group [335]. All experimental results are summarized in Table 4.3.

Table 4.3. Evaluation of the BBB Permeability and P-gp Interaction of LC2

P-gp activity
Compound PappBA (nm/sec)  PappAB (nm/sec) Papp(BA/AB)

ECso uM
LC2 2063 395 5.22 9.56
FA10? / / / 2.13
8" / / 2.58 5.00
MC(C225¢ / / 18 6.35

aData from Ref [391]; PData from Ref [379]; °Data from Ref [397].

The relatively low P.p,p,AB value indicates that passive permeability of LC2 from the apical to the
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basolateral side is limited, whereas the substantially higher P,,,BA value suggests active transport from
the basolateral to the apical side. The efflux ratio (PappBA / PappAB) of 5.22 confirms that LC2 is a
substrate of P-gp, a conclusion further supported by the measured P-gp activity ECso of 9.56 uM. These
findings are consistent with expectations, as LC2 is an isostere of MC225, a weak P-gp substrate currently
undergoing several phase II clinical trials to investigate P-gp involvement in various CNS pathologies
[334]. Notably, the lower Py, ratio observed for LC2 compared to MC225 (5.22 vs. 18) [397] indicates
that LC2 is a stronger substrate for P-gp.

Overall, these results suggest that while LC2 is capable of crossing cellular barriers, its brain penetration
in vivo may be significantly modulated by P-gp—mediated efflux at the BBB, which could limit its CNS

exposure.

4.6.4. Radiochemistry

Based on its binding affinity and selectivity toward the main CNS targets, LC2 was advanced to obtain
its corresponding radiolabeled version with Fluorine-18.

Radiolabeling was carried out using a two-step radiosynthesis approach, as illustrated in Scheme 4.2. This
method, developed by Schoultz B.W. et al. [398], enables the direct introduction of a ['®F]fluoroethoxy
group onto a phenolic moiety via the preliminary synthesis of ['**F]fluoroethyltosylate (['*F]FETos) and
has been widely employed in the literature.

The synthesis of the phenolic precursor (20) is shown in Scheme 4.1. For the preparation of [**F]FETos,
ethane-1,2-diyl bis(4-methylbenzenesulfonate) (3 mg) was reacted with ['®F]fluoride (1.1 GBq), K22, (10
mg), and K>CO; (2 mg) in CHsCN (0.5 mL) at 85 °C for 15 min. The resulting [**F]FETos was then
reacted with compound 20 (2 mg) in the presence of K, (10 mg) and K-COs (2 mg) in CH;CN (0.5 mL)
at 85 °C for 15 min.

TsO /\/OTS

['8F]fluoride
Kp.22/K,CO3
CH5CN
OMe

C@:OMe 85 °C, 15 min C@:
N N
(\/ OMe (\/ OMe

18
7507 "

N N
K2.22/K2C0O3
CHACN

OH 85 °C, 15 min O 18

Scheme 4.2. Radiosynthesis of final compound ['*F]LC2.

["*F]LC2 was purified by semi-preparative HPLC using a Phenomenex Luna C5(2) column (5 um, 10 x
250 mm) with MeCN/Hz0 (40:60, v/v, 0.1% Et:N) as the mobile phase.

["*F]LC2 was obtained with a RCY of 7%. The reaction was performed only once to produce material for
biological assays, while determination of the Ay, is still ongoing.

Identification of ["**F]LC2 was achieved by analytical HPLC through co-injection with the non-radioactive
reference compound (Figure 4.9) using a Luna 5 um Cis (2) 100 A LC column (100 x 4.6 mm), with a
mobile phase consisting of 60% CHsCN and 0.1% TEA in H20 at a flow rate of 1 mL/min.
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Figure 4.9. HPLC chromatography of co-injection of ['®F]LC2 with cold reference compound. HPLC conditions:
Luna 5 u C18(2) 100 A LC column (100 x 4.6 mm), mobile phase: 60% acetonitrile-0.1% TEA in H20, flow rate:

1 mL/min.

The lipophilicity of ["®*F]LC2 was experimentally determined at physiological pH using the shake-flask
method, as previously described [399], yielding a logD7.s value of 2.05 + 0.01 (n = 3). This value falls
within the recommended range (1.5-3.0) for CNS-targeted radiotracers [77].

4.6.5. In vitro autoradiography

To validate the specificity and selectivity of the radiotracer, in vitro autoradiography experiments with
['*F]LC2 were performed on rat brain sections, using two radiotracer concentrations (1 pCi/mL and 2
uCi/mL).

The autoradiography images (Figure 4.10) reveal a heterogeneous distribution of [**F]LC2 across different
anatomical regions, suggesting differential regional uptake of the tracer within the tissue. Comparison
between the two concentrations shows an increase in signal intensity at 2 uCi/mL relative to 1 pCi/mL.
This increase corresponds to higher detectable binding in the same brain regions already positive at the
lower concentration, without altering the overall pattern of regional localization within the sections.

These data are preliminary, and further studies are required to precisely map the CNS regions where the
radiotracer binds and to perform blockade experiments to determine whether the observed binding is

specific.

124



1 pci/mL 2 pci/mL

Figure 4.10. In vitro autoradiography of S2R PET radiotracer ['®F]LC2 in rat brain sections.

4.6.6. In vivo PET imaging in mice

In the next step, we evaluated the in vivo PET imaging performance of ['**F]LC2 in female CD-1 mice, with
the results summarized in Figure 4.11.

Analysis of TACs (Figure 4.11B) shows that ["*)F]LC2 exhibits rapid cerebral uptake, reaching an early
peak SUV of approximately 1.4, followed by a progressive decrease in activity over time, indicative of
relatively fast washout. Cerebral distribution appears generally diffuse, with a consistent spatial pattern
throughout the acquisition period, suggesting that initial accumulation and subsequent clearance occur
without substantial changes in regional localization. Notably, [**F]LC2 binds homogeneously across the
CNS regions examined, except for the cerebellum, where lower binding is detected.

Quantitatively, the observed SUV values are moderate, indicating that the tracer crosses the BBB and
reaches the brain parenchyma, though it does not show particularly high accumulation. This may be
influenced by P-gp activity, and experiments with CsA are planned to assess whether inhibition of P-gp
increases cerebral SUV.

The combination of rapid initial uptake and pronounced washout suggests favorable kinetics for dynamic
imaging studies but may be limiting for static acquisitions, as rapid clearance could reduce the time window

available for accurate quantification of specific binding.
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Figure 4.11: In vivo brain distribution in CD-1 mice female of ['®F]JLC2. (A) Representative PET images; (B)

whole-brain and regional TACs of selected brain regions under baseline conditions.
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4.7. Discussion

LC2 was developed as a novel PET radiotracer for brain imaging of the S2R. In vitro pharmacological
evaluation demonstrated high affinity for the S2R (X; = 5.87 nM) and good selectivity over the SIR (K; =
427 nM). Screening against 56 major CNS targets revealed minimal off-target interactions, supporting its
potential as a selective PET radiotracer. A measured logD-.4 of 2.05 is in line with the ability of LC2 to
cross the BBB. However, bidirectional permeability studies and P-gp assays indicated that LC2 is a
substrate of P-gp, suggesting that although it is capable of crossing cellular barriers, its in vivo brain
penetration may be significantly influenced by P-gp—mediated efflux.

Radiolabeling of LC2 was successfully achieved using a two-step radiosynthesis approach. ['*F]FETos was
first produced and subsequently reacted with the phenolic precursor 20 in CHsCN at 85 °C for 15 min in
the presence of K222 and K>COs, yielding ["*F]LC2 with a RCY of 7%.

In vitro autoradiography on rat brain slices revealed a relatively uniform uptake of ["®*F]LC2 across CNS
regions in a dose-dependent manner. Increasing the concentration enhanced binding in already positive
regions without inducing additional regional binding, indicating a conserved distribution pattern.

In vivo PET imaging in female CD-1 mice showed rapid CNS uptake, with a peak SUV of approximately
1.4. This uptake was observed in all CNS regions except the cerebellum, demonstrating a homogeneous
binding pattern and absence of cerebellar binding. A rapid washout of ['"®)F]LC2 was also observed. The
moderate overall CNS uptake is likely influenced by P-gp—mediated efflux, consistent with the in vitro
permeability data.

Compared with other PET radiotracers for S2R reported in the literature, which often suffer from poor brain
penetration or high nonspecific binding, the measurable and dynamic brain signal observed with [**F]LC2
represents a positive advancement. Nonetheless, the moderate SUV values and rapid washout suggest a
limited residence time in the CNS relative to other preclinical S2R ligands, where higher accumulation and

more stable kinetics often correlate with improved target quantification.

4.8. Future perspectives

The investigation of LC2 as a PET radiotracer for S2R is still in its early stages. Future studies will focus
on repeating radiosynthesis to optimize the radiochemical yield, evaluating in vitro stability, and
performing autoradiography and in vivo experiments in the presence of structurally unrelated S2R-specific
blockers to confirm binding specificity. Additional in vivo studies will include P-gp inhibition using
cyclosporine A to determine whether moderate CNS uptake is indeed due to efflux, and metabolic studies

to characterize the in vivo fate of [*F]LC2.

4.9. Conclusions

["*F]LC2 exhibits rapid cerebral uptake and well-defined kinetics, overall characteristics that make it a
promising radiotracer for CNS imaging. However, further studies, including kinetic modeling, binding
specificity assessments, and metabolic stability evaluations, are required to determine whether the observed

profile is optimal for quantitative PET imaging of S2R in the CNS.
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4.10. Materials and Methods
4.10.1. Chemistry

All chemicals were purchased from Sigma-Aldrich, TCI Chemicals, Ambeed, or Angene. Thin layer
chromatography (TLC) was performed using plates from Merck (silica gel 60 Fjs4). Column
chromatography was performed with Merck silica gel 60 A (63-200 mm; ratio of crude mixture to silica
gel 1:30 w/w, unless otherwise stated) as the stationary phase. Melting points (mp) were determined with
a capillary apparatus (Biichi 540). 'H-NMR spectra were recorded in the indicated solvent on a Varian
Mercury-VX spectrometer (300 MHz) or on an Agilent 500-vnmrs500 spectrometer (499.801MHz). The
following data are reported: chemical shift (6) in ppm, multiplicity (s = singlet, d = doublet, t = triplet, q =
quartet, quint = quintet, m = multiplet, dd = doublet of doublets, dt = doublet of triplets, td = triplet of
doublets, and br = broad signal), integration, and coupling constant (J) in hertz. Recording of mass spectra
was done on an HP6890-5973 MSD gas chromatograph/mass spectrometer; only significant m/z peaks,
with their percentage of relative intensity in parentheses, are reported. HRMS-ESI analyses were performed
on a Bruker Daltonics MicrOTOF-Q II mass spectrometer. All spectra were in accordance with the assigned
structures. The purity of target compounds was assessed by HPLC. Analytical HPLC analyses were
performed on final compounds using a Thermo Fisher Scientific Vanquish HPLC with Thermo Fischer
Scientific Accucore aQ Column, 2.6 pm, 2.1 X 100 mm at a flow rate of 0.4 mL/min. Isocratic elution of
LC2 was carried out with 50:50 (v/v) (pH = 3.00). UV signals were detected at 254 nm and 280 nm. The
compounds is >95% pure by HPLC.

5-Hydroxy-3,4-dihydroquinolin-2(1H)-one (15) [395].

5-(Benzyloxy)-3,4-dihydroquinolin-2(1H)-one (16). To a solution of compound 15 (1 mol, 1 eq) in acetone
(20 mL), K>COs (3 mol, 3 eq) and BnBr (2 mol, 2 eq) are added. The resulting mixture was refluxed with
stirring 4h and then was allowed to cool to room temperature. The solvent was removed under vacuum.
The residue was taken up with H,O (20 mL) and extracted with CH>Cl, (3 x 20 mL). The combined organic
layers were dried (Na.SOa4) and evaporated under reduced pressure to afford a crude residue, which was
purified by column chromatography using CH.Cl/AcOEt 95:5 to give a white solid. Yield, 87%. 'H-NMR
(CDCl3, 300 MHz) ¢: 2.61 (2H, t, J = 7.6 Hz), 3.02 (2H, t, J = 7.6 Hz), 5.09 (2H, s), 6.45 (1H, d, J=8.1
Hz, Ar), 6.65 (1H, d, J= 7.8 Hz, Ar), 7.11 (1H, t, /= 8.1 Hz, Ar), 7.30-7.45 (5H, m, Ar), 8.45 (1H, br s).

5-(Benzyloxy)-1-(3-chloropropyl)-3,4-dihydroquinolin-2(1H)-one (17). To a suspension of NaH (2.0
mmol, 2 eq) in dry DMF (1 mL), a solution in dry DMF (3 mL) of 16 (1.0 mmol, 1 eq), was added in a
dropwise manner, at 0 °C under a stream of N». After 30 min, 1-bromo-3-chloropropane (1.3 mmol, 1.3 eq)
was added in a dropwise manner and the mixture was allowed to warm to room temperature and was kept
under stirring for 3 h. After cooling to 0 °C, H,O was added and the solvent was removed under reduced
pressure. The residue was taken up with water and extracted with CH»Cl, (3 x 20 mL). The combined
organic layers were dried (Na.SO4) and evaporated under reduced pressure to afford a crude residue, which
was purified by column chromatography using CH2Cl/AcOEt 95:5 to give a white solid. Yield, 92%. 'H-
NMR (CDCI3, 300 MHz) &: 2.09-2.19 (2H, m), 2.61 (2H, t, /= 7.5 Hz), 2.95 (2H, t, J=7.5 Hz), 3.62 (2H,
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t,J = 6.4 Hz), 4.06-4.11 (2H, m), 5.09 (2H, s), 6.71-6.74 (2H, m, Ar), 7.20 (1H, t, J = 8.2 Hz, Ar), 7.33-
7.45 (5H, m, Ar). HRMS-ESI for C19H20CINO; (m/z): [M+Na]" calcd, 352.1075; found, 352.1084.

5-(benzyloxy)-1-(3-(6, 7-dimethoxy-3,4-dihydroisoquinolin-2(1H)-yl)propyl)-3,4-dihydroquinolin-2 (1 H)-
one (18). To a solution of 17 (1 mmol, 1 eq) in CH:CN (15 mL), 6,7-dimethoxy-1,2,3,4-
tetrahydroisoquinoline (1.3 mmol, 1.3 eq) and K>CO; (3 mmol, 3 eq) were added. The mixture was heated
to reflux overnight. After cooling to room temperature, the solvent was removed under reduced pressure.
The residue was treated with H>O and extracted with CH,Cl (3 x 10 mL).

The combined organic layers were dried (Na:SO4) and evaporated under reduced pressure to afford a crude
residue, which was purified by column chromatography using CH-Cl./MeOH 98:2 to give a yellow solid.
Yield, 48%. 'H-NMR (CDCls, 300 MHz) &: 1.93 (2H, quint, J = 7.3 Hz), 2.56-2.62 (4H, m), 2.72 (2H, t, J
= 5.8 Hz), 2.82 (2H, t, J = 5.5 Hz), 2.94 (2H, t, J = 7.5 Hz), 3.55 (2H, s), 3.83 (3H, s), 3.84 (3H, s), 4.02
(2H, t, J=7.5 Hz), 5.08 (2H, s), 6.51 (1H, s), 6.59 (1H, s), 6.68 (1H, d, /= 8.4 Hz), 6.78 (1H, d, J= 8.1
Hz), 7.14 (1H, t, J = 8.2 Hz), 7.30-7.45 (5H, m). HRMS-ESI for C3H34N,04 (m/z): [M+Na]" calcd,
509.2417; found, 509.2418.

5-(benzyloxy)-1-(3-(6, 7-dimethoxy-3,4-dihydroisoquinolin-2(1H)-yl)propyl)- 1,2, 3,4-tetrahydroquinoline
(19). A solution of BH3-Me>S 2M (3 mol, 3 eq) in dry THF (10 mL) was carefully added dropwise to a
stirred and ice bath cooled solution of 18 (1 eq, 1 mol) in dry THF (5 mL). The reaction mixture was
refluxed with stirring for ON, cooled to 0 °C and carefully added with MeOH (10 mL) to destroy the excess
of boran complex. Then, HCI 3N (10 mL) was added and the resulting mixture was refluxed with stirring
for 1h. The mixture was allowed to cool at room temperature and alkalized with NaOH 2M. The residue
was extracted with CH,Cl; (3 x 20 mL). The collected organic layers were dried (Na,SO4) and evaporated
under vacuum to afford a crude residue which was purified by column chromatography using
CH,C1/MeOH 95:5. 2 to give a trasparent oil. Yield, 80%. 'H-NMR (CDCl;, 300 MHz) &: 1.83-1.99 (4H,
m), 2.56 (2H, t, J="7.1 Hz), 2.70-2.80 (4H, m), 2.85 (2H, t, J=5.7 Hz), 3.26 (2H, t, /= 5.5 Hz), 3.37 (2H,
t,J=7.2 Hz), 3.57 (2H, s), 3.85 (3H, s), 3.86 (3H, s), 5.05 (2H, s), 6.29 (1H, d, J="7.9 Hz), 6.39 (1H, d, J
=8.4Hz), 6.53 (1H, s), 6.61 (1H, 5), 7.00 (1H, t, J=8.2 Hz), 7.32-7.47 (SH, m). HRMS-ESI for C30H3sN,03
(m/z): [M+Na]" calcd, 495.2618; found, 495.2629; [M+H]" calcd, 473.2799; found, 473.2798.

1-(3-(6,7-dimethoxy-3,4-dihydroisoquinolin-2(1 H)-yl)propyl)- 1,2, 3,4-tetrahydroquinolin-5-ol (20).
Compound 19 (1 mol, 1 eq) was dissolved in EtOH 96% (8 mL) and put to react under H, atmosphere at
4.5 bar pressure and in presence of 10% Pd on activated carbon at room temperature for 72h. Subsequently,
the mixture was filtered on a Celite® pad and the filtrate was concentrated under reduced pressure to obtain
a crude residue which was purified by column chromatography using CH>Cl,/MeOH 95:5 to give a pink
oil. Yield, 54%. '"H-NMR (CDCls, 300 MHz) & 1.83-1.98 (4H, m), 2.55 (2H, t, J = 7.2 Hz), 2.65 (2H, t, J
=6.6 Hz), 2.73 (2H, t, /= 5.6 Hz), 2.84 (2H, t, /= 5.6 Hz), 3.24 (2H, t, /= 5.4 Hz), 3.33 2H, t, J="7.2
Hz), 3.57 (2H, s), 3.83 (3H, s), 3.85 (3H, ), 6.06 (1H, d, /= 7.8 Hz, Ar), 6.26 (1H, d, J = 8.4 Hz, Ar), 6.52
(1H, s, Ar), 6.60 (1H, s, Ar), 6.87 (1H, t, J= 8.1 Hz, Ar). HRMS-ESI for C»3H39N,O3 (m/z): [M+Na]" calcd,
495.2618; found, 495.2629; [M+H]* calcd, 405.2154; found, 405.2156.

1-(3-(6, 7-dimethoxy-3,4-dihydroisoquinolin-2(1H)-yl)propyl)-5-(2-fluoroethoxy)-1,2, 3,4-
tetrahydroquinoline (LC2). To a solution of 20 (1 mol, 1 eq) in acetone (20 mL), K,COs3 (3 mol, 3 eq) and
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1-fluoro-2-iodoethane (2 mol, 2 eq) are added. The resulting mixture was refluxed with stirring ON and
then was allowed to cool to room temperature. The solvent was removed under vacuum. The residue was
taken up with H>O (20 mL) and extracted with CH,Cl» (3 x 20 mL). The combined organic layers were
washed with brine, dried (Na,SO4) and evaporated under vacuum to afford a crude residue which was
purified by column chromatography using CH,Cl,/MeOH 95:5 to give a grey solid. The corresponding
oxalate salt was prepared by adding an ethereal solution of oxalic acid to a solution of the amine. The
oxalate salt was purified by crystallization from MeOH/Et:0. Yield, 80%. 'H-NMR (CDCls, 500 MHz) &
1.83-1.94 (4H, m), 2.54 (2H, t, J= 7.2 Hz), 2.69-2.72 (4H, m), 2.83 (2H, t, J=5.7 Hz), 3.24 2H, t,J=5.5
Hz), 3.34 (2H, t, /= 7.2 Hz), 3.55 (2H, s), 3.83 (3H, s), 3.84 (3H, s), 4.18 (2H, dt, Jr = 47.5 Hz, J=4.0
Hz), 4.73 (2H, dt, J == 28 Hz, J = 4.5 Hz), 6.16 (1H, d, /= 8.0 Hz, Ar), 6.37 (1H, d, J= 8.5 Hz, Ar), 6.52
(1H, s, Ar), 6.60 (1H, s, Ar), 6.97 (1H, t, J= 8.2 Hz, Ar) (The NMR spectrum is shown in Figure S4.2.).
HRMS-ESI for C2sH33FN203 (m/z): [M+Na]* caled, 451.2373; found, 451.2372; [M+H]" caled, 429.2553;
found, 429.2564 (HRMS-ESI and HPLC chromatogram are shown in Figures S4.3 and S4.4, respectively).

4.10.2. Biological studies

4.10.2.1. In vitro competition binding assays

The affinity for SIR and S2R was determined by in vitro radioligand displacement experiments as
published [327].

In brief, SIR affinity was determined with [°H]-(+)-pentazocine (Am = 995 GBg/umol; Revvity) and the
membrane preparation of hSIR-HEK?293 cells with serial dilutions of the test compound. Incubation was
performed in 50 mM TRIS-HCI, pH 7.4 at 21°C, supplemented with 120 mM NaCl, 5 mM KCI, 2 mM
CaCly, and 1mM MgCl, for 120 min at ambient temperature. S2R affinity was determined with [*H]DTG
(Ar=1850 GBg/mmol; ARC) and the membrane preparation of liver obtained from Wistar rats with 100
nM FTC-146 to mask SIR receptors, and serial dilutions of the test compound. Incubation was performed
in 50 mM TRIS-HCL, pH 7.4 at 21°C, for 120 min at ambient temperature.

For SIR and S2R assays, non-specific binding of the respective radioligand was determined by co-
incubation with 10 uM haloperidol. Free and bound radioligand were separated by filtration on GF/B glass-
fibre filters (Hahnemiihle FineArt GmbH, Dassel, Germany) pre-soaked in 0.3% polyethyleneimine using
a Brandel Cell Harvester and rapidly washed four times with pre-chilled 50 mM TRIS-HCI, pH 7.4 at 4°C.
Filters were isolated, transferred to scintillation vials, and incubated with scintillation cocktail (Ultima
Gold™, Revvity) at 300 rpm for two hours at room temperature. The vials were counted in a liquid
scintillation counter (Hidex 600 SL; Hidex Oy, Turku, Finland) to determine activity as Becquerel per vial.
Data were expressed as percentage of specifically bound activity versus concentration of the respective test
compound and analysed by non-linear curve analysis using GraphPad Prism software to calculate ICsg
values. Inhibitory constant values (K;) were calculated using the Cheng-Prusoff equation with dissociation
constants of Kp= 33 nM for [*H]-(+)-Pentazocine and Kp = 50 nM for [’H]DTG. All experiments were
performed at least two times with two technical replicates.

To assess potential off-target interactions in the CNS, receptor binding and functional assays were
performed through the Psychoactive Drug Screening Program (PDSP, National Institute of Mental Health,

USA), which offers standardized in vitro evaluation of compounds across a broad range of CNS targets,
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including G protein-coupled receptors, ion channels, transporters, and enzymes. All assays were conducted

following established PDSP protocols [396].

4.10.2.2. Calcein-AM experiment

These experiments were carried out as described by Contino et al. [335] with minor modifications.

Briefly, the MDCK-MDRI1 cell line (30,000 cells per well) was seeded into a 96-well black culture plate
with 100 pL medium and allowed to become confluent overnight. 100 pl of test compounds were solubilized
in culture medium and added to monolayers, with final concentrations ranging from 0.1 to 100 pM. 96/wells
plate was incubated for 30 min. Calcein-AM was added in 100 pl of PBS to yield a final concentration of
2.5 uM, and the plate was incubated for 30 min. Each well was washed 3 times with ice-cold PBS. A saline
buffer was added to each well, and the plate was read with Victor3 (PerkinElmer) at excitation and emission
wavelengths of 485 nm and 535 nm, respectively. In these experimental conditions, Calcein cell
accumulation in the absence and in the presence of tested compounds was evaluated, and the fluorescence
basal level was estimated with untreated cells. In treated wells, the fluorescence increase with respect to
basal level was measured. ECso values were determined by fitting the fluorescence increase percentage

versus log[dose].
4.10.2.3. Caco-2 monolayer preparation

For permeability and drug transport assays, to prepare the Caco-2 monolayer, in vitro model of BBB barrier,
cells were seeded into a Merck Millicell™ Cell Culture Insert Plates assay system (Millipore, Bedford,
MA), where a cell monolayer is set in between a filter cell and a receiver plate, at a density of 20,000
cells/well. The culture medium was replaced every 48h and the cells were kept for 21 days in culture. The
TransEpithelial Electrical Resistance (TEER) of the monolayers was measured daily, before and after the
experiment, using an epithelial voltohmmeter (Millicell® -ERS, Millipore). Generally, TEER values

greater than 1000 () for a 21 day culture are considered optimal.

4.10.2.4. Permeability Experiments

After 21 days of Caco-2 cell growth, the medium was removed from filter wells and from the receiver plate,
which was filled with fresh HBSS buffer (Invitrogen). This procedure was repeated twice, and the plates
were incubated at 37 °C for 30 min. After incubation, the HBSS buffer was removed and drug solutions
and reference compounds were added to the filter well at a concentration of 100uM, while fresh HBSS was
added to the receiver plate. The plates were incubated at 37 °C for 120 min. Afterwards, samples were
removed from the apical (filter well) and basolateral (receiver plate) side of the monolayer to measure the
permeability.

The apparent permeability (Papp), in units of nm/second, was calculated using the following equation:

VA ) % <[drug]acceptor)

- (
app Area x time [druglinitiai

Where V, is the volume (mL) in the acceptor well, area is the surface area of the membrane (0.11 cm? of

the well), time is the total transport time (7200 s), [drug]acceptor is the concentration of the drug measured by
UV spectroscopy, and [drug]inital is the initial drug concentration (1 x 10 M) in the apical or basolateral

wells.
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4.10.3. Radiochemistry

['®F]Fluoride was trapped from ['®0]H,O target water on a Sep-Pak QMA Plus Light cartridge (Waters,
cat. no. 186004540) and eluted in the reverse direction using a solution of Kryptofix 2.2.2 (10 mg) and
K>COs (2 mg) in H,O/MeOH (1:9 v/v, 1.0 mL). The resulting ['®F]fluoride solution was azeotropically
dried at 110 °C under a nitrogen stream with three sequential additions of anhydrous CH3CN (1.0 mL each).
Ethane-1,2-diyl bis(4-methylbenzenesulfonate) (3 mg) in CHsCN (0.5 mL) was then added, and the mixture
was heated at 85 °C for 15 min. To separate the '8F-prosthetic group ['®F]FETos from ethane-1,2-diyl bis(4-
methylbenzenesulfonate), the differential solubility of these compounds in water was exploited. The poor
aqueous solubility of ethane-1,2-diyl bis(4-methylbenzenesulfonate), combined with the sufficient
solubility of ['®F]FETs at trace concentrations and its chemical stability toward hydrolysis, enabled
selective separation. The reaction mixture was diluted with 20 mL of water, causing precipitation of ethane-
1,2-diyl bis(4-methylbenzenesulfonate). The precipitate was removed by filtration through a 22 pm filter,
and the dissolved ['®F]FETos was trapped on a Sep-Pak C;s Plus Light cartridge. The cartridge was dried
with air using a 24 mL syringe and eluted with 500 pL of MeCN.

Compound 20 (2 mg) in the presence of Kryptofix 2.2.2 (10 mg) and K-COs3 (2 mg) in CH3CN (0.5 mL)
was added to the vial, and the mixture was heated at 85 °C for 15 min. The crude product was diluted with
HPLC mobile phase and purified by semi-preparative HPLC using a Phenomenex Luna C;s (2) column (5
pm, 10 x 250 mm) with MeCN/H»O (40:60 v/v, 0.1% NEt3) as the mobile phase.

4.10.3.1. Determination of Lipophilicity (LogD7.4)

The lipophilicity of [*®*F]LC2 was experimentally determined at physiological pH using the shake-flask
method, as previously described [399]. In brief, PBS and n-octanol were pre-saturated with each other
prior to the experiment. A solution containing 0.2 MBq of ['*F]LC2 in PBS (3 mL) and n-octanol (3 mL)
was prepared in a vial and vortexed for 5 min. The PBS and n-octanol layers were separated and
transferred into a centrifuge tube, then centrifuged at 12,000 rpm for 5 min. Aliquots of PBS (0.5 mL) and
n-octanol (0.5 mL) were weighed, and radioactivity was measured using a gamma counter (PerkinElmer
Wizard). The logD7.4 value of ['"8F]LC2 was calculated using the following formula:

Radioactivity,,_ctanol
Weightn—octanol

Radioactivitypgs
weightpgg

logD = log

4.10.4. In Vitro Autoradiography

In vitro autoradiography was performed on 20 pm cryosectioned rat brain tissues embedded in Tissue-
Tek® O.C.T. and stored at -80 °C until use. Briefly, brain sections were pre-equilibrated in buffer 1 (50
mM Tris, 0.1% BSA, 200 mL) for 10 min at room temperature, then incubated for 30 min in buffer 1
containing ["®F]LC2 (1 or 2 pCi/mL). Following incubation, sections were washed sequentially in buffer
1 (1 x 5 min) and buffer 2 (50 mM Tris without BSA; 2 x 2 min), then briefly dipped twice in distilled
water (5 s each) and air-dried. Sections were exposed to a phosphor imaging plate (BAS-MS2025, GE
Healthcare) for 12 h and scanned using an Amersham Typhoon system (Cytiva, USA).
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4.10.5. In vivo PET imaging in mice

PET imaging was performed in anesthetized CD-1 mice using a Genisys G8 PET scanner (Sofie
Biosciences, USA). Following intravenous tail-vein administration of ['*FJLC2 (1.5-3.0 MBq), dynamic
PET images were acquired for 60 min. Image reconstruction and quantitative analysis were performed using

PMOD software (version 4.3, PMOD Technologies, Switzerland).
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4.11. Supporting information
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Figure S4.1. Off-target pharmacological evaluation of LC2 at a concentration of 10 uM against 56 major CNS

targets, including common GPCRs, enzymes, ion channels and transporters.
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Figure S4.2. '"H-NMR spectrum of LC2. CDCl3, 500 MHz, 25 °C.
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Chromatogram and Results

Details
| Injection Name: LC2 Run Time (min): 15,00
Vial Number: B:F4 Injection Volume: 2,00
Injection Type: Unknown Channel: UvV_VIS_1
Calibration Level: Wavelength: 254
Instrument Method: MeOH/ACNH4 (pH = 3.0) 1:1 Bandwidth: n.a.
Processing Method: Basic Quantitative Dilution Factor:  1,0000
Injection Date/Time: 15/dic/25 14:44 Sampie Weight __1,0000
[Chromatogram
500 1 Comgpost di nferimenlo gia sintetizzali in passato #7 [manually integratec] UV VIS 1 WVL:254 nm
1 2.2206
500
| Se
40()_- (\fN OMe
4 @ij CyHy04
- 4
= 1 LC2
g_ 300 .
g ]
£ 200]
=3 -
< -
100
] |
0 LAI ! T
100
e T
0.0 20 40 80 30 100 12,0 140 150
Time [min]
Integration Results
No. |Peak Name Retention Time Area Height Relative Area | Relative Height | Amount
min mAU*min mAU % % na.
1 1,431 1,597 16,610 2,08 2,89 na.
2 2,206 75,210 559,036 97.92 97,11 na.
Total: 76,807 575,646 100,00 100,00

Figure S4.4. HPLC analysis of LC2. MeOH-AcNH4 (pH = 3.0) 1:1, flow 0.4 mL/min. Wavelength, 254 nM.

136



Sigma-2 receptors part 2

Design and Synthesis of Indole- and Azaindole-
Substituted 3H-Spiro[isobenzofuran-1,4'-piperidine]

Derivatives: From PET Imaging Candidates to Dual

Sigma-1/Sigma-2 Receptor Ligands

Multitarget
modulation of STR/S2R
with neuroprotective

(o]

effects
(V’ High S2R affinity Ki S1R = 4.62 nM
Ki S2R = 2.86 nM
1x’ Poor selectivity Moderate cytotoxic effect

(ECsp > 73 M in SHSY5Y, U20S
and PANC-1 cells, ECgy = 22.3 uM
in HEC293 cells)

0

® No PET imaging @
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4.12. Results
4.12.1. Chemistry

Scheme 4.3 summarizes the synthesis of final compounds 21-28. The appropriate commercially available
hydroxyindole or hydroxyazaindole was first O-alkylated using 1-fluoro-2-iodoethane in the presence of a
weak base (Cs:COs), affording the already known intermediates 29b, 29d [375] and 29g. These
intermediates, along with commercially available indoles and azaindoles, were subsequently N-alkylated
under phase-transfer conditions using tetrabutylammonium bromide (TBABr) and KOH to yield the
corresponding chlorinated derivatives 30a-h. Nucleophilic substitution of these intermediates with BM
commercially available 3 H-spiro[isobenzofuran-1,4'-piperidine] provided the target compounds 21-28.
Final products were converted to their oxalate salts via treatment with oxalic acid in Et.O, followed by

recrystallization from MeOH/Et0.

m a m , m
H H

X=CHorN X=CHorN
R = 5-OH or 6-OH R = 5-O(CH,),F or 6-O(CH,),F c

29a-h 30a-h

a)X=CH,R=5F
b) X = CH, R = 5-O(CH,),F 0
¢) X=CH,R=6-F AN

d) X = CH, R = 6-O(CH,),F N
e)X=N,R=H X

)X =N,R=5F [

g) X=N,R= 5-O(CH2)2F 21:

:X=CH,R=5-F

h) X =N, R =6-F 22: X = CH, R =5-O(CH,),F
23: X=CH,R=6-F
24: X = CH, R =6-O(CH,),F
25:X=N,R=H
26: X=N,R=5-F
27: X =N, R = 5-O(CH,),F
28: X=N,R =6-F

Scheme 4.3. Synthesis of final compounds 21-28. (a) 1-fluoro-2-iodoethane, Cs2CO3, acetone, reflux, ON. (b) 1-
bromo-4-chlorobutane, TBABr, KOH, dry DMF, RT, 2h; (c) 3 H-spiro[isobenzofuran-1,4'-piperidine], K2COs, CH3CN,
reflux, ON.

4.12.2. In Vitro S1R and S2R Receptor Binding Affinities

Table 4.4 shows the results from the radioligand binding assays as K; values (nM).

All synthesized compounds display high affinity (low nanomolar range) for both S2R and S1R, indicating
limited selectivity. This behavior contrasts with that of the lead compound MTS8, which shows
subnanomolar affinity for S2R (K; = 0.43 nM) and good selectivity (~63-fold) [393]. Overall, the new series
exhibits reduced affinity for S2R and increased affinity for S1R relative to MT8. However, it is important
to note that MT8 was evaluated using different binding protocols for both sigma receptor subtypes, which
complicates direct comparison of the data.

Neither the position of the fluorine or fluoroethoxy substituent nor the use of an indole vs. azaindole
scaffold significantly affects affinity or selectivity, suggesting that these hydrophobic substituents engage

similarly with sigma receptors. This indicates that simple variation of these structural elements is
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insufficient to achieve the desired pharmacological profile; improving selectivity may instead require
modifications to the basic moiety. It must also be highlighted that also the S2R reference compound
Siramesine, that has inspired the development of this series, upon re-investigation with binding assays

appears to lack selectivity for S2R as well (see Table 4.4).

Table 4.4. SIR and S2R affinities.

Ki: (nM) = SEM?

Comp. X R
S1R S2R
MTS8" CH H 27.3 0.43
21 CH 5-F 2.07 £0.03 343+£0.22
22 CH 5-O(CHz):F 3.13+£0.14 5.02+£2.12
23 CH 6-F 1.88 +£0.23 3.03+£0.52
24 CH 6-O(CH,),F 3.30+£1.28 3.46£0.20
25 (CF7) N H 4.62 +0.02 2.86 +£0.25
26 N 5-F 4.24 +0.86 3.35+£0.56
27 N 5-O(CHz):F 5.12+1.01 3.08+1.14
28 N 6-F 2.87+0.99 3.31+£0.27
Siramesine* 10.5 12.6
RM273¢ 691 1.6

“Values represent the mean of at least two separate experiments in duplicate + SEM; *Data from Ref[393]. The reference
compound MT8 was evaluated using a different binding protocol for both S1R and S2R; ¢Data from Ref [394]; 9Data
from Ref [378].

4.12.3. In Vitro Cytotoxicity Evaluation
As reported in Table 4.4, all compounds exhibit high affinity for both sigma receptors, showing no
selectivity between SIR and S2R. For this reason, they are not suitable for use as PET radiotracers.
However, their nearly identical affinities for SIR and S2R, in the low nanomolar range, suggest that they
could be exploited as dual modulators with potential neuroprotective effects or antitumor effects. In this
context, Loraine et al. recently reported a dual SIR/S2R modulator as a promising therapeutic strategy for

the treatment of AD [400], supporting this hypothesis.
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To further evaluate their neuroprotective potential, it is essential that these compounds display low
cytotoxicity. Therefore, cytotoxic activity was assessed in different cell lines, and the results are
summarized in Table 4.5 (ECso, uM). In MCF7wt cells, indole derivatives were consistently more cytotoxic
(3- to 15-fold) than their corresponding azaindole analogues. In this assay, the position of the substituent
did not significantly influence cytotoxicity, whereas the nature of the substituent had a measurable effect.
In both indole and azaindole series, the fluoroethoxy substituent reduced cytotoxicity compared with
fluorine. Among the compounds tested in MCF7wt cells, compounds 25 (also known as CF7) and 27 were
the least cytotoxic (ECso = 92.9 uM and 94.9 uM, respectively), whereas MT8 was the most potent (ECso
=6.02 uM) [393].

All compounds were also evaluated in SH-SYSY cells. In this cell line, a similar trend was observed, with
indole derivatives again showing higher cytotoxicity (3- to 11-fold) than azaindoles. The ECso values
obtained in SH-SYSY cells were generally comparable to those measured in MCF7wt cells. However, in
SH-SYSY cells, the influence of substituent type and position differed between indole and azaindole
derivatives. In the indole series, the position of the substituent did not affect cytotoxicity, whereas the nature
of the substituent did; specifically, fluoroethoxy-substituted compounds were less cytotoxic than their
fluorinated counterparts. In contrast, for azaindole derivatives, the position of the substituent played a
significant role: the 6-F derivative 28 was approximately threefold less cytotoxic than the 5-F derivative 26
(ECso = 81.0 uM vs 25.6 uM). Moreover, within the azaindole series, fluorinated compounds were less
cytotoxic than fluoroethoxy-substituted analogues. Overall, in SH-SYSY cells, compound 21 was the most
cytotoxic compound (ECso = 3.10 uM), whereas CF7 and compound 28 were the least cytotoxic (ECso =
73.1 uM and 81.0 puM, respectively).

A comparison between MCF7wt and SH-SY5Y data indicates that CF7 is the only compound exhibiting
low cytotoxicity in both cell lines.

To further confirm its suitability as a neuroprotective candidate, CF7 was evaluated in additional cell lines,
including U20S, PANC-1, and HEK293. In U20S and PANC-1 cells (Figure S4.5), CF7 was confirmed
to be non-cytotoxic (ECso= 100 uM and 86.9 uM, respectively), except for HEK293 cells where it displayed
higher cytotoxicity (ECso = 22.3 uM).

Overall, the cytotoxic effects observed for dual indole compounds may arise from S1R antagonism
combined with S2R agonism, while the weak cytotoxicity of azaindoles could be associated with S2R
antagonism and S1R agonism. On this basis, azaindole derivatives, particularly CF7, which shows minimal
cytotoxicity across most of the tested cell lines, emerge as promising dual SIR/S2R modulators with
potential neuroprotective effects. Consequently, functional activity assays, especially at SIR, are necessary

before further evaluation of their neuroprotective properties.
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Table 4.5. In vitro cytotoxicity evaluation in different cell lines.

(@)
RIE TN
x~ N N
e
ECso (uM) + SEM?
Comp. X R

MCF7wt SHSY5Y  HEK293 U208 PANC-1

MTS8® CH H 6.02 6.82£0.5

21 CH 5-F 11.3+1.5 310+ 04

22 CH 5-O(CHy),F  37.1£09 14.6+12

23 CH 6-F 13.6+24 7.15+1.0

24 CH 6-O(CHy).F 21.3+1.9 13.5+2.1
CF7 N H 929+1.6 73.1+75 223+3.1 100£9.5 86.9+6.8

26 N 5-F 339+1.0 25.6+3.1

27 N 5-O(CH),F  949+09 41.1+35

28 N 6-F 48.0+2.2 81.0+6.2

2Data are expressed as the mean = SEM of at least two independent experiments in duplicate (SH-SY5Y human

neuroblastoma cells, HEK293 human embryonic kidney cells, U20S human osteosarcoma cells, and PANC-1 human

pancreatic ductal adenocarcinoma cells). ®Data from Ref [393].
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4.13. Discussion

Starting from the lead compound MT8 [393], and with the aim of developing the first PET radiotracer for
S2R bearing a basic moiety different from 6,7-dimethoxytetrahydroisoquinoline, a series of fluorine- or
fluoroethoxy-substituted indole and azaindole derivatives incorporating a 3 H-spiro[isobenzofuran-1,4-
piperidine] core was synthesized.

All compounds exhibited high affinity in the low nanomolar range for both S2R and SI1R, reflecting a
marked decline in both S2R affinity and selectivity compared with MT8. The observation that neither the
position of the fluorine/fluoroethoxy substituent nor the choice between an indole and an azaindole scaffold
significantly affected affinity or selectivity suggests that these hydrophobic regions interact in a similar
manner with both sigma receptor subtypes, at least when affinity is considered as there are not proofs of
functional activity, yet. Consequently, simple variation of these substituents is insufficient to produce the
desired pharmacological profile

For this reason, we attempted to modify the basic moiety 3H-spiro[isobenzofuran-1,4-piperidine] by
introducing two methoxy substituents at different positions on the aromatic ring (Figure 4.12), mimicking
the interaction profile of 6,7-dimethoxytetrahydroisoquinoline at SIR and S2R in an effort to recover
selectivity without compromising affinity. However, synthetic challenges encountered during the
preparation of this modified scaffold prevented us from completing this strategy prior to the submission of

this doctoral thesis.

Ry
N

R, = 4,5-dimethoxy, 5,6-dimethoxy or 6,7-dimethoxy

Figure 4.12. General structure of second generation PET candidates for S2R.

Given their nearly equivalent affinity for both sigma receptors, the compounds described herein are not
suitable as PET radiotracers. Nonetheless, their dual SIR/S2R binding profile may be of interest within a
multitarget therapeutic strategy (Multi-Target Directed Agents, MTDAS) for the treatment of multifactorial
oncological or neurodegenerative disorders. In this context, Loraine et al. recently reported a dual SIR/S2R
modulator as a promising therapeutic strategy for AD [400] thereby supporting this hypothesis.
Accordingly, the cytotoxic effects of all compounds were evaluated in MCF7wt human breast
adenocarcinoma cells and SH-SY5Y human neuroblastoma cells. In both cell lines, azaindole derivatives
consistently exhibited lower cytotoxicity than the corresponding indole derivatives. A comparison between
MCF7 wt and SH-SYS5Y data revealed that CF7 was the only compound showing low cytotoxicity in both
cell lines (ECso = 92.9 uM and 73.1 pM, respectively). For this reason, CF7 was further evaluated in
additional cell lines, including U20S human osteosarcoma cells, PANC-1 human pancreatic ductal
adenocarcinoma cells, and HEK293 human embryonic kidney cells. In U20S and PANC-1 cells, CF7 was
confirmed to be non-cytotoxic (ECso = 100 uM and 86.9 uM, respectively), whereas in HEK293 cells it
displayed higher cytotoxicity (ECso = 22.3 uM).

142



The different behavior observed between indole and azaindole derivatives may be attributed to distinct
functional profiles at SIR and S2R. Indole derivatives exhibiting cytotoxic effects may act as SIR
antagonists and/or S2R agonists, whereas azaindole derivatives may preferentially behave as S1R agonists
and/or S2R antagonists. This latter activity profile could result in synergistic neuroprotective effects.
Therefore, azaindole derivatives, owing to their low-nanomolar affinity for both sigma receptors combined
with low cytotoxicity, may represent promising candidates for neuroprotective (anti-AD) and anti-amnesic
applications. Among this series, CF7 emerged as the least cytotoxic compound across almost all tested cell
lines and was thus selected for further biological evaluation focused in particular to the functional activity
at S1IR and S2R to confirm whether it indeed acts as a S2R antagonist and S1R agonist.

Overall, the dual receptor profile described herein represents a promising starting point for the development

of new multitarget agents.

4.14. Conclusions

The indolic—azaindolic scaffold did not prove to be a promising framework for PET imaging of S2R, as all
compounds exhibited high affinity but poor selectivity. Owing to its high affinity for both SIR and S2R,
together with its low cytotoxicity, CF7 may represent a promising dual-target SIR/S2R neuroprotective
agent. However, further studies, first and foremost the evaluation of its activity at S1R, are required to

confirm this hypothesis.
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4.15. Materials and Methods
4.15.1. Chemistry

All chemicals were purchased from Sigma-Aldrich, TCI Chemicals, Ambeed, or Angene. Thin layer
chromatography (TLC) was performed using plates from Merck (silica gel 60 Fjs4). Column
chromatography was performed with Merck silica gel 60 A (63-200 mm; ratio of crude mixture to silica
gel 1:30 w/w, unless otherwise stated) as the stationary phase. 'H-NMR spectra were recorded in the
indicated solvent on a Varian Mercury-VX spectrometer (300 MHz) or on an Agilent 500-vnmrs500
spectrometer (499.801MHz). The following data are reported: chemical shift (J) in ppm, multiplicity (s =
singlet, d = doublet, t = triplet, q = quartet, quint = quintet, m = multiplet, dd = doublet of doublets, dt =
doublet of triplets, td = triplet of doublets, and br = broad signal), integration, and coupling constant (J) in
hertz. Recording of mass spectra was done on an HP6890-5973 MSD gas chromatograph/mass
spectrometer; only significant m/z peaks, with their percentage of relative intensity in parentheses, are
reported. HRMS-ESI analyses were performed on a Bruker Daltonics MicrOTOF-Q II mass spectrometer.
All spectra were in accordance with the assigned structures. The purity of target compounds was assessed
by HPLC. Analytical HPLC analyses were performed on final compounds using a Thermo Fisher Scientific
Vanquish HPLC with Thermo Fischer Scientific Accucore HILIC Column, 2.6 um, 3 X 150 mm at a flow
rate of 0.4 mL/min. Isocratic elution of the compounds 21-28 as their oxalate salts was performed using
CH3;CN-CH3COONH4 30:70 (v/v) (pH = 3.00). UV signals were detected at 254 nm and 280 nm. All
compounds are >95% pure by HPLC.

General procedure for the synthesis of fluoroethoxy derivatives 29b, 29d and 29g. To a solution of the
appropriate hydroxyindole or hydroxyazaindole (1 mol, 1 eq) in acetone (15 mL), Ce2CO; (1.2 mol, 1.2 eq)
and 1-fluoro-2-iodoethane (1.2 mol, 1.2 eq) were added. The resulting mixture was refluxed with stirring
ON and then was allowed to cool to room temperature. The solvent was removed under vacuum. The
residue was taken up with H>O (20 mL) and extracted with CH,Cl, (3 x 20 mL). The combined organic
layers were dried (Na>SO4) and evaporated under vacuum to afford a crude residue which was purified by
column chromatography using n-Ex/AcOEt 1:1.

5-(2-fluoroethoxy)-1H-indole (29b) [375].

6-(2-fluoroethoxy)-1H-indole (29d) [375].

5-(2-fluoroethoxy)-1H-pyrrolo[2,3-b]pyridine (29g). The title compound was obtained as a white solid.
Yield, 61%. 'H-NMR (CDCl;, 300 MHz) &: 4.23-4.35 (2H, m), 4.70-4.88 (2H, m), 6.44 (1H, dd, J; = 3.3
Hz, J>=1.9 Hz), 7.32 (1H, t, /= 3.0 Hz), 7.50 (1H, d, /= 2.7 Hz), 8.14 (1H, d, J= 2.7 Hz), 9.44 (1H, br
s). GC-MS (m/z): 180 (M, 85), 134 (45), 105 (100), 78 (17), 51 (16).

General procedure for the synthesis of chloride derivatives 30a-h. To a solution of the appropriate indole
or azaindole (1 mol, 1 eq) in dry DMF (5 mL), TBABr (0.03 mol, 0.03 eq) and KOH (1.5 mol, 1.5 eq) were
added. The mixture was stirred at RT for 45 min, after which 1-bromo-4-chlorobutane was added at 0 °C.
The reaction was stirred at this temperature for 15 min, then warmed to room temperature and stirred for
an additional 1 hour.. The solvent was removed under vacuum. The residue was taken up with H,O (20
mL) and extracted with CH>Cl, (3 x 20 mL). The combined organic layers were dried (Na,SO4) and

evaporated under vacuum to afford a crude residue which was purified by column chromatography.
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1-(4-chlorobutyl)-5-fluoro-1H-indole (30a). The crude residue was purified by column chromatography
using n-Ex/CH,Cl, 6:4 to obtain a trasparent oil. Yield, 71%. 'H-NMR (CDCls, 300 MHz) &: 1.72-1.81
(2H, m), 1.97-2.06 (2H, m), 3.51 2H, t, J= 6.4 Hz), 4.15 (2H, t, /= 6.9 Hz), 6.46 (1H, dd, J; = 3.1 Hz, J>
=0.7 Hz), 6.96 (1H, td, J; =9.0 Hz, J, = 2.4 Hz), 7.12 (1H, d, J = 3.0 Hz), 7.22-7.29 (2H, m, Ar). GC-MS
(m/z): 225 (M", 27), 227 M+ 2,9), 190 (8), 148 (100).

1-(4-chlorobutyl)-5-(2-fluoroethoxy)-1H-indole (30b). The crude residue was purified by column
chromatography using n-Ex/AcOEt 7:3 to obtain a green oil. Yield, 70%. 'H-NMR (CDCl3, 300 MHz) &
1.71-1.80 (2H, m), 1.95-2.05 (2H, m), 3.51 (2H, t, J = 6.4 Hz), 4.13 (2H, t, J = 6.9 Hz), 4.22-4.36 (2H,
m), 4.69-4.88 (2H, m), 6.41 (1H, dd, J; = 3.0 Hz, J> = 0.6 Hz), 6.93 (1H, dd, J; = 8.7 Hz, J; = 2.4 Hz),
7.07 (1H, d, J=3.0 Hz), 7.11 (1H, d, J= 2.4 Hz), 7.24 (1H, d, J= 8.7 Hz). GC-MS (m/2): 269 (M*, 73),
271 (M*+ 2, 24), 234 (10), 222 (53), 192 (100), 146 (17).

1-(4-chlorobutyl)-6-fluoro-1H-indole (30c). The crude residue was purified by column chromatography
using n-Ex/CHCl, 1:1 to obtain a yellow oil. Yield, 85%. 'H-NMR (CDCls, 300 MHz) &: 1.72-1.82 (2H,
m), 1.95-2.05 (2H, m), 3.52 (2H, t, J= 6.6 Hz), 4.11 (2H, t, /= 6.9 Hz), 6.48 (1H, dd, J; =3.3 Hz, J>=0.9
Hz), 6.85-6.91 (1H, m), 7.01 (1H, dd, Jr=10.2 Hz, J= 2.2 Hz, Ar), 7.07 (1H, d, J= 3.3 Hz), 7.53 (1H, dd,
J=8.7Hz, Jr=5.4 Hz). GC-MS (m/z): 225 (M, 33),227 (M + 2, 11), 190 (21), 148 (100).
1-(4-chlorobutyl)-6-(2-fluoroethoxy)-1H-indole (30d). The crude residue was purified by column
chromatography using n-Ex/AcOEt 7:3 to obtain a green oil. Yield, 61%. 'H-NMR (CDCl3, 300 MHz) &
1.73-1.82 (2H, m), 1.95- 2.05 (2H, m), 3.52 2H, t, J = 6.3 Hz), 4.10 (2H, t, J = 6.9 Hz), 4.22-4.36 (2H,
m), 4.69-4.89 (2H, m), 6.43 (1H, dd, J; = 3.3 Hz, J>= 0.9 Hz), 6.82 (1H, dd, J; = 8.7 Hz, J; = 2.2 Hz),
6.85 (1H, d, J=2.1 Hz), 7.00 (1H, d, J= 3.0 Hz), 7.51 (1H, dd, J; = 8.5 Hz, J; = 0.4 Hz). GC-MS (m/z):
269 (M+, 100), 271 (M+2, 33), 234 (48), 222 (74), 192 (70), 146 (23), 132 (46), 55 (21).
1-(4-chlorobutyl)-1H-pyrrolo[2,3-b]pyridine (30e). The crude residue was purified by column
chromatography using n-Ex/AcOEt 7:3 to obtain a green oil. Yield, 87%. 'H-NMR (CDCl;, 300 MHz) &
1.72-1.82 (2H, m), 1.99-2.08 (2H, m), 3.53 (2H, t, /= 6.6 Hz), 4.33 (2H, t, /= 7.0 Hz), 6.46 (1H, d, J=3.6
Hz), 7.02-7.06 (1H, m), 7.20 (1H, d, /= 3.6 Hz), 7.89 (1H, dd, J; = 7.7 Hz, J.= 1.5 Hz), 8.31 (1H, dd, J; =
4.6 Hz, J>= 1.6 Hz). GC-MS (m/z): 208 (M", 30), 210 (M*+ 2, 10), 173 (91), 159 (23), 131 (99), 118 (100).
1-(4-chlorobutyl)-5-fluoro-1H-pyrrolo[2,3-b]pyridine (30f). The crude residue was purified by column
chromatography using n-Ex/AcOEt 8:2 to obtain a yellow oil. Yield, 86%. 'H-NMR (CDCls, 300 MHz) &:
1.71-1.81 (2H, m), 1.98-2.08 (2H, m), 3.54 (2H, t, /= 6.3 Hz), 4.31 (2H, t, /= 6.9 Hz), 6.43 (1H, d, J=3.6
Hz), 7.26 (1H, d, J=3.3 Hz), 7.58 (1H, dd, Jr = 9.0 Hz, /= 2.7 Hz), 8.17-8.19 (1H, m, Ar). GC-MS (m/z):
226 (M7, 24),228 (M™+2,9), 191 (73), 149 (100), 136 (68).
1-(4-chlorobutyl)-5-(2-fluoroethoxy)-1H-pyrrolo[2,3-b]pyridine (30g). The crude residue was purified by
column chromatography using n-Ex/AcOEt 1:1 to obtain a green oil. Yield, 71%. 'H-NMR (CDCls, 300
MHz) ¢: 1.72-1.81 (2H, m), 1.98-2.07 (2H, m), 3.53 (2H, t, /= 6.4 Hz) 4.21-4.33 (4H, m), 4.70-4.89 (2H,
m), 6.38 (1H, d, /= 3.3 Hz), 7.20 (1H, d, /= 3.6 Hz), 7.45 (1H, d, J = 2.7 Hz), 8.13 (1H, d, J= 2.7 Hz).
GC-MS (m/z): 270 (M*, 29), 272 (M™+ 2, 10), 235 (100), 193 (58), 180 (57), 105 (16).
1-(4-chlorobutyl)-6-fluoro-1H-pyrrolo[2,3-b]pyridine (30h). The crude residue was purified by column
chromatography using n-Ex/AcOEt 7:3 to obtain a green oil. Yield, 85%. 'H-NMR (CDCls, 300 MHz) &
1.71-1.81 (2H, m), 1.97-2.06 (2H, m), 3.54 (2H, t, /= 6.6 Hz), 4.25 (2H, t, /= 6.9 Hz), 6.47 (1H, d, J=3.6
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Hz), 6.69 (1H, dd, J= 8.4 Hz, Jr= 1.2 Hz), 7.14 (1H, d, J = 3.6 Hz), 7.93 (1H, t, J= 8.1 Hz). GC-MS (m/2):
226 (M, 26), 228 (M* + 2, 8), 191 (52), 149 (100), 136 (38).

General procedure for the synthesis of final compounds 21-28. To a solution of the appropriate chloride
derivative (1 mol, 1 eq) in MeCN (15 mL), K»CO; (3 mol, 3 eq) and 3H-spiro[isobenzofuran-1,4'-
piperidine] hydrochloride (1.2 mol, 1.2 eq) were added. The resulting mixture was refluxed with stirring
ON and then was allowed to cool to room temperature. The solvent was removed under vacuum. The
residue was taken up with HO (20 mL) and extracted with CH,Cl> (3 x 20 mL). The combined organic
layers were dried (Na,SO4) and evaporated under vacuum to afford a crude residue which was purified by
column chromatography using CH>Cl,/MeOH 95:5.
1'-(4-(5-fluoro-1H-indol-1-yl)butyl)-3H-spiro[isobenzofuran-1,4"-piperidine] (21). The title compound
was obtained as a transparent oil as free base and as white crystalline solid as oxalate salt. Yield, 18%.
m.p.canz04) 222-226 °C. 'H-NMR (CDCls, 300 MHz) & 1.57-1.67 (2H, m), 1.74-1.79 (2H, m), 1.85-1.94
(2H, m), 2.01-2.12 (2H, m), 2.41-2.50 (4H, m), 2.87-2.90 (2H, m), 4.15 (2H, t, J = 7.0 Hz), 5.06 (2H, s),
6.44 (1H, d, J = 3.0 Hz), 6.95 (1H, td, J; = 9.1 Hz, J; = 2.4 Hz), 7.13-7.25 (5H, m), 7.27-7.29 (2H, m).
HRMS-ESI for C24H27FN2O (m/z): [M+Na]* caled, 401.2005; found, 401.2006; [M+H]" calcd, 379.2185;
found, 379.2190.

1"-(4-(5-(2-fluoroethoxy)- 1 H-indol- 1-yl) butyl)-3H-spiro[isobenzofuran- 1,4 -piperidine] (22). The title
compound was obtained as a transparent oil as free base and as needle-like white solid as oxalate salt. Yield,
18%. 'H-NMR (CDCls, 300 MHz) &: 1.55-1.65 (2H, m), 1.73-1.79 (2H, m), 1.89 (2H, quint, J = 7.2 Hz),
1.99-2.01 (2H, m), 2.38-2.48 (4H, m), 2.84-2.89 (2H, m), 4.13 (2H, t, J = 6.9 Hz), 4.22-4.37 (2H, m), 4.69-
4.88 (2H, m), 5.06 (2H, s), 6.40 (1H, dd, J; = 4.0 Hz, J>= 0.9 Hz), 6.92 (1H, dd, J; = 8.7 Hz, J, = 2.4 Hz),
7.09-7.21 (4H, m), 7.24-7.25 (1H, m), 7.26-7.28 (2H, m). HRMS-ESI for CysH3FN2O; (m/z): [M+Na]*
caled, 445.2268; found, 445.2258; [M+H]" calcd, 423.2448; found, 423.2438.
1'-(4-(6-fluoro-1H-indol-1-yl)butyl)-3H-spiro[isobenzofuran-1,4'-piperidine] (23). The title compound
was obtained as a yellow oil as free base and as white crystalline solid as oxalate salt. Yield, 27%.
m.p.cam204y 152-154 °C. 'H-NMR (CDCl3, 300 MHz) & 1.55-1.65 (2H, m), 1.74-1.80 (2H, m), 1.84-1.94
(2H, m), 2.01-2.12 (2H, m), 2.36-2.48 (4H, m), 2.83-2.87 (2H, m), 4.10 (2H, t, /= 7.0 Hz), 5.07 (2H, s),
6.47 (1H, dd, J; = 3.1 Hz, J>= 0.7 Hz), 6.83-6.90 (1H, m), 7.05 (1H, dd, Jr= 10.0 Hz, J = 2.2 Hz), 7.08
(1H, d, J= 3.3 Hz), 7.14-7.24 (2H, m), 7.26-7.28 (2H, m), 7.52 (1H, dd, J = 8.7 Hz, Jr= 5.4 Hz). HRMS-
ESI for C4H27FN,O (m/z): [M+Na]* calced, 401.2005; found, 401.2015; [M+H]" calcd, 379.2185; found,
379.2200.

1'-(4-(6-(2-fluoroethoxy)- 1 H-indol- 1-yl)butyl)-3 H-spiro[isobenzofuran-1,4'-piperidine] (24). The title
compound was obtained as a transparent oil as free base and as white crystalline solid as oxalate salt.
Yield, 35%. 'H-NMR (CDCls, 300 MHz) & 1.55-1.65 (2H, m), 1.73-1.79 (2H, m), 1.88 (2H, quint, J =
7.2 Hz), 1.96-2.06 (2H, m), 2.35-2.47 (4H, m), 2.83-2.86 (2H, m), 4.09 (2H, t, J = 6.9 Hz), 4.22-4.34 (2H,
m), 4.69-4.89 (2H, m), 5.06 (2H, s), 6.42 (1H, dd, J; =3.3 Hz, J: = 0.9 Hz), 6.80 (1H, dd, J; = 8.4 Hz, J»
=2.1Hz), 6.87 (1H, d, J=2.1 Hz), 7.02 (1H, d, J= 3.3 Hz), 7.13-7.25 (2H, m), 7.26-7.30 (2H, m), 7.50
(1H, d, J = 8.4 Hz). HRMS-ESI for CyH31FN2O, (m/z): [M+Na]" calcd, 445.2268; found, 445.2258;
[M+H]" calcd, 423.2448; found, 423.2434.
1'-(4-(1H-pyrrolo[2,3-b]pyridin-1-yl)butyl)-3H-spiro[isobenzofuran-1,4'-piperidine] (CF7). The title

compound was obtained as a brown oil as free base and as brown crystalline solid as oxalate salt. Yield,
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20%. m.p c2n204) 94-96 °C. 'H-NMR (CDCls, 300 MHz) & 1.58-1.68 (2H, m), 1.73-1.78 (2H, m), 1.88-
1.98 (2H, m), 2.01-2.11 (2H, m), 2.40-2.53 (4H, m), 2.87-2.90 (2H, m), 4.24 (2H, t, /= 7.2 Hz), 5.05 (2H,
s), 6.44 (1H, d, J= 3.6 Hz), 7.02-7.06 (1H, m), 7.13-7.25 (4H, m, Ar), 7.26-7.27 (1H, m), 7.89 (1H, dd, J;
=79 Hz, J,=1.7 Hz), 831 (1H, dd, J; = 4.6 Hz, J, = 1.8 Hz). (The NMR spectrum is shown in Figure
S4.6.). HRMS-ESI for Cx3H7N3O (m/z): [M+Na]* caled 384.2052; found, 384.2051; [M+H]" calcd,
362.2232; found, 362.2229 (The HRMS-ESI and HPLC chromatograms are shown in Figures S4.7 and
S4.8, respectively).
1'-(4-(5-fluoro-1H-pyrrolo[2,3-b]pyridin-1-yl)butyl)-3H-spiro[isobenzofuran-1,4"-piperidine] (26). The
title compound was obtained as a brown oil as free base and as yellow crystalline solid as oxalate salt.
Yield, 33%. m.p c2n204) 91-94 °C. 'H-NMR (CDCl3, 300 MHz) &: 1.55-1.65 (2H, m), 1.72-1.77 (2H, m),
1.86-1.96 (2H, m), 1.98-2.09 (2H, m), 2.38-2.51 (4H, m), 2.84- 2.88 (2H, m), 4.29 (2H, t, /= 7.2 Hz), 5.04
(2H, s), 6.40 (1H, dd, J; = 3.0 Hz, J> = 1.2 Hz), 7.11-7.25 (4H, m, Ar), 7.26-7.27 (1H, m), 7.56 (1H, ddd,
Jr=9.0 Hz, J; = 2.7 Hz, J> = 1.2 Hz), 8.16-8.18 (1H, m). HRMS-ESI for C2;H26FN3O (m/z): [M+Na]"
caled, 402.1958; found, 402.1962; [M+H]" calcd, 380.2138; found, 380.2138.
1'-(4-(5-(2-fluoroethoxy)-1H-pyrrolo[2,3-b]pyridin-1-yl)butyl)-3H-spiro[isobenzofuran-1,4"-piperidine]
(27). The title compound was obtained as a brown oil as free base and as brown crystalline solid as oxalate
salt. Yield, 32%. 'H-NMR (CDCl;, 300 MHz) &: 1.56-1.66 (2H, m), 1.73-1.79 (2H, m), 1.92 (2H, quint,
J=17.2 Hz), 2.00-2.10 (2H, m), 2.39-2.52 (4H, m), 2.86-2.90 (2H, m), 4.21-4.33 (4H, m), 4.70-4.89 (2H,
m), 5.06 (2H, s), 6.37 (1H, d, J = 3.6 Hz), 7.12-7.25 (4H, m), 7.27 (1H, d, /= 3.0 Hz), 745 (1H, d, J =
2.7 Hz), 8.13 (1H, d, J = 2.7 Hz). HRMS-ESI for C,sH30FN30, (m/z): [M+Na]" calcd, 446.2220; found,
446.2203; [M+H]" calcd, 424.2400; found, 424.2382.

1'-(4-(6-fluoro-1H-pyrrolo[2,3-b]pyridin-1-yl) butyl)-3H-spiro[isobenzofuran-1,4"-piperidine] (28). The
title compound was obtained as a yellow oil as free base and as yellow crystalline solid as oxalate salt.
Yield, 35%. m.p.c2n204) 139-142 °C. 'TH-NMR (CDCl3, 300 MHz) &: 1.56-1.66 (2H, m), 1.73-1.79 (2H, m),
1.86-1.97 (2H, m), 2.00-2.11 (2H, m), 2.41-2.53 (4H, m), 2.90-2.91 (2H, m), 4.24 (2H, t, J= 7.0 Hz), 5.06
(2H, s), 6.45 (1H, d, J= 3.3 Hz), 6.68 (1H, dd, J = 8.4 Hz, Jr = 0.9 Hz, Ar), 7.13-7.25 (4H, m, Ar), 7.26-
7.27 (1H, m), 7.92 (1H, t, J = 8.0 Hz). HRMS-ESI for C23H26FN30 (m/z): [M+Na]" calcd, 402.1958; found,
402.1959; [M+H]" calcd, 380.2138; found, 380.2139.

4.15.2. Biological studies

4.15.2.1. In vitro competition binding assays

The affinity for SIR and S2R was determined by in vitro radioligand displacement experiments as
published [327].

In brief, SIR affinity was determined with [*H]-(+)-pentazocine (Am = 995 GBg/umol; Revvity) and the
membrane preparation of hS1IR-HEK?293 cells with serial dilutions of the test compound. Incubation was
performed in 50 mM TRIS-HCI, pH 7.4 at 21°C, supplemented with 120 mM NaCl, 5 mM KCI, 2 mM
CaCl,, and 1mM MgCl, for 120 min at ambient temperature.

S2R affinity was determined with [*H]DTG (An=1850 GBg/mmol; ARC) and the membrane preparation
of liver obtained from Wistar rats with 100 nM FTC-146 to mask S1R receptors, and serial dilutions of the
test compound. Incubation was performed in 50 mM TRIS-HCL, pH 7.4 at 21°C, for 120 min at ambient

temperature.
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For S1IR and S2R assays, non-specific binding of the respective radioligand was determined by co-
incubation with 10 pM haloperidol. Free and bound radioligand were separated by filtration on GF/B glass-
fibre filters (Hahnemiihle FineArt GmbH, Dassel, Germany) pre-soaked in 0.3% polyethyleneimine using
a Brandel Cell Harvester and rapidly washed four times with pre-chilled 50 mM TRIS-HCI, pH 7.4 at 4°C.
Filters were isolated, transferred to scintillation vials, and incubated with scintillation cocktail (Ultima
Gold™, Revvity) at 300 rpm for two hours at room temperature. The vials were counted in a liquid
scintillation counter (Hidex 600 SL; Hidex Oy, Turku, Finland) to determine activity as Becquerel per vial.
Data were expressed as percentage of specifically bound activity versus concentration of the respective test
compound and analysed by non-linear curve analysis using GraphPad Prism software to calculate ICsg
values. Inhibitory constant values (K;) were calculated using the Cheng-Prusoff equation with dissociation
constants of Kp= 33 nM for [*H]-(+)-Pentazocine and Kp = 50 nM for [’H]DTG. All experiments were

performed at least two times with two technical replicates.

4.15.2.2. Cytotoxicity assays

Materials: All cell culture reagents were purchased from S.I.LA.L. S.r.l. (Rome, Italy). MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazoliumbromide), was obtained from Sigma-Aldrich (Milan, Italy).
Cell Culture: MCF7wt, human breast adenocarcinoma, PANC-1, human pancreas adenocarcinoma cells,
HEK-293, human embryonic kidney cells, U20S, human osteosarcoma cells, and SH-SY5Y, human
neuroblastoma cells were obtained from American Type Culture Collection (ATCC, Bethesda, MD).
MCF7wt, PANC-1 and HEK-293 cells were cultured in high-glucose DMEM supplemented with 10% fetal
bovine serum, 2 mM L-glutamine, 100 U/mL penicillin, and 100 pg/mL streptomycin. U20S cells were
growth in McCoy's 5a Medium Modified supplemented with 10% fetal bovine serum, 2 mM L-glutamine,
100 U/mL penicillin, and 100 pg/mL streptomycin. SH-SY5Y cells were cultured in DMEM/F12
supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 100 U/mL penicillin, and 100 pg/mL
streptomycin. Cells were maintained at 37 °C in a humidified 5% CO: atmosphere.

Cytotoxicity Assay (MTT): Antiproliferative activity was assessed using the MTT assay after 48 h of drug
exposure. On day 1, 1 x 10* cells/well were seeded in 96-well plates in 100 puL of complete medium. On
day 2, test compounds were added at final concentrations ranging from 0.1 to 100 uM. Vehicle controls
(EtOH, DMSO) were included at the same final concentration used in treated wells to account for solvent
effects. After 48 h of incubation, 0.5 mg/mL MTT solution was added to each well and plates were
incubated for 3 h at 37 °C. The medium was then removed and formazan crystals were dissolved in 100 pL
DMSO. Absorbance was measured at 570 nm (reference wavelength: 630 nm) using a Victor microplate

reader.
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4.16. Supporting information
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Figure S4.5. Cytotoxicity of CF7 evaluated by MTT assay after 48 h in different cell lines.
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Figure S4.6. 'H-NMR spectrum of CF7. CDCl3, 500 MHz, 25 °C.
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fragmentation.

Injection Details

Injection Name:

Vial Number:
Injection Type:
Calibration Level:
Instrument Method:
Processing Method.
Injection Date/Time:

CF-7
Y:C2
Unknown

ACN 30%, 0.4 ml-min
Basic Quantitative

03/feb/26 15:53

Run Time (min):
Injection Volume:
Channel:
Wavelength:
Bandwidth:
Dilution Factor:
Sample Weight:

15,00
2,00
uv_vis_2
280

na.
1,0000
1,0000
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min mAU*min mAU % % n.a.
1 2,592 0,229 2,408 0,62 1,23 na.
2 3913 36,459 191,913 98,55 97,83 na.
3 5263 0,306 1,840 083 0,94 n.a.
Total: 36,993 196,161 100,00 100,00

Figure S4.8. HPLC analysis of CF7. CH3CN-AcNH4 (pH = 3.0) 3:7, flow 0.4 mL/min. Wavelength, 280 nM.
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5. Introduction

The CB1R and CB2R are key components of the endocannabinoid system (ECS) [401]. The ECS was
identified in 1988 by Howlett and Devane and was subsequently recognized as a complex molecular and
biological network that played essential roles in numerous physiological processes. It influenced anxiety,
appetite regulation, mood, cognitive performance, learning, memory, nociception, and motor function.
Moreover, the ECS is implicated in the pathophysiology of several disorders, including cancer,
cardiovascular dysfunction, and neurodegenerative diseases [402].

In addition to CB1R and CB2R, the ECS includes other receptors, such as G protein—coupled receptors
(GPR18, GPR55, GPR119, etc.), transient receptor potential (TRP) channels (e.g., TRPV1, TRPV2), and
peroxisome proliferator-activated receptors (PPARs), including PPARa and PPARy [403].
Endocannabinoids are endogenous lipid mediators that activate cannabinoid receptors embedded in lipid
membranes. They are synthesized “on demand” and released into the extracellular space when specific
cellular stimuli occur. Arachidonoyl ethanolamide (anandamide, AEA, Figure 5.1), and 2-arachidonoyl
glycerol (2-AG, Figure 5.1) are the most studied endocannabinoids, and both are produced in response to
physiological stimuli, stored within intracellular vesicles, and enzymatically released from membrane

phospholipids [404]. Recent findings have identified AEA storage “depots” in adipose tissue [405].

0 o)
m— = — — H/\/OH — — — —_— o NH,
Anandamide O-Arachidonylethanolamine
NVZVZWZMO OH N e Y o OH
2-Arachidonylglycerol 2-Arachidonylglycerin ether

POy o
H

N-Arachidonyldopamine

Figure 5.1. Structure of major endocannabinoids.

Once released from postsynaptic neurons, endocannabinoids act as retrograde messengers (Figure 5.2),
traveling across the synaptic cleft to activate CB1R located on presynaptic terminals. Following their
release, these ligands are rapidly cleared from the synaptic space through selective reuptake mechanisms

mediated by a membrane transporter or, alternatively, by passive diffusion [405].
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Figure 5.2. Retrograde mechanism of the endocannabinoid system.

Pharmacologically, AEA acts as partial agonist at both CB1 and CB2 receptors and binds to Transient
Receptor Potential Vanilloid 1 (TRPV1) and G protein-coupled receptor 55 (GPRSS).

2-AG serves as a full agonist at CB1 and CB2 receptors, interacts with GABA receptors, and is able to
activate PPAR-a and PPAR-y nuclear receptors.

Other identified endocannabinoids included 2-arachidonylglyceryl ether (noladin ether, 2-AGE), N-
arachidonoyl dopamine (NADA), O-arachidonoyl ethanolamine (virodhamine, O-AEA, Figure 5.1), and
hemopressin [406,407].

5.1. Cannabinoid receptors

CBIR and CB2R belong to the family of G protein—coupled receptors (GPCRs) associated with Gi/o
proteins. These receptors are part of a broader family of membrane proteins characterized by an
extracellular amino-terminal domain, seven conserved transmembrane o-helices connected by three
extracellular and three intracellular loops, and an intracellular carboxy-terminal domain [408].

CBI1R and CB2R share approximately 44% amino acid sequence homology, with most of their sequence
divergence localized to the N-terminal region, the second extracellular loop (ECL2), and the C-terminal
domain. Despite their structural similarities, the two receptors display distinct tissue distribution patterns
(Figure 5.3) [409].

Upon activation, both receptors inhibit adenylate cyclase activity, resulting in a decrease in intracellular
cyclic adenosine monophosphate (cAMP) levels and, consequently, a reduction in protein kinase A (PKA)-
mediated phosphorylation. Beyond this classical signalling pathway, stimulation of CB1R and CB2R also

activate mitogen-activated protein kinases (MAPKSs), which regulate the activity of various transcription
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factors and modulate key cellular processes, including gene expression, differentiation, proliferation,

mitosis, survival, and apoptosis [409,410].
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Figure 5.3. CB1R and CB2R and their relative distribution in the human body. Adapted for Ref [409].
5.2. Cannabinoid receptor subtype 1 (CB1R)

CBI1R is composed of 472 amino acids and, in humans, is encoded by the CNRI gene, which is located on
chromosome 6q14—15. CBIR represents the most abundant metabotropic receptor in the CNS, with
particularly high expression levels in the cerebellum, hippocampus, basal ganglia, astrocytes, microglia,
and presynaptic terminals. Within these regions, CBIR is critically involved in regulating appetite, learning,
and memory processes [411].

Although CBIR is primarily localized at presynaptic terminals, a smaller population has also been detected
at postsynaptic sites, where it mediates the slow autoinhibition of neocortical interneurons and modulates
the expression of neuropeptide precursors regulating appetite within the hypothalamic arcuate nucleus.
Additionally, mitochondrial CB1Rs (mtCB1Rs) have been identified on neuronal mitochondria, where they
suppress electron transport chain activity, thereby modulating energy metabolism and memory-related
processes [412].

CBIR is also expressed in the peripheral nervous system and several peripheral organs, including the
gastrointestinal tract, liver, kidneys, and lungs, where it contributes to the regulation of energy metabolism,
nociception, and reproductive functions. While its hepatic expression is normally low, CB1R upregulation
has been observed under pathological conditions such as obesity and liver disease, promoting insulin
resistance, fibrosis, and lipogenesis. Similarly, enhanced CBIR expression in the cardiovascular system
has been associated with cardiac dysfunction [408].

Upon activation, CBIR triggers multiple intracellular signaling cascades, including the MAPK, c-Jun N-
terminal kinase (JNK), and p38 pathways, which collectively regulate cell proliferation, differentiation, and
apoptosis. At the synaptic level, CBIR inhibits the release of GABA and glutamate from presynaptic

terminals, a mechanism that underlies its neuroprotective effects against excitotoxicity. This
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neuroprotection also involves the inhibition of nitric oxide synthesis, the attenuation of zinc mobilization,
and the upregulation of brain-derived neurotrophic factor (BDNF) expression [401].

Increased CBIR expression has been documented in several neurodegenerative disorders, including AD,
PD, and HD [413]. More recently, CBIR has been shown to be implicated in nociception, opening the
possibility of targeting this receptor for the development of non-opioid analgesics for chronic pain
management, including cancer-related pain. Furthermore, CB1R has emerged as a potential target in
oncology, as its activation can inhibit tumor proliferation, induce apoptosis, and suppress angiogenesis,

thereby limiting tumor growth and metastasis [410].

5.3. Cannabinoid receptor subtype 2 (CB2R)

Similar to CB1R, the CB2R is also coupled to Gi/o proteins, and its activation leads to inhibition of
adenylate cyclase, resulting in a decrease in intracellular cAMP levels. This signaling cascade triggers the
activation of MAPK pathways and promotes an increase in intracellular calcium concentration.

The CB2R gene was first cloned in 1993 by Munro et al. from a human promyelocytic leukemia cell line
(HL-60). The resulting protein, initially referred to as CX5, exhibited specific binding affinity for a range
of synthetic cannabinoids (such as WIN55,212-2 and CP55,940), phytocannabinoids (including A°-
tetrahydrocannabinol (THC) and cannabinol), and the endogenous ligand 2-AG [414].

5.3.1. Structure, Localization and Function

5.3.1.1. Structure

Recent structural studies provided the three-dimensional cryo-electron microscopy (cryo-EM) structure of
the CB2R (Figure 5.4), offering valuable insights for the rational design of high-affinity and high-selectivity
CB2R ligands. These investigations were performed with on the CBIR/CB2R agonist WIN 55,212-2 (K; =
62.3 nM for CBIR and 3.3 nM for CB2R), a compound known for its efficacy in the treatment of several
pathological conditions, including pain and cancer [415].

The resolved structure revealed that WIN 55,212-2 (Figure 5.4) occupies the orthosteric binding pocket of
CB2R, overlapping with the binding site of the antagonist AM10257. The agonist stabilizes the CB2R—Gi
complex in its active conformation through interaction with the conserved “toggle switch” residue
W2586.48 (tryptophan), a key determinant in distinguishing agonists from antagonists. In addition, the
ECL2 and residues within transmembrane helices 2, 3, and 6 were shown to play crucial roles in ligand
recognition and receptor selectivity [415].

Importantly, the distinct conformation adopted by W2586.48 in CB1R compared with CB2R was associated
with specific rearrangements in the intracellular regions of TM5, TM6, and TM7, defining a unique
activation and signaling mechanism for CB2R. Despite the high degree of structural homology between
CBIR and CB2R, their interactions with the a5 helix of the G-protein exhibit significant differences.
Collectively, these findings provide an advanced structural framework for the structure-based design of

selective CB2R agonists, optimizing both receptor selectivity and functional activity [415].

156



1

-
i
TN Fari®  §

o8 Y
o Vasi*s, yn
3.36
m FIT
7 N\

W258°4°

Figure 5.4. CB2R Cryo-EM Structure. A, Cross-sectional view of the cryo-EM density map of the CB2-WIN 55,212—
2-Gi—scFv16 complex. B, Overall structure of the CB2—WIN 55,212-2 complex. The WIN 55,212-2 molecule is
shown in cyan, while the CB2 cryo-EM structure is shown in magenta. C, Detailed view of the interactions between
WIN 55,212-2 (cyan) and CB2 (magenta). The residues forming the CB2 binding pocket are mainly hydrophobic
(magenta sticks) and are located within TM2-TM3, TM5-TM7, and ECL2. Picture Adapted form Ref [415].

5.3.1.2. Localization and Function

For many years, CB2R expression was believed to be restricted to peripheral immune tissues (thymus,
tonsils, spleen) and cells (macrophages, T lymphocytes, B lymphocytes, natural killer cells, monocytes,
etc.) [416]. However, macrophage-derived immune cells, the so-called microglia, are present in the CNS,
and many studies have questioned the absence of CB2R expression at this level. Indeed, although the lack
of CB2R expression in the CNS under physiological conditions suggests that resting microglia do not
express this receptor, several reports have demonstrated its marked up-regulation and overexpression in
activated microglia upon pathological conditions [411]. In fact, CB2R was found to be overexpressed in
activated microglial cells in animal models of AD, HD, HIV-induced encephalitis, and multiple sclerosis
[417]. In addition, further studies demonstrated the expression of CB2Rs in the brain also to some extent
under physiological conditions [416]. The presence of CB2 mRNA was first found in cultured cerebellar
cells and in mouse cerebellum [418]. Later, CB2R expression was confirmed in neurons of different brain
regions, such as the cerebellum [419], hippocampus [420], brainstem [421], and midbrain [422].

The functions of these physiologically expressed brain CB2Rs are still under investigation, but a role has
been postulated in dopamine-related behaviours [422], cocaine’s action [423], and synaptic plasticity [424].
Experimental evidence has also correlated the increased expression of the receptor, primarily in the spinal
cord. In addition to neurons, CB2R has also been found in other tissues such as pulmonary endothelial cells,
male and female reproductive tissues, bone, gastrointestinal system, eyes, and adipocytes [415].

In pulmonary endothelial cells, CB2R activation results in phospholipase C-mediated calcium release from
the smooth endoplasmic reticulum, resulting in increased mitochondrial calcium [425]. The CB2R may
influence meiosis in spermatogonia [426] but more generally the activation of CB2Rs can act in different

aspects of mammalian reproduction [427].
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In bone, particularly in osteocytes, osteoblasts, and osteoclasts, CB2R modulates bone formation and
turnover. CB2R deficiency has also been associated with osteoporosis [426].

The presence of CB2R mRNA was demonstrated in the stomach where cannabinoids modulate excitatory
cholinergic and inhibitory NANC neurotransmission in the gastric fundus [428]. CB2Rs expressed on
enteric neurons are present in the gut under physiological conditions but do not appear to be functionally
active under normal conditions. Activation of either enteric neurons (directly) or glia (indirectly) in
response to a neuroimmune challenge leads to a reduction in neurotransmitter release, thereby reducing
muscle contractility [429].

In the eye, it has been shown that trabecular meshwork cells exhibit functional CB2Rs and that these are
involved in improving outflow facility [430].

Finally, regarding CB2R expression on human adipose tissue adipocytes, it has been shown that both
mature adipocytes and pre-adipocytes express CBIR and CB2R on their plasma membranes. While CB1R
activation increases intracytoplasmic cyclic AMP, CB2R activation leads to a decrease in cyclic AMP
[431].

However, the main localization remains in the immune tissues and, although a certain expression of CBIR
has been also found, several studies have indicated that the modulation of the majority of immune responses
is CB2R-dependent [432,433].

The activation of CB2Rs by endocannabinoids (2-AG and AEA) or exogenous ligands (THC and synthetic
cannabinoids) has been associated with both direct and indirect regulation of immune cells [433]. This latter
consists in the regulation of the expression of chemokines and cytokines, key mediators secreted by immune
cells that regulate the activity of other immune cells toward either a pro-inflammatory or an anti-
inflammatory phenotype [433]. However, some studies suggested that the CB2R regulatory role in
inflammation remains controversial [433]. Nevertheless, CB2R has emerged as an attractive therapeutic

target, due to its anti-inflammatory and neuroprotective effects in the absence of psychotropic actions [434].
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Table 5.1. Summary table of CB2R localization, expression and its physiological and pharmacological roles in different
body systems.

Tissue/Cell Type Expression Level Physiological/Pathological Role
Immune cells (macrophages, Hich Immune modulation, cytokine
lymphocytes) & regulation
. . . U lated . . .
Microglia (activated) presy a. y Neuroinflammation, neuroprotection
(pathological)
Neurons (hippqcampus, cerebellum, Moderate Dopaminergic sign.aling, synaptic
midbrain) plasticity
. Calci ignaling, mitochondrial
Pulmonary endothelial cells Moderate a'ciim signatig ,ml ochondia
regulation
Reproductive tissues Moderate Regulation of meiosis and fertility
Bone (osteocytes, osteoclasts) Moderate Bone turnover, anti-osteoporotic role
. onali i
Gastrointestinal tract Moderate Neuroimmune 51gr?a ing, motility
regulation
Eye (trabecular meshwork) Low-moderate Regulation of aqueous humor outflow
Adipocytes Low cAMP modulation, metabolic

regulation

5.4. Role of CB2R In CNS diseases

The neuroprotective effects of the ECS have been recognized for several years [435]. Overall, the ECS
exerts its neuroprotective action through a heterogeneous set of mechanisms involving neurons, glial cells,
and critical brain structures such as the BBB [436—438].

CBI1R agonists contribute to neuroprotection through several complementary mechanisms, including the
reduction of glutamate excitotoxicity and Ca?" influx [439], attenuation of pro-inflammatory cytokine
production [440], and preservation of cerebral blood flow [441].

However, the psychotropic effects typically associated with CB1R activation have significantly limited the
therapeutic potential of CB1R agonists, redirecting research interest toward the CB2R. As previously
discussed, CB2R is physiologically expressed in neurons in several brain regions, but its expression levels
are extremely low, making its detection technically challenging [416].

Under pathological conditions associated with CNS disorders, CB2R expression becomes markedly
upregulated, particularly in microglial cells [416]. For instance, CB2R overexpression has been identified
in postmortem brain tissue from AD patients, where it localizes predominantly in glial cells surrounding
senile plaques and correlates with APz levels and plaque burden [411,442,443].

Similarly, enhanced CB2R expression has been reported in microglial cells of animal models of PD [444—
446], HD [447,448], MS, and ALS [449,450]. Increased CB2R levels have also been observed in
postmortem tissue from human patients affected by PD [451] and ALS [452].
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5.4.1. Role of CB2R in Alzheimer's Disease

CB2R is closely associated with AD. Postmortem analyses of AD patients’ brain have shown markedly
elevated CB2R levels, particularly in microglial cells surrounding AP plaques [453]. Both in vitro and in
vivo studies have demonstrated that CB2R agonists are capable of reducing the formation of new AP
plaques as well as promoting the clearance of pre-existing ones, ultimately leading to improvements in
memory performance [453—-455].

In contrast, activation of CB1R does not appear to influence the production, aggregation, or clearance of
AP protein [453]. Interestingly, recent findings indicate that A®-tetrahydrocannabinol (A°-THC) can
significantly enhance the expression of neprilysin, a key endopeptidase responsible for AP degradation;
however, the precise contribution of CB1 and CB2 receptors to this mechanism remains uncertain [456].
Beyond its effects on AP metabolism, CB2R activation also appears to mitigate tau protein
hyperphosphorylation, another major pathological hallmark of AD [453]. Thus, the therapeutic potential of
CB2R agonists in AD is two-fold: on one hand, they can modulate the pathological accumulation of both
AP and tau proteins; on the other, they exert potent anti-inflammatory effects [453].

Neuroinflammation plays a central role in the progressive neuronal damage characteristic of AD. Activation
of CB2Rs has been shown to inhibit microglia-mediated neurotoxicity by reducing the release of pro-
inflammatory molecules and promoting the phenotypic shift of microglial cells from the neurotoxic M1
state to the neuroprotective M2 phenotype. This effect has been consistently demonstrated in vitro using
selective CB2R agonists such as JWH-015, JWH-133, and HU-308, as well as mixed CB1R/CB2R agonists
including WIN55,212-2 and HU-210 [457].

5.4.2. Role of CB2R in Parkinson's Disease

From an enteropathogenic perspective, the involvement of the ECS in PD has been extensively investigated.
CB2R expression has been identified in nigrostriatal dopaminergic neurons, supporting the hypothesis of a
direct modulatory role of the ECS on dopaminergic transmission. Generally, in hyperkinetic disorders, a
reduced ECS tone accompanies elevated dopaminergic activity, whereas in hypokinetic movement
disorders, the opposite condition occurs, increased endocannabinoid activity suppresses dopaminergic
signaling [458].

Multiple studies have confirmed the capacity of CB2R to attenuate neuroinflammation and counteract the
progressive degeneration of nigrostriatal dopaminergic neurons characteristic of PD. Notably, treatment
with B-caryophyllene, a natural CB2R agonist, has been shown to reduce dopaminergic neuronal loss, pro-
inflammatory cytokine levels, and iNOS expression [459]. Furthermore, upregulation of CB2R has been
demonstrated in microglial cells in animal models of PD as well as in the substantia nigra of human PD
patients [460].

Several preclinical studies employing diverse experimental paradigms have indicated that CB2R
modulation could be beneficial in alleviating motor symptoms associated with PD, including levodopa-
induced dyskinesias (LID) [458]. Clinical investigations have also reported that oral cannabis
administration can improve both motor and non-motor symptoms in PD patients. In contrast, results with
inhaled cannabis are more variable: while some patients experienced no improvement in tremor or motor
spasms after a single dose of phytocannabinoids, others reported notable reductions in tremor, rigidity,

bradykinesia, pain, and sleep disturbances within 30 min of intake [461].
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Recent findings, regarding A°>-THC, have revealed its antioxidant properties and dual pharmacological
action, activation of CB2R concomitant with CB1R blockade, suggesting its potential to mitigate symptoms
and delay neurodegeneration without inducing the psychotropic effects typically associated with cannabis
use [462].

In neurodegenerative diseases characterized by impaired neurogenesis, the generation of new neurons is
crucial to maintaining proper neuronal function. Elevated endocannabinoid concentrations or inhibition of
fatty acid amide hydrolase (FAAH) have been shown to promote the proliferation of neural stem cells in
various brain regions. Moreover, the CB2R agonist WIN-55,212-2 has been demonstrated to stimulate
neural stem cell proliferation and neurogenesis, further supporting the potential therapeutic role of CB2R

agonists in counteracting age-related neurogenic decline associated with PD [459].
5.4.3. Role of CB2R in other diseases

As previously mentioned, CB2R is also implicated in other neurodegenerative disorders, including HD,
MS, and ALS. In HD, CB2R is emerging as a promising therapeutic target for both treatment and early
diagnosis. CB2Rs expressed in microglial cells exert neuroprotective effects against HD-related
excitotoxicity by attenuating neuroinflammation, cerebral edema, striatal neuronal loss, and motor
dysfunction. In the R6/2 transgenic mouse model of HD, CB2R expression is elevated in the hippocampus,
cortex, striatum, and cerebellum. Upregulation of CB2R has also been observed in microglial cells in the
striatum of HD models, as well as in the caudate nucleus of HD patients [463].

Pharmacological studies have shown that treatment with CB2R agonists increases survival and mitigates
motor deficits, whereas administration of a peripherally acting CB2R antagonist abolishes these beneficial
effects. These findings have led to the hypothesis of a communication mechanism between the periphery
and the CNS, in which CB2Rs regulate plasma levels of IL-6, potentially mediating the observed central
effects. Supporting this hypothesis, neutralizing antibodies against IL-6 have demonstrated protective
effects against motor deficits and weight loss [464].

In MS, postmortem studies have revealed CB2R overexpression in spinal cord lesions of patients [465].
Furthermore, a significant genetic association has been identified between the CB2R polymorphism
rs35761398 (Q63R) and MS, confirming the involvement of the CB2 gene in the pathogenesis of this
disorder [463]. While cannabinoids have demonstrated analgesic efficacy in MS-related pain, CBIR-
mediated psychotropic effects substantially limit their clinical use. Notably, preclinical studies in mouse
models of MS have shown that the CB2R agonist JWH-133 provides analgesic effects independently of
CBIR activation, adding a further therapeutic dimension to the anti-inflammatory and immunomodulatory
properties of CB2R [463].

Finally, the role of CB2R in ALS has been investigated using SOD1 transgenic mice. Administration of the
CB2R agonist AM1241 via intraperitoneal injection, at the onset of symptoms, improved motor
performance and increased overall survival in two independent studies [449]. These results further support

the potential of CB2R-targeted therapies in modulating neurodegenerative disease progression.
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5.4.4. Role of CB2R in cancer

The antitumor effects of cannabis were first identified over 40 years ago, when THC and other cannabinoids
were shown to inhibit the growth of lung adenocarcinoma cells both in vitro and in vivo [466]. The ECS
plays a significant role in cancer pathogenesis, with numerous studies reporting increased levels of all its
components, including endocannabinoids, classical and non-classical cannabinoid receptors, and metabolic
enzymes, in tumor cell lines and tumor tissues [467,468].

Activation of cannabinoid receptors, whether through selective or non-selective CB1R/CB2R agonists,
exerts antitumor effects via multiple mechanisms [467,468]. In particular, CB2R activation, but not CBIR,
has demonstrated antiproliferative effects in breast (N202.1A) and prostate (PC3) cancer cell lines
[469,470]. The well-known CB2R-selective agonist JWH-133 has been shown to induce antiproliferative,
antiangiogenic, and antimetastatic effects in in vivo models of breast cancer [469,471], glioma [472], and
skin cancer [473]. The mechanisms by which cannabinoid receptor activation produces antitumor effects
are multifaceted and typically result in apoptosis, cell cycle arrest, and inhibition of cell growth, adhesion,
and migration. Key events include the activation of ceramide synthase, leading to ceramide production;
inhibition of adenylate cyclase; and induction of p53 expression. Ceramide generation triggers downstream
activation of extracellular signal-regulated kinase (ERK) and p38/MAPK pathways, culminating in
apoptosis and cell cycle arrest via mechanisms such as caspase activation and cytochrome C release from
mitochondria. Similarly, inhibition of adenylate cyclase and reduction of intracellular cAMP levels
promotes apoptosis by ERK pathway activation and modulation of gene transcription. Upregulation of p53
also induces caspase activation, enhancing apoptosis through the positive regulation of the pro-apoptotic
protein Bax and the negative regulation of the anti-apoptotic protein Bcl2 [462,467].

Conversely, CB2R activation has also been associated with anti-apoptotic and pro-tumorigenic effects
mediated by the PI3K/PKB signaling pathway [462,474]. In this context, the expression of cannabinoid
receptors may contribute to the development of certain cancers, including skin cancer, leukemia, and breast
cancer [475]. These divergent findings highlight the controversial and tumor type—dependent role of the
ECS in cancer etiopathogenesis.

Importantly, several clinical trials have been conducted or are ongoing to evaluate THC and other

cannabinoids as potential anticancer therapies (NCT01812603; NCT01812616) [476,477].
5.5. Current State of PET Radiotracers Targeting the CB2R

CB2R PET radiotracers represent an important tool for the diagnosis of neuroinflammatory states, as these
receptors are not expressed in the CNS under physiological conditions but are overexpressed under
pathological conditions. However, the development of new CNS PET radiotracers is challenging because
CB2R ligands are usually highly lipophilic and besides being characterized by high nonspecific binding
they hardly cross the BBB. Demonstrating the relevance of this target, several reviews and perspectives
analyzing CB2R PET radiotracers have been published over the years [478—480]. Of particular importance
is the review published by Basagni F. et al., who analyzed, among other aspects, the main CB2R PET
radiotracers reported up to 2020, dividing them into structural classes [480]. This work therefore served as
the inspiration for the present analysis of the state of the art of CB2R PET radiotracers, which is likewise

divided into structural classes (Figure 5.5).
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Figure 5.5: Structures of known PET tracers developed for CB2R imaging.

163



5.5.1. Oxoquinoline derivatives

The oxoquinoline scaffold is widely used for CB2R ligands, not only for the development of PET
radiotracers but also for the design of fluorescent probes and therapeutic molecules.

The first PET radiotracers developed within this class were [''C]NE40 and ['®F]1. Both molecules were
evaluated in mice and were found to cross the BBB and to exhibit persistent and specific accumulation in
the spleen. Both compounds were cleared from plasma via the hepatobiliary system and underwent rapid
metabolism. Of the two, ['8F]1 showed a more rapid brain washout than ['!C]NE40 and exhibited in vivo
defluorination, indicating that [''C]NE40, despite the short half-life of ''C, is more promising for brain
PET imaging [481].

['"C]NE40 was also studied in Wistar rats, in which splenic CB2R-specific retention was even more
pronounced than in biodistribution studies in mice. To further confirm the promising in vivo characteristics
of NE40, biodistribution and autoradiography studies were performed in Wistar rats. Brain time-activity
curves (CT scans) over time in rats and mice were quite similar and relatively homogeneous across brain
regions. MicroPET studies were also conducted in rhesus monkeys, showing brain uptake in the cerebellum
comparable to that in the frontal cortex and a similarly rapid washout. Finally, [''C]NE40 was evaluated in
a rat model with local overexpression of ZCB2R in the right striatum and using a structurally unrelated
partial agonist such as GW405833; ['!C]NE40 was demonstrated to bind reversibly to #CB2Rs [482].
The favorable characteristics of ['\C|NE40 for PET neuroimaging enabled a human study to evaluate its
biodistribution and safety. No subjective effects or adverse events were observed. The mean effective
radiation dose of [''C]NE40 was determined to be 3.64 uSv/MBq, which was below the mean tolerable
dose. Biodistribution with uptake in the spleen and the absence of brain uptake under healthy conditions
make this tracer promising for further studies under pathological conditions [483].

[''C]NE40 has also been used as an experimental marker of activated microglia, and its kinetic modeling
in the brains of HD and AD patients has been investigated. AD patients did not show increased CB2R
availability compared to HD. In contrast, AD patients exhibited significantly lower overall CB2R
availability throughout the brain, in both cortical and subcortical regions. Furthermore, no correlation was
found between regional amyloid deposition and homologous CB2R availability in AD patients. Regarding
kinetic modeling, the best results were obtained with a reversible two-tissue compartment (2T) model.
[''CINE40 showed relatively slow kinetics; the tracer accumulated and dissipated slowly in the bound
compartment, allowing appropriate quantification over a 90-min period [484].

Given the excellent results obtained with [!!C]NE40, a series of PET radiotracers was developed starting
from this scaffold, in which small structural modifications were introduced with the aim of improving
affinity, reducing lipophilicity, or increasing half-life, as already analyzed by Basagni F. et al. [480].

The first derivatives developed were [''C]KP23 and [''C]KD2, designed to increase affinity and specific
binding. [''C]KP23 showed high binding in autoradiographic studies with rat and mouse spleen slices.
However, splenic binding was found to be largely nonspecific [485]. In vitro autoradiography with rat and
mouse spleen slices conducted with [''C]KD2 instead demonstrated highly specific and selective reversible
binding [486]. For both radiotracers, brain CT scans in healthy rats showed low uptake, consistent with the
low level of CB2R expression [485,486]. In vitro autoradiography was also performed for [''C]KD2 using
spinal cord tissue from ALS patients, showing specific accumulation of the tracer, an encouraging result

for noninvasive imaging of CB2R levels in the spinal cord [486].
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One possible cause of the nonspecific binding of [!'C]KD2 is its high lipophilicity. For this reason,
['!C]RS-016 was designed by introducing an oxygen atom into the pentyl chain to reduce lipophilicity. In
vitro autoradiography showed that [''C]RS-016 exhibited lower nonspecific binding than ["C]KD2. Ex
vivo biodistribution studies revealed low accumulation of radioactivity in the healthy rat brain, consistent
with the low levels of CB2R expression under physiological conditions. This low accumulation may also
reflect limited BBB penetration of ['!C]RS-016. Using a mouse model of LPS-induced neuroinflammation,
increased brain uptake was observed [487].

Maintaining low lipophilicity, ['®F]RS-126 was designed to increase half-life by radiolabeling with 'SF
rather than !'C. Autoradiographic studies with ['8F]RS-126 showed high specific binding to CB2R-positive
rat spleen tissue sections. /n vivo displacement studies confirmed selective binding to CB2R in rat spleen.
Biodistribution studies in rats revealed 79% specific binding of ["¥F]RS-126 to splenic tissue. In contrast
to [M"C]RS-016, ['8F]RS-126 did not enable detection of CB2R expression in the brains of LPS-treated
mice. Another disadvantage of ['*F]RS-126 compared to [''\C]RS-016 is in vivo defluorination, indicating
metabolic instability [488].

['®F]RS-126 was also evaluated in vivo in the R6/2 neuroinflammatory mouse model. However, no
difference in CB2R expression between R6/2 and wild-type mice was detected by PET imaging with
['®F]RS-126, regardless of brain region or age [448].

To further reduce the lipophilicity of [''C]RS-016, a hydroxyl group was introduced onto the adamantane
moiety to yield [''C]RS-028. In vitro autoradiography of [''C]RS-028 revealed significantly reduced
nonspecific tissue binding. ["'C]RS-028 was shown to be stable in brain, plasma, and spleen tissue in ex
vivo metabolite studies using Wistar rats. However, splenic uptake was rather low compared to previously
described CB2R radioligands, and a rapid washout was observed, likely due to the high polarity of the
tracer. Therefore, preliminary animal studies with [''C]RS-028 do not support its use for in vivo CNS
imaging [448].

More extensive structural modifications, conducted by different research groups, led to the development of
['8F]LU14 and ['*F]LU13-ds.

In autoradiographic studies of the spleen, ['®F]LU14 showed no or only low specific binding. CT scans
revealed rather low uptake in the spleen, comparable to that in muscle tissue used as a reference, in
agreement with autoradiographic findings. To evaluate BBB penetration and the potential to visualize
hCB2R under pathological conditions, PET imaging experiments with ['*F]LU14 were performed in a rat
model with local overexpression of hCB2 receptors in the right striatum. CT analysis revealed significantly
higher uptake in the hCB2R-overexpressing striatal region (D8ON) compared to the contralateral region
and cerebellum after intravenous injection of ['®F]LU14. Initial uptake was followed by washout with a
significantly longer mean residence time (MRT) in the target region than in nontarget regions. Strong
metabolic conversion of ['®F]LU14 to more polar metabolites was observed; in plasma, only 17% of
unchanged ["®F]LU14 was detected, whereas in the brain, 82 £ 5% of intact ['*F]LU14 was measured.
Dynamic small-animal PET/MR scans with ["*F]LU14 were performed under control and blocked
conditions in healthy male Wistar rats [489].

For ["®F]LU13, autoradiographic results were comparable to those obtained for ["®*F]LU14. The main
novelty of ['"8F]LU13 is the use of a deuterated chain to increase metabolic stability; indeed, a smaller

fraction of radiometabolites was detected compared to the structural analogue ['*F]LU14. In the brain, 85
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+ 3% of the activity corresponded to intact ['®®F]LU13. Brain uptake and specific binding of [®F]LU13
were also investigated in PET imaging experiments using a D8ON rat model in the right striatum. CT
analysis revealed significantly higher uptake in the #CB2R-overexpressing striatal region. ['®F]JLU13
therefore crosses the BBB and binds specifically and reversibly to ZCB2R [490].

5.5.2. Pyridine derivatives

The pyridine scaffold has received less attention, from a PET imaging perspective, than the oxoquinoline
scaffold; indeed, only three PET radiotracers, based on this structure, have been reported to date.
[''C]RSR-056 has proven to be particularly suitable for brain imaging of neuroinflammatory states; indeed,
brain radioactivity was significantly higher in LPS-treated mice than in control mice. In vivo PET and
biodistribution studies also confirmed its specificity for splenic tissue. Regarding metabolic stability, the
percentage of intact parent tracer in plasma decreased over time to 51% after 5 min, 37% after 10 min, and
21% after 20 min [491].

Compared to the previous radiotracer, ['®F]2 has a longer alkyl chain linked to the ester group and,
importantly, it is radiolabeled with '8F rather than ''C. In vitro autoradiography using CB2R-positive rat
spleen tissue showed that ['®F]2 exhibited high specific binding to the spleen under basal conditions. In
CB2R-negative brain slices from healthy Wistar rats, tracer binding was not reduced by the addition of
GW-405833, confirming the absence of displaceable CB2R binding in healthy brains. CT scan time-activity
curves calculated for the spleen indicated that ['®F]2 binds specifically and reversibly to CB2R in vivo
[492].

['®F]RoSMA-18-ds has a structure very similar to that of the previous radiotracer but it is characterized by
the presence of a deuterated propyl chain to increase metabolic stability. ['*F]RoSMA-18-ds was evaluated
by imaging a subacute tMCAO mouse model, concomitant with reduced CMRglc levels and structural
lesion formation. Dynamic microPET scanning with ['®F]RoSMA-18-ds indicated reduced perfusion in the
lesioned brain regions during the first time interval of 1-3 min. The in vivo specificity of ['*F]RoSMA-18-
ds toward CB2R was demonstrated by a 58% reduction in splenic radioactivity under blocked conditions
in ex vivo biodistribution studies. CT scans of ["*FJRoSMA-18-ds in healthy brain showed poor binding
specificity, whereas those acquired in the tMCAO mouse model showed significantly higher initial brain

uptake under blocked conditions compared to baseline in both hemispheres of the mouse brain [493].
5.5.3. Indole derivatives

The indole scaffold is highly versatile and has been used for ligands targeting several receptors. The first
PET radiotracer in this category was the reference CB2R agonist GW-405833, which was radiolabeled with
1C. [""C]GW405833 showed high brain uptake in rats and did not bind specifically to the spleen. It
exhibited hepatobiliary excretion and rapid metabolism, with only 15% of intact tracer remaining in plasma
30 min after injection in mice. PET studies in primates confirmed the high brain uptake of [''C]|GW405833,
but brain washout was slower than that observed in rats [494].

Starting from ["C]|GW405833, its fluoroethoxy analogue ['*F]FE-GW405833 was also developed. In
mice, this tracer showed moderate brain uptake, a rather slow washout, and hepatobiliary-type excretion
[340]. Spleen binding was comparable to that of [''C]GW405833. Metabolism was also comparable to that
of [""C]GW405833, with only 12% of intact tracer remaining in plasma at 30 min p.i. [340,494]. CT scans
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of the left striatum showed an initial peak followed by slow clearance until approximately 60 min, after
which activity levels remained constant, consistent with biodistribution data in mice. CT scans of the right
striatum showed a similar pattern but with slower clearance, resulting in a 1.6-fold higher concentration
than in the contralateral striatum at 60 min p.i., a ratio comparable to that observed for ["C]|GW405833
[340,494].

Regarding ['®F]DM102, autoradiography of rat splenic tissue sections revealed binding, with a degree of
nonspecific binding within acceptable limits [495].

['®F]RM365 showed a comparable biodistribution in the spleen between mice and rats, with a constant
SUV value of 0.7 + 0.1. Regarding metabolism, approximately 90% of the radioactivity detected in brain
samples corresponded to the intact radioligand. Using the DS8ON model in the right striatum, both blood—
brain barrier permeability and high specific binding to the CB2R were demonstrated [496].

5.5.4. Thiophene and thiazole derivatives

The first compound in the thiazole series to be developed was [''C]A-836339, which served as a model for
the development of subsequent radiotracers.

The whole-body and brain distribution of ["'C]A-836339 in mice was assessed, and the radiotracer was
found to exhibit specific binding in both the spleen and the brain. [''C]A-836339 also showed high brain-
specific uptake in a mouse model of LPS-induced neuroinflammation, and comparison of SUV values
between this model and control mice highlighted the applicability of this radiotracer for PET imaging of
neuroinflammation [497]. In a mouse model of AD, [''C]A-836339 showed significant specific binding in
various brain regions [497,498]. ['!C]A-836339 was also evaluated in a mouse model of cerebral ischemia;
however, the lack of radiotracer uptake after stroke demonstrated the limitations of this compound in this
pathological condition [499].

['*F]JHU94620 was developed from ['!C]A-836339 by lengthening the alkyl chain linked to the nitrogen
atom and eliminating the oxygen atom. Autoradiographic experiments on rat spleen slices demonstrated
the specificity of this radiotracer. PET/MR experiments in healthy female CD-1 mice revealed high uptake
in the liver, kidney, intestine, urinary bladder, and gallbladder, confirming a predominantly hepatic
excretion pathway. Clear and marked uptake was also observed in the spleen as a specific target tissue.
When compared with CD-1 mice in a mouse model of LPS-induced neuroinflammation, higher uptake of
['®F]JHU94620 was observed in the brains of LPS-treated mice. Rapid metabolism was observed, with
only 7% of intact ['*F]JHU94620 detected in plasma and approximately 36% in brain samples [500].

To increase metabolic stability, the alkyl chain of [®F]JHU94620 was replaced with its deuterated
analogue. In this way, the formation of more hydrophilic radiometabolites, presumably hydroxylated
species capable of crossing the blood—brain barrier, was reduced. Although a low fP of ['*F]JHU94620-
d8 was determined, which is common for lipophilic radiotracers, sufficiently high brain uptake was
observed. In particular, brain CT scans in a rat model with high ACB2R (D80N) expression demonstrated
reversible and CB2R-specific binding of ['¥F]JHU94620-d8 in the brain [501].

To reduce lipophilicity, an oxygen atom was introduced into the alkyl chain of ["*F]JHU94620, yielding
['*F]FC0324. Biodistribution studies in healthy rats showed similar distribution and elimination patterns
across most organs, except for the spleen, where marked accumulation was observed, suggesting specific

binding of the radiotracer. Blockade experiments in rat spleen confirmed the specificity and selectivity of
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['®F]FC0324. With respect to metabolism, the percentage of unmetabolized ['|F]FC0324 decreased
exponentially as a function of time, accounting for 53% at 5 min and 25% at 30 min after injection. Over
the same time period, the percentage of the major polar radiometabolite increased and reached 50% of total
plasma radioactivity [502].

['®F]FC0324 was also evaluated in NHPs. CT scans showed rapid and homogeneous brain distribution
followed by rapid washout, consistent with the low abundance of CB2R in the healthy brain. Whole-body
PET-CT suggested high and specific uptake of the radiotracer in the spleen and in organs involved in
metabolism and excretion, with low bone uptake. Regarding metabolism, the main radiometabolite was
likely the result of further oxidation of hydroxylated compounds, and the parent [*¥F]FC0324 accounted
for only 8% of plasma radioactivity [503].

Further structural modifications of previous radiotracers led to the development of ['*F]LUZ5-ds, in which
the 1,1,2,2-tetramethylcyclopropane moiety was replaced with a meta-carborane unit, while retaining the
deuterated alkyl chain to increase metabolic stability. Dynamic PET scans in rats with and without the
blocking agent GW405833 revealed rapid uptake into the spleen and liver, rapid hepatic clearance, and
non-displaceable binding in the spleen. Brain uptake of the radiotracer was low. Regarding metabolic
stability, only a small fraction of intact tracer was found in mouse plasma at 30 min p.i., whereas the
percentage of intact radioligand in mouse brain and spleen was high and higher than that observed for
['*F]JHU94620. The metabolic stability of ['*F]LUZ5-ds in rats exceeded that in mice [504].

The only thiophene-based CB2R PET radiotracers reported to date are [''C]JAAT-015 and [''C]AAT-778.
Both radiotracers showed poor splenic specificity in both autoradiographic and PET studies. They also

exhibited rapid metabolism, likely mediated by plasma esterases [505].

5.5.5. Oxadiazole derivatives

The oxadiazole scaffold has been only marginally explored to date; indeed, only four compounds belonging
to this category have been reported.

Regarding the compounds ['®F]3 and ['®F]4, the structures are identical, differing only in the position of
the fluorine atom selected for radiolabeling. Biodistribution analysis showed that the highest uptake for
both radiotracers was detected at 5 min p.i. in the spleen. Comparable kinetics were observed in the brain
and in most other organs, such as the lung, liver, kidney, thymus, and adrenal glands. No defluorination
was observed in vivo. The main difference between the two radiotracers lies in the fact that radioactivity
levels measured for ['®F]4 were higher in organs that natively express CB2R. This relationship was reversed
in organs associated with excretion. This behavior is likely related to the much faster metabolism of ['®F]4
compared to that of ['®F]3. In both cases, radiometabolites generated in the periphery penetrated the BBB,
leading to pronounced accumulation of the main radiometabolites in the brain and thereby hindering the
application of ['®F]3 and ['®F]4 for CB2R imaging in the brain [506].

As for ['"C]MAZ2 and ['®F]MA3, the structural differences are again minimal; in the first case, a methoxy
group is present, whereas in the second case a fluoroethoxy group is present. Both compounds crossed the
BBB efficiently, and washout from the brain was rapid. Brain uptake of [""C]MA2 was similar to that of
[''C]NE40. Biodistribution studies also showed that both [''"C]MA2 and ['8F]MA3 were eliminated from
the blood via the hepatobiliary system. No accumulation of either ['"C]JMAZ2 or ['"® FJMA3 was observed in
the spleen [507].
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['®FIMA3 (agonist) was compared with [!'C]NE40 (inverse agonist) in a rat model overexpressing an
inactive mutant of the #CB2 receptors. A similar BPnp was found for the two compounds. ['*F]MA3 was
also evaluated in a healthy NHP model and showed moderate brain uptake with homogeneous distribution
and rapid washout. The appearance of radiometabolites in monkey plasma was rather rapid. Again, no
defluorination was observed in vivo. Contrary to expectations, pretreatment with the NE40 inverse agonist

increased the concentration of radioactivity in monkey brain [508].
5.6. Summury of introduction

Over the past two decades, a wide variety of CB2R PET radiotracers has been developed across multiple
structural scaffolds, reflecting sustained interest in CB2R as a biomarker of neuroinflammation. Among the
investigated classes, oxoquinoline derivatives, particularly [!C]NE40, remain the most extensively
validated, with demonstrated BBB penetration, favorable kinetic behavior, and translation to human studies.
Nonetheless, even within this class, metabolic instability, lipophilicity, and nonspecific binding continue to
limit quantitative accuracy and clinical applicability.

Pyridine and indole scaffolds have yielded promising candidates capable of BBB penetration and CB2R-
specific binding under pathological conditions; however, both classes suffer from limited metabolic
stability and suboptimal specificity in healthy brain. Thiazole derivatives have shown strong splenic binding
and sensitivity to neuroinflammatory states, but rapid metabolism and inconsistent brain uptake have
restricted their broader utility. Oxadiazole-based tracers, although structurally appealing, have so far
underperformed due to extensive peripheral metabolism and the formation of BBB-penetrating
radiometabolites.

Collectively, these studies highlight that achieving the optimal balance among affinity, lipophilicity,
metabolic stability, BBB permeability, and specific binding remains the central challenge in CB2R
radiotracer development. While several tracers demonstrate encouraging properties in preclinical models,
particularly under conditions of CB2R overexpression or neuroinflammation, no single compound has yet
emerged as a fully satisfactory clinical PET tracer for CB2R imaging in the CNS.

Future efforts should focus on rational scaffold optimization, strategic isotopic labeling, and systematic
evaluation in disease-relevant models to enable the translation of CB2R PET imaging into routine clinical

and research applications.
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5.7. Background and Aim

CB2R is involved in the neuroinflammatory processes underlying neurodegenerative diseases such as AD
[509] and PD [445]. CB2Rs are minimally expressed in the CNS under physiological conditions but become
markedly upregulated during neuroinflammation and in pathological states. For this reason, they have been
identified as promising biomarkers for the early diagnosis of neurodegenerative disorders such as PD and
AD.

The research group, where this thesis was carried out, has been active over the last years in the development
of CB2R ligands, pursuing both single-target and multi-target approaches (MTDL — multi-target directed
ligand design strategies). From a MTDL perspective, the FAAH enzyme has been identified as a
complementary target capable of enhancing the overall therapeutic effect [454] induced by CB2R
stimulation. FAAH, as above mentioned, is the enzyme responsible for the metabolism of endocannabinoids
and thus, the proposed dual-strategy (CB2R activation and FAAH inhibition) may lead to the increase of
the endocannabinoid tone exerting a final anti-inflammatory effect.

The choice of this strategy was supported by a principal component analysis (PCA) study that identified a
shared chemical space between CB2R ligands and FAAH inhibitors reported in the ChEMBL database
(ICso or Ki < 1 uM for both targets under study). The analysis provided excellent results, as illustrated in
Figure 5.6, clearly highlighting an overlapping chemical space between ligands active on CB2R and those
active on FAAH [510].

10.0
« CBZR

=10.0 T T T T T
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Figure 5.6. Projection of CB2R (black points) and FAAH (red points) high affinity (ICso or Ki < 1 pM) compounds
into the top two PCs obtained from 16 physicochemical descriptors. Note that PC1 and PC2 are plotted accounting
for 70% of the total variance [510].

The starting point was the series of pyridine-3-carboxamide derivatives developed by Lucchesi et al. as
highly potent and selective CB2R ligands (general formula in Figure 5.7.A) [511]. The pyridine-3-
carboxamide core was isosterically replaced with a salicylamide, and the adamantane tricycle was
introduced in place of the cycloalkanes, in line with previous and robust SAfiR studies that identified the
adamantyl fragment as responsible for the high CB2R affinity [454]. This scaffold led to a new series of
dual CB2R agonists-FAAH inhibitors (general formula in Figure 5.6.B) [510] among which emerged the
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dual compounds N-((3s,5s,7s)-adamantan-1-yl)-2-(pentyloxy)benzamide (FI8, Figure 5.8) and N-
((3s,5s,7s)-adamantan-1-yl)-2-(benzyloxy)benzamide (CC48, Figure 5.8), endowing with high CB2R
affinity, good (even if not high) selectivity towards the CB1R subtype, moderate activity at the FAAH and
not optimal lipophilicity.

FI8 and CC48 have proven to be very promising since experimental studies further demonstrated that both
exert antitumor activity in an in vivo model of gastric cancer [512] as well as neuroprotective effects in an
in vivo model of AD [513].

In parallel, my research group developed a similar series of CB2R single target agents, bearing an antranilic
scaffold, leading to compounds with lower affinity toward CB2R but higher selectivity against the CBI1R
(general formula in Figure 5.7.C) [514].

A o B C Ri~NH 0 OR, O
OR; O
N~ "OR,

Figure 5.7. Generale formula of A. Pyridine-3-carboxamide-derivatives [511]; B. Salicylamide-derivatives [510]; C

Antranil-derivatives [514]; D. PET candidates for CB2R.

Then, with the aim to improve the limitations of compounds FI8 and CC48 (the selectivity towards the
CBIR subtype, the moderate activity at the second target FAAH and the not optimal lipophilicity), we
performed structural modifications by introducing, several substituents such as bromine, phenyl and
naphthyl groups, on both the salicylic and anthranilic core, always retaining the adamantyl-benzamide
function.

Among the newly synthesised derivatives, N-((3s,5s,7s)-adamantan-1-yl)-4-(pentyloxy)-[ 1, 1'-biphenyl]-3-
carboxamide (GR75, Figure 5.8) emerged for its high CB2R affinity and selectivity and antagonist activity
[515]. This antagonism was expected, considering our previous SAR studies carried out on both antranilic
and salicylic scaffolds [514,515]. Indeed, we observed that the introduction of a second phenyl ring as R;

in the above reported general formula (Figure 5.7.D.), shifted the activity from agonism to inverse

agonism/antagonism.
SN
O O
N0 0o @/\O o O H
N N
H H
FI8 CC48 GR75

K;CB1R = 152.9 nM K; CB1R = 241.3 nM K;CB1R = 8% @1uM
K;CB2R =10.8 nM K;CB2R = 14.8 nM K;CB2R = 7.9 nM

Figure 5.8. Chemical structure and pharmacodynamic profile of FI8 [510], CC48 [510] and GR75[515].
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Therefore, with the aim to produce highly potent and selective radiotracers to image CB2R, mainly in
pathological conditions we modified the two CB2R agonists FI8 and CC48 and the CB2R antagonist GR75
as depicted in figure 5.7.D.

A series of N-adamantyl-salicylamides bearing a fluorine atom was synthesized to improve the
pharmacodynamic and pharmacokinetic profile, as well as to identify the optimal position for a F-atom
insertion in order to develop the corresponding radiolabeled counterpart (general structure shown in Figure
5.7.D). In parallel, to reduce lipophilicity, isosteric modifications were explored. Specifically, the aromatic
ring was replaced with a pyridine one and an oxygen atom was incorporated into the alkyl chain.

Among the synthesized compounds, compounds S and 6 (also known as FM10 and GR106, respectively)
emerged for their high CB2R affinity, selectivity towards the CB1R (Table 5.2) and different activity profile
(Table 5.4).

Thus, the two ligands were selected for the development of the corresponding *F-labeled radiotracers and
were subsequently biologically evaluated, enabling a direct comparison of the two structurally closely
related CB2R PET tracers with different functional profile. This approach provides, for the first time, a
unique opportunity to investigate whether ligands sharing a similar scaffold but differing in intrinsic activity

exhibit distinct diagnostic behavior toward the CB2R target.
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5.8. Results
5.8.1. Chemistry

The synthesis of the final compounds 5-21 was carried out following a conventional synthetic route
previously described for compounds FI8, CC48 [510] and GR75 [515], as well as related derivatives
(Scheme 5.1).

Briefly, commercially available benzoic acid or isonicotinic acid was first activated with O-benzotriazol-
1-yl-N,N,N',N'-tetramethyluronium  hexafluorophosphate =~ (HBTU) in  the  presence  of
diisopropylethylamine (DIPEA), and then condensed with 1-adamantylamine to afford the corresponding
adamantylamides (22 [510], 23 [515] and 24-25). The phenolic group was subsequently alkylated under
basic conditions with the appropriate alkyl or aryl bromide to yield final compounds 5 and 8-19 as well
as intermediate 26 and the already known 27 [515]. The final bicyclic derivatives 6 and 20-21 were
obtained from the bromo derivatives (16 and 27, respectively) by Suzuki—Miyaura coupling with the
appropriate boronic acids, catalyzed by tetrakis(triphenylphosphine)palladium(0) [Pd(PPhs)4]. For final
compound 7, the hydroxyl group of intermediate 26 was first converted into the corresponding tosylate
(28) using tosyl chloride (TsCl), followed by nucleophilic substitution under basic conditions in the
presence of 4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8 hexacosane (K1..>).

OH O OH O @

Y~ "OH a) o ij)\” b) o
Xz X

Ry Ry

22: X=CH,Ry=H

23: X=CH,R;=Br
24: X=CH,R;=F
25:X=N,Ry=H

OR, O @
N
<8

R4

OR, O 6: Ry = Ph, R, = -(CH,)sF
P 20: R, = -3-F-Ph, R, = -(CH,),CH;

! ] H 21: Ry = -4-F-Ph, R, = -(CH,),CH,
I C,
> R4
5: X = CH, Ry = H, Ry = -(CH,)sF d)
8: X =N, Ry = H, Ry = -(CH,)sF TSO/\/O\/\O o F/\/o\/\o o
9: X=CH, Ry = H, Ry = -2-F-Bn ©) 3
10: X = CH, Ry =H, R; = -3-F-Bn H H

11: X = CH, Ry = H, R, = -4-F-Bn

12: X = CH, Ry = H, R, = -2,4-F-Bn

13: X = CH, Ry = H, R, = -2,6-F-Bn 28 7
14: X =N, Ry = H, R, = -2,4-F-Bn

15: X = N, Ry = H, R, = -2,6-F-Bn

16: X = CH, Ry = Br, R, = (CH,)sF

17: X = CH, Ry = Br, R, = -4-F-Bn

18: X=CH, Ry =F, R, = -(CH,),CH
19:X=CH,R,=F, R, = -Bn

26: X = CH, R; = H, R, = -(CH,),0(CH,),0H
27: X = CH, R; = Br, R, = (CH,),CH;

Scheme 5.1. Synthesis of final compounds 5-21. (a) HBTU, DIPEA, 1-adamantylamine, dry DMF, from 0°C to RT,
ON; (b) Appropriate alkyl/aryl bromide, K2COs3, acetone, reflux, 4h; (c) appropriate boronic acid, Pd(PPhs3)a,
dioxane/K2COs3 (2M), reflux, 2—4h; (d) TsCl, Et;N, dry CH2Cly, 0 °C, 4h; (e) KF, K222, K2COs3, dry CH3CN, reflux,
ON.
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5.8.2. Invitro CBIR and CB2R Binding Affinities

The results from the radioligand competition binding assays were reported as K; values in Table 5.2.
Overall, the salicylamide derivatives displayed nanomolar affinity values at CB2R, as previously
demonstrated in our earlier studies [510,515], confirming this scaffold as an optimal framework for high-
affinity CB2R binding.

The lead compound FI8 showed good CB2R affinity but only moderate selectivity (K; CBIR = 152.9 nM,
K; CB2R = 10.8 nM) [510]. Compared to the lead compound FI8, the introduction of a F-atom into the
pentyl chain (compound 5) resulted in an increased affinity for CB2R (K; = 5.2 nM) and, more importantly,
a marked enhancement in CB2R selectivity towards the CBIR subtype (from 14-fold to 200-fold). To
reduce lipophilicity, various isosteric substitutions were explored. The replacement of the F-pentyl chain
with a 2-(fluoroethoxy)ethoxy moiety (compound 7) and the substitution of the phenyl ring with a pyridine
ring (compound 8) led to a slightly decrease in CB2R affinity (K; = 26.8 nM, K;= 19.5 nM, respectively)
but an increase in CB2R selectivity over the CBIR (CB1R: 32%@1uM, 43%@1 1M, respectively). Starting
from compound 5, the introduction of an additional lipophilic group, such as a bromo atom at position 5 of
the aromatic ring (compound 16), produced a 10-fold reduction in CB2R affinity (K; = 58.0 nM).
Conversely, the addition of a phenyl group (compound 6) increased both the CB2R affinity (K; = 1.1 nM)
and selectivity over the CB1R subtype (CB1R: 2%@!1 uM). A similar trend was observed when comparing
the two lead compounds FI8 and GR75, where the addition of an aromatic ring led to the improvement in
both parameters [515]. Maintaining the pentyl chain, as in FI8, but introducing either a 3-F-phenyl
(compound 20) or 4-F-phenyl (compound 21) substituents at position 5 of the aromatic ring, resulted in a
comparable CB2R affinity for compound 20 (Ki = 11.6 nM) and a 4-fold lower CB2R affinity for compound
21 (K; = 39.9 nM); both compounds exhibited enhanced CB2R selectivity over the CBIR subtype (CB1R:
14%@1 pM, 11%@1 pM, respectively). Comparing compound 21 to the lead compound GRS, it is
evident that the presence of a fluorine atom on the second phenyl ring caused a 5-fold reduction in CB2R
affinity (Ki = 39.9 nM, Ki = 7.9 nM, respectively). In compound 18, where a F-atom was introduced at
position 5 of the aromatic ring, the CB2R affinity remained similar (Ki = 8.6 nM) to that of the lead
compound FI8 and of compound 5, whereas the selectivity towards the CB1R increased compared to both
compounds (18, CBIR =41%@1 puM; FI8, K; CBIR = 152.9 nM and 5, K; CBIR = 1058 nM).

A series of compounds was also developed starting from CC48, which had shown good CB2R affinity but
moderate selectivity towards the CB1R subtype [510]. In the CC48 scaffold a single F-atom was introduced
at the ortho- (compound 9), meta- (compound 10) and para-position (compound 11) of the benzyl ring.
Compounds 9 and 11 exhibited higher CB2R affinity (K;=4.1 nM and K; = 0.7 nM, respectively), reaching
sub-nanomolar affinity in the case of compound 11, along with an improved selectivity towards the CB1R
(Ki=222.7 nM and K, = 48.2 nM, respectively). In contrast, compound 10 showed reduced CB2R affinity
(Ki=28.7 nM) but increased selectivity towards the CBIR (CB1R: 39%@1 uM).

Encouraged by the favourable results obtained through fluorine substitution on the benzyl ring,
difluorinated derivatives were synthesized. Both the 2,4-F (compound 12) and 2,6-F (compound 13)
derivatives retained sub-nanomolar affinity for CB2R (K;=0.7 nM, K; = 1.4 nM, respectively) but displayed
only moderate selectivity over the CBIR (CBIR: K; = 22.3 nM, K; = 77.3 nM, respectively). As for

compound 5, a strategy to reduce lipophilicity was attempted by replacing the aromatic ring of compounds

174



12 and 13 with a pyridine moiety, yielding compounds 14 and 15, respectively. This modification led to
compounds with negligible affinity for CB2R. Starting from compound 11, the benzyl-derived compound
with the highest CB2R affinity, the introduction of a Br-atom at position 5 of the aromatic ring yielded
compound 17, which showed a 40-fold decrease in CB2R affinity (K;= 27.9 nM) and selectivity towards
the CB1R subtype (K; = 198.4 nM). Similarly, replacing the benzene ring with a F-atom at position 5 of the
aromatic ring produced compound 19 with a lower CB2R affinity (K; = 41.6 nM) but higher selectivity vs
the CBIR compared to the lead compound CC48 (45%@1 pM and K; = 241.3 nM, respectively) [510].

In conclusion, the presence of a pentyl chain led to more potent compounds than benzyl derivatives for PET
purposes. The introduction of a F-atom generally increased both CB2R affinity and selectivity towards the
CBIR subtype, particularly when positioned on the chain rather than on the aromatic or benzyl ring. Less
lipophilic compounds exhibited reduced CB2R affinity.

Among all tested ligands, compounds 5 and 6 (also known as FM10 and GR106, respectively) emerged as
the most promising candidates, due to their high CB2R affinity and selectivity and were therefore selected
as potential PET tracers for CB2R imaging.

Compounds 7, 8, 10, and 18 (also known as FM13, FM15, FM24, and FM26, respectively) demonstrated
high affinity and selectivity. However, they were not selected for radiolabeling because they did not meet
the predefined criteria for suitable CB2R PET radiotracers (K; for CB2R < 6.0 nM and >100-fold

selectivity).
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Table 5.2. CBIR and CB2R affinities.

OR, O
~

N
X H
R4
Compound X Ri R: HEBIR K HeBaR 1
%@IpM or nM*  %@I1pM or nM®
FI8® CH H -(CH2)4CH;3 152.9 10.8
5 (FM10) CH H -(CHy)sF 1058 £ 102.1 52+0.6
7 (FM13) CH H -(CH2)20(CH2)2F 32+2% 26.8+3.8
8 (FM15) N H -(CHy)sF 43 + 6% 19.5+3.0
CC48° CH H -Bn 2413 14.8
9 CH H 2-F-Bn 222.7+32.9 41+0.5
10 (FM24) CH H 3-F-Bn 39+ 1% 28.7+2.4
11 CH H 4-F-Bn 482+3.8 0.7 +£0.08
12 CH H 2,4-F-Bn 23.4+2.1 0.7 +£0.07
13 CH H 2,6-F-Bn 77.3+£6.8 1.4+0.2
14 N H 2,4-F-Bn 2+3% 14 £2%
15 N H 2,6-F-Bn 11+4% 47 £ 5%
16 CH Br -(CHy)sF 4+£2% 58.0+74
17 CH Br 4-F-Bn 198.4+9.5 279+ 1.7
18 (FM26) CH F -(CH»)4CH; 41+ 1% 8.6+0.1
19 CH F -Bn 45+3% 41.6+52
GR75¢ CH Ph -(CH2)sCH; 8% 7.9
6 (GR106) CH Ph -(CHy)sF 2+2% 1.1+0.09
20 CH 3-F-Ph -(CH»)4CH; 14 +2% 11.6+1.3
21 CH 4-F-Ph -(CH»)4CH3 11 +4% 39.9+6.5
GW405833 3.8
Rimonabant 17.5

“Values represent the mean of at least two separate experiments in duplicate £+ SEM; %@ 1uM represents percentage

of displacement at 1 uM.; ?Data from ref [510]; “Data from ref [515].
5.8.3. Binding kinetics at the human CB2R

The two PET candidates FM10 and GR106 were evaluated for their kinetic profiles at the CB2R through
competitive binding experiments using [*HJR0O6957022 [516] (Table 5.3, Figure S5.1). Both FM10 and
GR106 showed an activation rate (kon = 36.0 and 46.2 pM'min’!, respectively) on CB2R that was
approximately 2-3 times slower than the reference agonist CP55,940 (kon = 105 puM'min™) [517].
Nevertheless, the values indicated that binding to the receptor was essentially instantaneous at the tested
concentrations. When compared with their corresponding parent compounds, an increase in kon was
observed both when moving from FI8 [513] to FM10 and from GR75 [515] to GR106. Thus, the simple

addition of a fluorine atom to the pentyl chain resulted in faster binding to CB2R.
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About the dissociation rate from the receptor (kosr), FM10 exhibited a kosr approximately 12-fold higher (ko
=0.37 min™") than the reference agonist CP55,940 (koir="0.03 min''), whereas for GR106 the increase was
approximately 3-fold (kot = 0.11 min!). Consequently, FM10 displayed a residence time (RT)
approximately 12 times shorter than the reference agonist FI8, while for GR106 the decrease in RT was
less evident, being only 3-fold lower than the reference antagonist GR75. Comparison with the lead
compounds showed that, in this case, the fluorine substitution led to a clear increase in RT only for the
monophenyl derivative (2.73 min for FM10 vs too fast rate for FI8 [513], whereas in the biphenyl
derivatives the trend was reversed, with fluorination decreasing the RT (9.00 min for GR106 vs 15 min for
GR75) [515].

Overall, comparison of FM10 and GR106 with their respective lead compounds FI8 and GR75, showed
that the fluorine addition increased the rate at which the molecules binds to CB2R. In contrast, the effect of
a fluorine on the duration of receptor engagement was structure-dependent: RT increased only in the
monophenyl derivative, while it decreased in the biphenyl derivative. The increase in RT was likely
associated with increased lipophilicity; indeed, the compounds with the highest RT values were the
biphenyl derivatives GR75 and GR106. This behaviour may have arisen from deeper hydrophobic
interactions within the binding pocket promoted by the second phenyl ring.

The kinetic Kp values obtained from these competitive binding experiments were in good agreement with
the K; values from the equilibrium shift assays in the case of GR106 (Kp =2.41 nM vs K; = 1.37 nM). For
FM10, however, a two-fold difference was observed (Kp = 10.1 nM vs K; = 5.28 nM).

It is important to note that the K; values described here were comparable to those reported in Table 5.2 (5.2
nM vs 5.3 nM for FM10; 1.1 nM vs 1.4 nM for GR106). This consistency supported the reliability of the

data, as they were obtained using different methods in different laboratories.

Table 5.3. Kinetic parameters.

o .. Displacement
Competition association assay
assay
Compound kon £ S.EM ET (min Kot £ S.E.M RT Kinetic pKi+ S.E.M.
P (uM'min™") at 1 pM) (min) (min) Kb (nM) (K; (nM))
CP55,940° 105 +24 0.01 0.03 £0.01 32 0.29 89+0.1(1.4)
FM10 36.0+234 0.03 0.37+0.17 2.73 10.1 8.28 +£0.18 (5.3)
GR106 46.2 +£30.6 0.02 0.11+0.04 9.00 2.41 8.86+0.25(1.4)
FI8" Too fast
GR75¢ 8.36+5.61 0.12 0.07 £0.04 15 7.87 8.82+0.08 (1.5)

aReference compound; data converted to minutes for comparison [517]. ®Data from ref [513]. “Data from ref [515].
Data from the competition association experiments are presented as mean + S.E.M. of three independent experiments
performed in duplicate. ET is the engagement time at 1 pM in minutes (reciprocal of kon). RT is the residence time in
minutes (reciprocal of koff). The kinetic Kp values were calculated using the formula: Kp = koft/kon. Data from the
displacement assays are presented as mean + S.E.M. of three independent experiments performed in duplicate. Within

parentheses, the K; in nM is shown.
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5.8.4. Functional selectivity studies

FM10 and GR106 were evaluated for their CB2R functional selectivity by assessing their ability to inhibit
cAMP production via G, signaling and to promote -arrestin-2 recruitment (Table 5.4, Figure 5.9).

In both assays, the two compounds preserved the functional profiles of their corresponding lead compounds.
FM10 behaved as a CB2R full agonist in both pathways, similarly to FI8 [513], whereas GR106 was
confirmed as an inverse agonist in the cAMP assay and as an antagonist in the f-arrestin2 recruitment assay,
consistently to what observed for the corresponding lead compound GR75 [515]. Therefore, both ligands
were CB2R unbiased ligands since able to activate or block the two studied CB2R pathways (cAMP and
[B-arrestin2 recruitment).

A detailed analysis revealed that the full agonist profile of FM10 is comparable to that of FI8 in terms of
efficacy, with similar Enmax values in both assays (107% vs 95% in the cAMP assay and 97% vs 92% in the
B-arrestin2 recruitment assay for FM10 and FI8 [513], respectively).

Notably, FM10 displayed an improved potency in comparison to to its lead compound FI8, with a pECso
values of 8.10 in the cAMP assay and 7.84 in the B-arrestin2 assay, compared to 7.67 and 7.29 for FI8
[513]. This corresponds to an approximately three-fold increase in potency, which could be due to the
higher CB2R affinity of FM10 for the CB2R with respect to FIS8.

In the case of GR106, the compound exhibited a reduced inverse agonist efficacy in the cAMP inhibition
assay compared to GR75 (Emax —57% vs —77%) [515]. As observed for FM10, this increase in potency
may be attributed to enhanced receptor affinity. Despite these differences in efficacy and potency in the
cAMP pathway, GR106 and GR75 displayed indistinguishable antagonist profiles in the B-arrestin2
recruitment assay, indicating that the introduction of a fluorine atom on the pentyl chain does not
significantly affect this signalling route.

Overall, the data clearly indicate that the introduction of a second phenyl ring induces a marked shift in
functional activity, converting full agonists (FI8 and FM10) into inverse agonist/antagonist ligands (GR75
and GR106), in agreement with our previous findings [515].

In both chemical series, fluorination of the pentyl chain does not alter the qualitative activity profile but
modulates its magnitude. This observation suggests that the pentyl chain occupies a receptor region that is
not critically involved in receptor activation or blockade. Consistently, fluorine substitution does not induce
a signalling bias between Gqi-mediated cAMP inhibition and p-arrestin2 recruitment.

Thus, FM10 and GR106, although belonging to the same structural class, display markedly different
functional activity profiles at the CB2R, in line with the W258 interaction of the latter compound that
confers a CB2R antagonist profile. Radiolabeling these two compounds and performing subsequent
autoradiographic studies would therefore provide a unique opportunity to investigate, for the first time,
whether structurally closely related CB2R ligands with opposing functional activities exhibit distinct

diagnostic behaviours toward CB2R.
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Table 5.4. CB2R activity profile.

cAMP signaling B-arrestin2 recruitment
pECso = Emax £ Activity pECso = Emax Activity
Compounds
SEM SEM (%) profile SEM SEM (%) profile

CP55,940*  9.07+0.14 98 +3 Full agonist ~ 8.65+0.07 102+1 Full agonist

FM10 8.10 £ 0.09 107 +9 Full agonist  7.84 + 0.08 9745 Full agonist
Inverse

GR106 6.04 £0.39 -57+15 ) N.d. 40+0 Antagonist
agonist

FI8" 7.67 £0.09 95+5 Full agonist  7.29 +0.05 92 +£2 Full agonist
Inverse

GR75¢ 5.84+0.23 S77+22 ) N.d. 3.0+£2 Antagonist
agonist

aPreviously published data for reference [517]. PData from ref [513]. *Data from ref [515]. N.d. = Not determinate.
cAMP signaling and B-arrestin2 recruitment data represent pECso and Emax values + SEM of three independent
experiments performed in duplicate. The Emax values are normalized to the effect of 1 pM CP55,940. For both

experiment, the activity profile is reported in the last column of table.
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Figure 5.9. cAMP signaling and B-arrestin2 recruitment data represent mean = SEM of three independent experiments
performed in duplicate. The maximum response is normalized to the effect of 1 uM CP55,940.
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5.8.5. Blood-Brain-Barrier permeability and P-Glycoprotein Interaction

Investigation

To assess the suitability of FM10 and GR106 for brain imaging applications, their interaction with P-gp,
the major efflux transporter at the BBB level [334], as well as their in vitro BBB permeability profiles, were
investigated (Table 5.5).

P-gp interaction was evaluated in cell lines overexpressing the transporter using as probe the P-gp substrate,
calcein-AM, and evaluating the ability of each compound to inhibit it transport P-gp-mediated.

Both FM10 and GR106 showed moderate/very low interaction with the pump, showing an ECso of 14.8
uM and 50 uM, for FM10 and GR106, respectively. Notably, the introduction of a fluorine atom on the
pentyl chain in FM10, significantly enhances the interaction with P-gp in comparison with the parent
compound FI8 (ECso > 100 uM) [513].

The permeability assay was assessed using Caco-2 cell monolayer to evaluate transcellular transport via
passive diffusion (basolateral-to-apical, BA, flux) and active efflux mediated by P-gp (apical-to-basolateral,
AB, flux). Both compounds exhibited moderate passive diffusion (BA permeability), with higher values
observed for GR106 compared to FM10 (537 vs 353 nm/s, respectively), whereas AB transport was
markedly lower (50 nm/s for FM10 and negligible for GR106), consistent with active efflux at the apical
membrane. The resulting BA/AB ratios (7 for FM10 and 20 for GR106) indicate that passive diffusion is
the predominant transport mechanism although some influence of efflux processes cannot be excluded.

It should be noted that the apparent permeability coefficients (P,,,) may be affected by the high lipophilicity
of these compounds, particularly in the case of GR106, which may promote non-specific binding to the
cellular membranes and lead to an underestimation of true permeability. Consequently, the in vivo BBB
permeability profile may differ from that observed in vitro.

Comparison between FM10 and FI8 [513] further reveals that fluorination of the pentyl chain substantially
reduces both passive diffusion from the BA side (approximately 7-fold decrease for FM10) and transport
in the AB direction (approximately 9-fold decrease), indicating a significant impact of this modification on
membrane transport properties.

Overall, despite moderate/low interaction with P-gp, both FM10 and GR106 are expected to retain at least
partial ability to cross the BBB, supporting their potential applicability as brain imaging agents.

Table 5.5. Evaluation of the BBB permeability and P-gp interaction.

P-gp activity
Compound PappBA (nm/sec)  PappAB (nm/sec) Papp(BA/AB)

(ECso, pM)
Verapamil® 687 591 1.2 0.55
FM10 353 50 7 14.8
GR106 537 0 20 50
FI8® 2456 467 5.25 >100

aPreviously published data for reference [397]. Data from ref [513].
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5.8.6. Computational studies
Docking studies were performed to support the experimental data and to further rationalize why FM10 and
GR106, despite their structural similarity, display distinct activity profiles.
Figures 5.10.A and 5.9.B illustrate the top-scoring docking poses obtained for FM10 and GR106 within
the binding cavity of the protein complexed with an agonist and antagonist, respectively.
FM10 adopts a pose consistent with its agonist activity; the molecular recognition aligns with the
conformation of residue W258, which, based on available crystallographic data, is essential for receptor
activation. The interactions are predominantly hydrophobic, and the binding is driven by shape
complementarity. The energetic profile also supports its agonist behavior, yielding a docking score of —
9.580 kcal/mol in the agonist-bound crystal structure, compared to —8.422 kcal/mol in the antagonist-bound
structure, which features a cavity typically associated with antagonist recognition.
Conversely, and in agreement with the experimental data, GR106 shows a preference for the pose obtained
in the antagonist-bound crystal structure (docking score: —10.010 kcal/mol — Figure 5.10.B) over the
agonist-bound one (docking score: —8.120 kcal/mol). Notably, its alkyl chain extends into a region of the
cavity that is formed only through a conformational rearrangement of W258, a configuration that, according

to current literature, is incompatible with receptor activation.

A F94 ) = 8
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Figure 5.10. Top-scored docking poses returned by docking simulations performed on compounds FM10 and GR106
in the CB2R agonist crystal structure (A, FM10 in red, PDB: 6KPC) and in the CB2R antagonist crystal structure (B,
GR106 in green; PDB: 5ZTY).

5.8.7. Radiochemistry
Based on their binding affinity and divergent pharmacological profiles despite belonging to the same
structural class, FM10 and GR106 were identified as the most suitable candidates for the development of
novel CB2R radioligands. Consequently, they were selected for further biological evaluation.
The synthesis of the tosylated precursors 32 and 33 was achieved following analogous procedures, starting
from compounds 22 [510] and 23 [515], respectively (Scheme 5.1). In the first step, compounds 22 and
23 underwent alkylation with 5-bromopentan-1-ol, affording intermediates 29 and 30. The latter was then

subjected to a Suzuki-Miyaura coupling with phenylboronic acid, following previously reported
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conditions, to yield 31. Conversion of both 29 and 31 into the corresponding tosylates using TsCl afforded
the key intermediates 32 and 33, which served as precursors for radiolabeling.

The radiosynthesis of ['®F]FM10 and ["®F]GR106 was optimized using a kryptofix-based complex (10
mg Ks 2, 15 puL. K»COs solution at 20 mg/mL, 200 pLL H»O, and 800 pL. CH3CN), activated by microwave
(MW) heating. For ["*F]FM10, the tosylated precursor 32 (1-2 mg) was tested under thermal conditions
in different solvents: CH3CN (90 °C), DMSO (130 °C), and DMF (130 °C). Radio-HPLC analysis
revealed radiochemical conversions (RCC) of 75-94% in CH3CN, 14% in DMSO and 70% in DMF (non-
isolated). For ['8F]|GR106, precursor 33 (1-2 mg) only CH3CN was tested as solvent using 90 °C, yielding
approximately 79-95% (non-isolated). In both cases, additional confirmation of labeling efficiency was

obtained by radio-TLC (n-Ex/AcOEt, 7:3).

OH O HO ">"0 o s
H\O/\/\/\O o]
N s N o
H H c 3 H,C N

H

R R
R
22:R=H 29:R=H 32:R=H
23: R=Br 30: R=Br 33: R=Ph

['®FIFM10: R=H

31
['8FIGR106: R = Ph

Scheme 5.2. Synthesis of tosylate precursor 32 and 33 and radiofluorination of final compounds ['®F]FM10 and
['®F]GR106: (a) 5-bromopentan-1-ol, K2COs3, acetone, reflux, 4h; (b) Compound 31, phenylboronic acid, Pd(PPhs)a,
dioxane/K2CO3 (2M), reflux, 4h; (c) TsCl, EtsN, dry CH2Cly, 0 °C, 4h; (d) ['¥F]K222/K2CO3, CH3CN, 90 °C, 10 min

The optimized methodology was subsequently transferred to an automated radiosynthesizer (SynChrom
R&D from Elysia-Raytest GmbH, Hamburg, Germany Figure S5.2). In the final automated protocol, 1
mg of compound 32 or 2 mg of compound 33 dissolved in CH;CN was reacted with the '8F-kryptofix
complex at 90 °C for 10 min. The reaction mixture was quenched by the addition of 4.1 mL of
CH3CN/H2O (1:1), and the crude product was purified by HPLC (retention times ~21-22 min for
['®F]FM10 and ~24-25 min for ["®F]JGR106, Figure S5.3 and Figure S5.4, respectively). Product-
containing fractions were collected and concentrated on preconditioned RP-SPE cartridges, followed by
elution with 1.2 mL absolute ethanol.

For subsequent biological studies, ethanol was removed under a gentle stream of Argon at 70 °C, and the
final product was formulated using 10% EtOH saline solution.

The overall synthesis time was approximately 86 min for both ['*F]FM10 and ['"*F]GR106. ['*F]FM10
was obtained in 32-35% decay-corrected radiochemical yield and ['®®F]GR106 in 7-17% (RCY, based on
end of bombardment). Both compounds have been obtained with radiochemical purity >99% and high
molar activity calculated at the end of the synthesis (79-81 GBq/pmol for ['*F]FM10, n = 2 and 45-61
GBg/umol for [®F]GR106, n = 2). Product identity was confirmed by analytical HPLC through co-

injection with the non-radioactive reference standard using iscoratic method of elution (Figure 5.11).
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Figure 5.11. Radio- (light blue line) and UV- (red line) HPLC chromatograms of the identity confirmation of
['|F]FM10 (A) or ['®F]GR106 (B) co-injected with the reference standard FM10 or GR106 (Reprosil-Pur Cis-Aq,
10 mm, 250 x 10 mm column from Dr. Maisch GmbH). An isocratic elution method was used for both compounds.
The mobile phase was composed of 70% MeCN/20 mM NH4OAc (aq) for [*F]FM10 (A) and 80% MeCN/20 mM
NH4OAc (aq) for [*F]GR106 (B), with a flow rate of 1 mL/min. UV detection was carried out at 286 nm for
[*F]FM10 and 260 nm for [*F]GR106.

5.8.8. In Vitro Evaluation of ['*F]JFM10 and ['*F]GR106

5.8.8.1. Experimental determination of lipofilicity

The lipophilicity of ["*F]FM10 and [**F]GR106 at physiological pH was experimentally determined using
the shake-flask method [77], yielding logD-.4 values of 3.41 £ 0.15 and 3.64 + 0.12 (n = 4), respectively.
For both compounds, the experimentally determined logD-.s values were markedly lower than those
predicted by computational methods (cLogP = 5.04 with ChemDraw and 4.72 with SwissADME for FM10;
cLogP = 6.93 with ChemDraw and 6.05 with SwissADME for GR106). The measured logD-.4 values fall
outside the recommended range (1.5-3.0) for central nervous system—oriented radiotracers [77]. However,

in vivo studies are required to determine whether these compounds are capable of crossing the BBB.
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5.8.8.2. Experimental determination of Kp

A Kp of 1.7 nM for [®*F]FM10 (63 GBg/pmol, 3.7 nM at start of the binding experiment) to the ACB2R
was determined by a homologous competition assay using crude cell homogenates of CHO(hCB2) (Figure
5.12.A). An optimized formulation of ['*F]FM10 in a 2:1 DMSO:Kolliphor EL solution was used to reduce
the unspecific binding due to an precipitation of the radiotracer at higher concentrations of the reference
compound (< 10”7 M). The homologous competition assay for ['¥F|GR106 (41.2 GBg/umol, 1.8nM at start
of the binding experiment) showed low CB2R-specific binding of the radiotracer and needs further
optimization (Figure 5.12.B).
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Figure 5.12. Determination of the binding affinity and specifity of ['*F]FM10 (A) and ['®F]GR106 (B) to human and
rat CB2R (preliminary results). Homologous competition assays using crude cell membrane extracts of CHO(hCB2R)
cells for the determination of the dissociation constant (Kp = 1.7 nM for ['®F]FM10) determined by the Cheng-Prussoff

equation integrated into GraithPag Prism software.

5.8.8.3. [In Vitro Metabolism

Both ["*F]FM10 and ['"®F]GR106 were incubated with MLMs in PBS in the presence of NADPH for 30
min at 37 °C under gentle shaking at 350 rpm (n = 2), following a previously published protocol [337,501].
The samples were subjected to protein precipitation by the addition of ice-cold CH3CN, followed by vortex
mixing and centrifugation. The resulting supernatants were collected at five time points (0—-30 min) and
analyzed by radio-HPLC (Figure 5.13). The recovery of radioactivity after protein precipitation was
determined using a gamma counter and was found to be 99% for ['*F]FM10 and 97% for ['"*F]|GR106. The
validity of the assay was verified by observing complete conversion of testosterone under identical
conditions. Control experiments lacking either NADPH or both NADPH and MLM were also carried out
for each test compound. After 30 min of incubation, less than 1% of the parent compound remained for
['®F]FM10 and only 14% for ['"8F]GR106. The in vitro half-life (/) was determined to be < 0.68 + 0.02
min for ['®F]FM10 and 9.2 + 0.1 min for ['®F]GR106, indicating that ["*)FJGR106 is more metabolically
stable than ['®F]FM10 over the 30 min incubation period. Nevertheless, both compounds exhibited poor
metabolic stability, with ['®®F]JFM10 showing particularly rapid in vitro metabolism.

After 30 min of incubation, ['"®F]FM10 produced three main metabolites (['*F]M1, Rt = 0.998 min, 16%;
[’ FIM2, Rt = 5.348 min, 25%; ["*F]M3, Rt = 5.849 min, 30%), whereas ['8F]GR106 generated two main
metabolites (['*F]M4, Rt = 1.108 min, 39%; [8F]M5, Rt = 5.950 min, 16%). In both cases, a highly polar
metabolite (["®F]M1 and ['®F]M4) was observed, which was hypothesized to correspond to free
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['®F]fluoride. To investigate this hypothesis, radio-TLC analysis (MeOH / AcOEt / agAcNH, (20 mM)
1:1:1) was performed using a reference spot of ['3F]fluoride (Figure S5.5). Under these conditions,
['®F]fluoride, ["®F]M1, and ['®F]M4 exhibited identical retention factor (R¢) values. Furthermore, the
relative percentages of these metabolites determined by radio-TLC and radio-HPLC were in good
agreement (17% vs 16%, respectively, for ['8F]M1, and 36% vs 39%, respectively, for ['¥F]M4). These
results strongly suggest that the major polar metabolite observed for both radiotracers corresponds to free

['®F]fluoride, which represents the predominant metabolite for ['*F|GR106.

[*8F]FM 10 Pre-metabolism ['SFIFM10 | ["¥F]JGR106 Pre-metabolism [1SF|GR106
" [1SF]JFM10 After 5 min in MLM " [™FIGR106 After S min in MLM  ['*F]GR106
A JLL [**F]FM10
“ |'SFIFM10 After 30 min in MLM " ["FIGR106 After 30 min in MLM
[SF]IM2/|[18F|M3 . [18F M4
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Figure 5.13. Radio-HPLC chromatograms (ReproSil-Pur 120 Cis-AQ, 3 um, 150 x 3 mm; Dr. Maisch GmbH) of
["*F]FM10 (left panel) and [*F]GR106 (right panel). From top to bottom: before metabolic studies, after 5 min
incubation in MLM, and after 30 min incubation in MLM. After 30 min, less than 1% of unchanged [*F]FM10 and
approximately 14% of unchanged [*F]GR106 remained. For both compounds, the same gradient program was
applied: isocratic elution at 5% CHsCN from 0 to 1.5 min, followed by a linear gradient from 5% to 80% CHsCN
between 1.5 and 10.0 min, isocratic elution at 80% CH3CN from 10.1 to 12.0 min, and re-equilibration at 5% CHsCN
from 12.1 to 15.0 min. The Rt were 10.0 min for [**F]FM10 and 11.9 min for ["*F]GR106.
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5.8.8.4.  Invitro autoradiography

In order to validate the CB2R-specific binding, cryo sections (10 um) of rodent spleen were used as a
positive control tissue for in vitro autoradiography studies. To compare the signal intensity of bound
radiotracers, both in the absence of and co-incubation with the reference compounds and target-specific
inhibitors in competition studies were used (Figure 5.14). In particular, SR144528 CB2R is an inverse
agonist, with a K; value of 0.6 nM and a selectivity of approximately 700-fold over CB1R (K; = 400 nM)
[518] and SR141716A functions as an CBIR inervs agonist (K;i = 2 nM) and a selectivity ratio of
approximately 1000-fold over CB2R [519].

It is noteworthy that a higher concentration of FM10 (greater than 107 M) without being dissolved in
Kolliphor El resulted in an increased binding signal in homologous competition studies (data not shown).
This phenomenon is further substantiated by the enhanced binding signal observed in micrographs using
10° M FM10 (Figure 5.14.A). In the event of aggregation, there is a possibility of precipitation and binding
of the radiotracer-reference compound precipitates in an unspecific manner. It should be noted that, owing
to the fact that the detergent was not included in the preliminary autoradiography studies presented herein,
these experiments require validation under optimal conditions. However, a decrease of approximately 30
% in signal observed in the competition assay with SR144528, and the comparable signal detected in the
competition assay with SR141716A (approximately -7 %), estimate a CB2R-specific binding of
['8F]FM10.

Although, in preliminary homologous binding assay a low specific binding of ['*F]GR106 towards the
human CB2R was found, a signal intensity reduction by 25 % in the homologous competition on rat spleen
cryosections could be determined, whereas the signal intensity reduction in competition assays with
SR144528 and S141716A approximately 15% (Figure 5.14.B).

Based on the current autoradiographic data, [*F]FM10 displays a binding pattern more consistent with a
CB2R-specific component, whereas [*F]GR106 exhibits a comparatively lower or less clearly
distinguishable specific binding under the present experimental conditions.

These differences may relate to their distinct intrinsic activities (FM10 is a full agonist and GR106 is an
inverse agonist/antagonist; Table 5.4), potentially reflecting differential stabilization of receptor
conformations and consequent variations in the detectable receptor-bound fraction. However,
methodological limitations, particularly the absence of detergent in the incubation buffer and the potential
for compound aggregation or nonspecific deposition, preclude a definitive attribution of these differences
solely to pharmacological properties.

Further optimization of the in vitro evaluation protocol, including improved control of nonspecific binding,
will be required to substantiate these preliminary findings and clarify the contribution of intrinsic activity

to CB2R-specific binding.
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Figure 5.14. Autoradiographic micrographs of 4 um rat spleen cryosections incubated with radiotracer ['"8F]JFM10 (A)
or ['8F]GR106 (B) alone or with the indicated competitors.
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5.9. Discussion

With the aim of developing new PET radiotracers for cerebral CB2R imaging, primarily under pathological
conditions, a novel series of N-adamantyl-salicylamide derivatives was synthesized starting from three lead
compounds: the CB2R agonists CC48 and FI8 [510,513] and the CB2R antagonist GR75 [515].

Based on the aforementioned lead compounds, one or more fluorine atoms were introduced at different
positions to improve both pharmacodynamics (enhancing CB2R selectivity towards the CB1R subtype in
comparison to the lead compounds CC48 and FI8) and to facilitate an efficient and straightforward
radiolabeling process. The series of these new fluorinated salicylamides remains highly promising, as all
compounds exhibited nanomolar (and in some case sub-nanomolar) affinity for the CB2R along with
varying degrees of selectivity over the CB1R. Efforts were also made to reduce lipophilicity by replacing
the aromatic ring with a pyridinyl ring or introducing an O-atom into the pentyl chain. However, these
modifications led to decreased affinity, rendering them unsuitable for PET imaging.

Among the synthesized compounds, FM10 and GR106 emerged as the most promising candidates,
showing high affinity for the CB2R (K; = 5.2 nM for FM10 and K; = 1.1 nM for GR106) and strong
selectivity over the CB1R, as well as the presence of a fluorine atom in a molecular region easily accessible
for radiolabeling. Both compounds demonstrated moderate interaction with P-gp, suggesting their potential
capability to cross the BBB.

For both ligands, kinetic parameters were evaluated, revealing rapid receptor binding and residence times
of 2.73 min for FM10 and 9.00 min for GR106. Functional activity profiles were assessed using two
complementary assays: inhibition of cAMP production via Gai signaling and promotion of -arrestin-2
recruitment. FM10 acted as CB2R full unbiased agonist, whereas GR106 behaved as a CB2R
agonist/inverse antagonist, consistently with our previous results [515]. Experimental data were further
supported by molecular docking studies. FM10 adopted a binding pose consistent with its agonist activity,
with docking scores corroborating this behavior (DS = -9.580 kcal/mol in the agonist-bound crystal
structure). GR106 preferentially adopted the pose observed in the antagonist-bound crystal structure (DS
=-10.010 kcal/mol). The key difference between the two ligands lies in the orientation of the alkyl chain
relative to residue W258, which plays a crucial role in receptor activation.

Based on these findings, FM10 and GR106 were selected for 'F radiolabeling, as labeling two structurally
similar compounds with opposing functional profiles offers a unique opportunity to investigate, for the first
time, whether closely related ligands with divergent activity exhibit distinct diagnostic behaviors toward
CB2R. To date, no PET radiotracers for CB2R belonging to the same structural class with opposing
activities are reported in the literature.

For both compounds, the tosylate was selected as the leaving group, and radiolabeling was successfully
performed in CH3CN at 90 °C for 10 min using a kryptofix-complex as catalyst. Both radiotracers were
obtained with good RCY and A, and radiochemical purity exceeded 99%.

Experimental logD7.4 values were determined (3.41 + 0.15 for ['®F]FM10 and 3.64 + 0.12 for ['*F]GR106),
supporting their BBB permeability. For ['¥F]FM10, the Kp was determined to be 1.7 nM, confirming its
high affinity at CB2R, which is very similar to the in vitro K; of the cold compound. For [¥F]|GR106, Kp
has not yet been determined, as experimental protocols are still being optimized.

Preliminary in vitro autoradiography experiments on rat spleen slices are ongoing. Preliminary results

indicate that ['®®F]FM10 exhibits higher CB2R-specific binding compared to [®*F]GR106. Specifically
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[F]FM10 shows approximately 30% signal reduction in the presence of a selective CB2R blocker,
whereas ['8F]GR106 shows a modest decrease. These differences may be related to the ligands’ intrinsic
activity (full agonist vs inverse agonist/antagonist), potentially reflecting differential stabilization of
receptor conformational states. However, experimental challenges, particularly in sample formulation,
represent significant methodological limitations that prevent definitive attribution of the observed
differences solely to pharmacological properties. Further experimental optimization is therefore necessary
to confirm the actual extent of specific CB2R binding.

In vitro metabolism studies using rat liver microsomes have revealed poor metabolic stability after 30 min
incubation for both compounds (1% of parent radiotracer intact for ['8F]JFM10 and 14% for ['"8F]FM10).
The retention times of two metabolites (['®F]M1 and ['®F]M4, respectively), together with TLC
confirmation using ['®F]fluoride, indicate that a possible metabolic pathway is defluorination, which

appears to be the main route for ['*F|GR106.
5.10. Future perspectives

Future perspectives will likely depend on the definitive in vifro autoradiography results. If these results are
promising, the goal will be to evaluate both radiotracers in vivo, particularly to assess whether differing
activity profiles affect PET imaging, and to verify whether poor metabolic stability is confirmed. If low in
vivo metabolic stability is observed, a potential strategy could involve substituting the pentyl chain with the
corresponding deuterated chain, a strategy widely employed for PET radiotracers targeting CB2R in the
literature. This approach may reduce defluorination, the primary metabolic pathway for both radiotracers,
particularly for ["*F]GR106.

Among the compounds developed, in addition to the two PET candidates, other compounds (FM13, FM15,
FM24, and FM26, Table 5.2) displayed high affinity and selectivity but were not selected for radiolabeling
for various reasons.

The cytotoxic effects of these compounds were evaluated using the MTT assay in different cell lines
(HGC27-S, HGC27-R, HMC-3, PANC-1, and MCF-7 wt) at multiple time points (24, 48, and 72 h).
Overall, the data indicate a clear time- and cell line-dependent response for all four compounds. At 24 h,
the activity was generally modest in HGC27-S and HGC27-R cells, with reductions in cell viability mainly
observed only at the highest tested concentration (100 uM), while the effect in HMC-3 cells was limited or
absent (e.g., FM13 showed no cytotoxicity). After 48 h, an increase in antiproliferative activity became
evident, particularly for FM15 and FM24 in HGC27-S/R cells (ICso = 25-30 uM), and for FM24 and
FM26 in PANC-1 cells (ICso = 9.3 uM and 4.3 pM, respectively), suggesting a higher sensitivity of this
cell line. At 72 h, the effect was further enhanced for some compounds (e.g., FM15 in MCF-7 cells, ICso =
27 uM), whereas others maintained moderate activity (e.g., FM26 in HGC27-S cells, ICso > 70 uM).
Overall, FM15 and FM24 exhibited the most consistent and progressive cytotoxic profile over time in
gastric tumor cell lines, while FM26 demonstrated marked selective activity in PANC-1 cells. The low
toxicity observed in HMC-3 cells suggests a potentially favorable therapeutic window.

Detailed data are not presented here, as the experiments are still ongoing and the therapeutic implications
of these compounds fall beyond the scope of this thesis. Nevertheless, their excellent affinity and selectivity,
together with the preliminary cytotoxicity findings, support further investigation of these molecules as

potential anticancer or neuroprotective agents
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5.11. Conclusions

[®FIFM10 and ["®F]GR106 are two novel CB2R PET radiotracers belonging to the N-adamantyl-
salicylamide class. They exhibit high affinity and exceptional selectivity for CB2R towards the CB1R
subtype, along with different functional profiles, making them unique within this class. Their moderate
interaction with P-gp, together with favorable logD74 values, suggests potential CNS penetration. In vitro

autoradiography is still at a preliminary stage; thus, subsequent in vivo evaluation has not started yet.
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5.12. Materials and Methods
5.12.1. Chemistry

All chemicals were purchased from Sigma-Aldrich, TCI Chemicals, Ambeed, or Angene. Thin layer
chromatography (TLC) was performed using plates from Merck (silica gel 60 Fjs4). Column
chromatography was performed with Merck silica gel 60 A (63-200 mm; ratio of crude mixture to silica
gel 1:30 w/w, unless otherwise stated) as the stationary phase. Melting points (mp) were determined with
a capillary apparatus (Biichi 540). 'H-NMR spectra were recorded in the indicated solvent on a Varian
Mercury-VX spectrometer (300 MHz) or on an Agilent 500-vnmrs500 spectrometer (499.801MHz). The
following data are reported: chemical shift (d) in ppm, multiplicity (s = singlet, d = doublet, t = triplet, q =
quartet, quint = quintet, m = multiplet, dd = doublet of doublets, dt = doublet of triplets, td = triplet of
doublets, and br = broad signal), integration, and coupling constant (J) in hertz. Recording of mass spectra
was done on an HP6890-5973 MSD gas chromatograph/mass spectrometer; only significant m/z peaks,
with their percentage of relative intensity in parentheses, are reported. HRMS-ESI analyses were performed
on a Bruker Daltonics MicrOTOF-Q II mass spectrometer. All spectra were in accordance with the assigned
structures. The purity of target compounds was assessed by HPLC. Analytical HPLC analyses were
performed on final compounds using a Thermo Fisher Scientific Vanquish HPLC with Thermo Fischer
Scientific Accucore aQ Column, 2.6 pm, 2.1 X 100 mm at a flow rate of 0.4 mL/min. Isocratic elution of
the compounds 5-21 was carried out with 20:80 (v/v) HoO/MeOH. UV signals were detected at 254 nm and
280 nm. All compounds are >95% pure by HPLC.

General procedure for the synthesis of amides 22-25. One of the appropriate carboxylic acids (1.0 mmol,
1.0 eq) was dissolved in dry DMF (5 mL), DIPEA (3.0 mmol, 3.0 eq) was added at 0° C, and the solution
was stirred at 0°C for 10 min under inert atmosphere. HBTU (1.5 mmol, 1.5 eq) was added to the solution
and the reaction mixture was stirred at room temperature for 2 h. 1-Adamantanamine (1.5 mmol, 1.5 eq)
was added to the solution and the mixture was stirred at room temperature for 18 h under inert atmosphere.
The solvent was removed under vacuum. The residue was taken up with H,O (20 mL) and extracted with
CH,Cl, (3 x 20 mL). The collected organic layers were dried (Na>SO4) and evaporated under vacuum to
afford a crude residue which was purified by column chromatography to afford the relative
adamantylamide.

N-((3s,5s,7s)-adamantan-1-yl)-2-hydroxybenzamide (22) [510].
N-((3s,3s,7s)-adamantan-1-yl)-5-bromo-2-hydroxybenzamide (23) [515].

N-((3s,5s,7s)-adamantan- 1-yl)-5-fluoro-2-hydroxybenzamide (24). The crude residue was purified by
column chromatography using n-Ex/AcOEt 8:2 to obtain a white solid. Yield, 60%. 'H-NMR (CDCls, 500
MHz) &: 1.71-1.76 (6H, m, Ad), 2.09-2.13 (6H, m, Ad), 2.15 (3H, br s, Ad), 5.81 (1H, brs), 6.91 (1H, dd,
J1=9.0 Hz, J;=4.5 Hz, Ar), 6.96 (1H, dd, Jr=9.7 Hz, J = 3.4 Hz, Ar), 7.06-7.12 (1H, m, Ar), 12.13 (1H,
br s). GC-MS m/z: 289 (M*, 5), 135 (100).

N-((3s,5s,7s)-adamantan-1-yl)-3-hydroxyisonicotinamide (25). The crude residue was purified by column
chromatography using AcOEt 100% to obtain a white solid. Yield, 50%. 'H-NMR (CDCls;, 500 MHz) &:
1.72-1.74 (6H, m, Ad), 2.11-2.16 (9H, m, Ad), 6.10 (1H, brs), 7.10 (1H, d, /= 5.0 Hz), 8.12 (1H, d, J =
5.0 Hz, Ar), 8.42 (1H, s, Ar). GC-MS m/z: 272 (M", 5), 135 (100).
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General procedure for the synthesis of compounds FM10, 8-19, 26-27 and 29-30. To a solution of the
appropriate phenol among compounds 22-25 (1 mol, 1 eq) in acetone (10 mL), K»COs (3 mol, 3 eq) and
appropriate alkyl/aryl bromide (3 mol, 3 eq) are added. The resulting mixture was refluxed with stirring 4h
and then was allowed to cool to room temperature. The solvent was removed under vacuum. The residue
was taken up with H>O (20 mL) and extracted with CH»Cl, (3 x 20 mL). The combined organic layers were
dried (Na,SO4) and evaporated under vacuum to afford a crude residue which was purified by column
chromatography.

N-((3s,5s,7s)-adamantan-1-yl)-2-((5-fluoropentyl)oxy)benzamide (FM10). The crude residue was purified
by column chromatography using n-Ex/AcOEt 8:2 to obtain a white solid. Yield, 75%. m.p. 80-82 °C. 'H-
NMR (CDCls, 300 MHz) &: 1.60-1.65 (2H, m), 1.66-1.69 (6H, m, Ad), 1.76-1.94 (4H, m), 2.08-2.10 (9H,
m, Ad), 4.07 (2H, t,J= 6.3 Hz), 4.45 (2H, dt, Jr =47.4 Hz, J= 5.8 Hz), 6.88 (1H, d, /= 8.1 Hz), 6.98-7.03
(1H, m, Ar), 7.31-7.37 (1H, m, Ar), 7.82 (1H, br s), 8.13 (1H, dd, J; = 7.8 Hz, J> = 1.8 Hz, Ar) (The NMR
spectrum is shown in Figure S5.6). HRMS-ESI for C»,H30FNO, (m/z): [M+Na]" calcd, 382.2159; found,
382.2173; [2M+Na]" calcd, 741.4420; found, 741.4545; [M-H] calcd, 358.2183; found, 358.2220. The
HPLC chromatogram is shown in Figure S5.7.
N-((3s,5s,7s)-adamantan-1-yl)-3-((5-fluoropentyl)oxy)isonicotinamide (8). The crude residue was purified
by column chromatography using CH>Cl,/AcOEt 1:1 to obtain a white solid. Yield, 46%. m.p. 105-107 °C.
'"H-NMR (CDCls, 500 MHz) &: 1.65-1.70 (2H, m), 1.72-1.76 (6H, m, Ad), 1.77-1.86 (2H, m), 1.93-1.98
(2H, m), 2.11-2.15 (9H, m, Ad), 4.25 (2H, t, J= 6.0 Hz), 4.49 (2H, dt, Jr=47.5 Hz, J= 5.7 Hz), 7.69 (1H,
brs), 7.96 (1H, d, J = 4.5 Hz), 8.37 (1H, d, /= 5.0 Hz, Ar), 8.38 (1H, s, Ar). HRMS-ESI for C1H29FN,O;
(m/z): [M+Na]" caled, 383.2111; found, 383.2112; [2M+Na]" calcd, 743.4324; found, 743.4331; [M-H]
caled, 359.2133; found, 359.2148.

N-((3r)-adamantan-1-yl)-2-((2-fluorobenzyl)oxy)benzamide (9). The crude residue was purified by column
chromatography using n-Ex/AcOEt 7:3 to obtain a white solid. Yield, 91%. m.p. 94-96 °C. 'H-NMR
(CDCl3, 500 MHz) &: 1.60-1.64 (6H, m, Ad), 1.89-1.90 (6H, m, Ad), 1.99 (3H, br s, Ad), 5.20 (2H, s) 7.05
(1H, d, J= 8.0 Hz, Ar), 7.09 (1H, td, J; = 7.7 Hz, J> = 1.0 Hz, Ar), 7.12-7.16 (1H, m, Ar), 7.20 (1H, td, J;
=7.5Hz, J>=1.0 Hz, Ar), 7.37-7.44 (2H, m), 7.49 (1H, td, J; = 7.5 Hz, J, = 1.5 Hz, Ar), 7.59 (1H, br s),
8.15 (1H, dd, J; =7.7 Hz, J, = 1.7 Hz, Ar). HRMS-ESI for C2sH26FNO; (m/z): [M+Na]" calcd, 402.1846;
found, 402.1845; [2M+Na]" calcd, 781.3794; found, 781.3791; [M-H]" calcd, 378.1868; found, 378.1897.
N-((3r)-adamantan-1-yl)-2-((3-fluorobenzyl)oxy)benzamide (10). The crude residue was purified by
column chromatography using n-Ex/AcOEt 7:3 to obtain a white solid. Yield, 98%. m.p. 135-137 °C. 'H-
NMR (CDCl3, 500 MHz) ¢: 1.62-1.67 (6H, m, Ad), 1.90-1.95 (6H, m, Ad), 2.01 (3H, brs, Ad), 5.12 (2H,
s) 7.00 (1H, d, J= 8.5 Hz, Ar), 7.07-7.11 (2H, m, Ar), 7.20 (1H, d, J=9.0 Hz, Ar), 7.24 (1H, d, J=8.0 Hz,
Ar), 7.38-7.43 (2H, m Ar), 7.56 (1H, br s), 8.16 (1H, dd, J; = 7.7 Hz, J, = 1.7 Hz, Ar). HRMS-ESI for
CHa6FNO, (m/z): [M+Na]* calcd, 402.1846; found, 402.1841; [2M+Na]" calcd, 781.3794; found,
781.3795; [M-H] calcd, 378.1868; found, 378.1880.

192



N-((3r)-adamantan-1-yl)-2-((4-fluorobenzyl)oxy)benzamide (11). The crude residue was purified by
column chromatography using n-Ex/AcOEt 7:3 to obtain a white solid. Yield, 88%. m.p. 137-139 °C. 'H-
NMR (CDCls, 500 MHz) &: 1.66-1.69 (6H, m, Ad), 1.86-1.87 (6H, m, Ad), 2.00 (3H, br s, Ad), 5.09 (2H,
s) 7.02 (1H, dd, J; = 8.0 Hz, J> = 0.5 Hz, Ar), 7.08-7.10 (1H, m), 7.11-7.15 (2H, m, Ar), 7.40-7.44 (1H, m),
7.45-7.47 (2H, m), 7.61 (1H, brs), 8.17 (1H, dd, J; = 7.7 Hz, J; = 1.7 Hz, Ar). HRMS-ESI for C24H26FNO>
(m/z): [M+Na]" calcd, 402.1846; found, 402.1843; [2M+Na]* calcd, 781.3794; found, 781.3793; [M-H]
calcd, 378.1868; found, 378.1893.

N-((3r)-adamantan-1-yl)-2-((2,4-difluorobenzyl)oxy)benzamide (12). The crude residue was purified by
column chromatography using n-Ex/AcOEt 7:3 to obtain a white solid. Yield, 82%. m.p. 107-109 °C. 'H-
NMR (CDCl3, 500 MHz) &: 1.64-1.68 (6H, m, Ad), 1.90-1.92 (6H, m, Ad), 2.00 (3H, br s, Ad), 5.16 (2H,
s), 6.89-6.97 (2H, m, Ar), 7.02-7.05 (1H, m), 7.10 (1H, td, J; = 7.5 Hz, J; = 1.0 Hz, Ar), 7.41-7.44 (1H, m),
7.46-7.49 (1H, m), 7.52 (1H, brs), 8.15 (1H, dd, J; = 7.7 Hz, J> = 1.7 Hz, Ar). HRMS-ESI for C24H25F2NO>
(m/z): [M+Na]" calcd, 420.1751; found, 420.1747; [2M+Na]* calcd, 817.3604; found, 817.3613; [M-H]
caled, 396.1773; found, 396.1775.

N-((3r)-adamantan-1-yl)-2-((2,6-difluorobenzyl)oxy)benzamide (13). The crude residue was purified by
column chromatography using n-Ex/AcOEt 9:1 to obtain a white solid. Yield, 95%. m.p. 110-112 °C. 'H-
NMR (CDCls, 500 MHz) &: 1.56-1.58 (1H, m, Ad), 1.61-1.66 (SH, m, Ad), 1.87-1.92 (6H, m, Ad), 1.97-
2.02 (3H, m, Ad), 5.25 (2H, s), 6.95-7.01 (2H, m, Ar), 7.07-7.11 (2H, m), 7.36-7.40 (1H, m, Ar), 7.41-7.45
(1H, m, Ar), 7.58 (1H, br s), 8.15 (1H, dd, J; = 7.5 Hz, J> = 1.5 Hz, Ar). HRMS-ESI for C24HsF2NO, (m/z):
[M+Na]* calcd, 420.1751; found, 420.1754; [2M+Na]" calcd, 817.3604; found, 817.3622; [M-H] calcd,
396.1789; found, 396.1775.

N-((3r)-adamantan-1-yl)-3-((2,4-difluorobenzyl)oxy)isonicotinamide (14). The crude residue was purified
by column chromatography using CH>Cl»/AcOEt 1:1 to obtain a brown solid. Yield, 42%. m.p. 214-216
°C. 'H-NMR (CDCls, 500 MHz) &: 1.64-1.67 (6H, m, Ad), 2.05-2.12 (3H, m, Ad), 2.14-2.17 (6H, m, Ad),
5.25 (2H, s), 6.91-6.98 (2H, m, Ar), 7.18 (1H, dd, J; = 6.0 Hz, J; = 2.0 Hz, Ar ), 7.27-7.31 (1H, m, Ar),
7.65 (1H, d, J= 1.0 Hz, Ar), 8.17 (1H, d, J = 6.0 Hz, Ar), 10.88 (1H, br s). HRMS-ESI for C23H24F2N>0,
(m/z): [M+Na]" caled, 421.1704; found, 421.1708; [2M+Na]" calcd, 819.3510; found, 819.3520; [M-H]
caled, 397.1726; found, 397.1728.

N-((3r)-adamantan-1-yl)-3-((2,6-difluorobenzyl)oxy)isonicotinamide (15). The crude residue was purified
by column chromatography using CH>Cl,/AcOEt 1:1 to obtain a brown solid. Yield, 45%. m.p. 218-220
°C. '"H-NMR (CDCls, 500 MHz) &: 1.56-1.58 (1H, m, Ad), 1.62-1.65 (5H, m, Ad), 1.87-1.91 (6H, m, Ad),
1.97-2.02 (3H, m, Ad), 5.34 (2H, s), 7.00-7.05 (2H, m, Ar), 7.25-7.27 (1H, m), 7.41-7.48 (1H, m, Ar), 7.74
(1H, d, J= 1.5 Hz, Ar), 8.16 (1H, d, /= 6.0 Hz, Ar), 10.92 (1H, br s). HRMS-ESI for C23H24F2N>05 (m/z):
[M+Na]* calcd, 421.1704; found, 421.1710; [2M+Na]* calcd, 819.3510; found, 819.3524; [M-H] calcd,
397.1726; found, 397.1729.
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N-((3s,5s,7s)-adamantan-1-yl)-5-bromo-2-((5-fluoropentyl)oxy)benzamide (16). The crude residue was
purified by column chromatography using n-Ex/AcOEt 8:2 to obtain a white solid. Yield, 60%. m.p. 110-
112 °C. 'H-NMR (CDCls, 500 MHz) &: 1.61-1.86 (10H, m), 1.92 (2H, quint, J = 7.0 Hz), 2.05-2.16 (9H,
m, Ad), 4.09 2H, t, J= 6.0 Hz), 4.88 (2H, dt, Jr=47.0 Hz, J= 5.7 Hz), 6.80 (1H, d, J=9.0 Hz, Ar), 7.46
(1H, dd, J; = 8.7 Hz, J> = 2.7 Hz, Ar), 7.72 (1H, br s), 8.26 (1H, d, J = 3.0 Hz, Ar). HRMS-ESI for
C»H2BrFNO: (m/z): [M+Na]" caled, 460.1264; found, 460.1258; [M-H] calcd, 436.1286; found,
436.1342.

N-((3r)-adamantan-1-yl)-5-bromo-2-((4-fluorobenzyl)oxy)benzamide (17). The crude residue was purified
by column chromatography using n-Ex/AcOEt 8:2 to obtain a white solid. Yield, 65%. m.p. 178-180 °C.
'"H-NMR (CDCls, 500 MHz) &: 1.60-1.66 (6H, m, Ad), 1.83-1.87 (6H, m, Ad), 2.00 (3H, br s, Ad), 5.06
(2H, s), 6.89 (1H, d, J=9.0 Hz), 7.09-7.16 (2H, m, Ar), 7.41-7.47 (2H, m, Ar), 7.49-7.51 (2H, m, Ar), 8.27
(1H, d, J= 2.5 Hz). HRMS-ESI for C,4H,sBrFNO; (m/z): [M+Na]" calcd, 480.0951; found, 480.0940; [M-
H]J caled, 456.0973; found, 456.1008.

N-((3r)-adamantan-1-yl)-2-(benzyloxy)-5-fluorobenzamide (18). The crude residue was purified by column
chromatography using n-Ex/AcOEt 8:2 to obtain a white solid. Yield, 62%. m.p. 72-74 °C. 'H-NMR
(CDCl;, 500 MHz) ¢&: 0.95 (3H, t, J = 6.7 Hz), 1.37-1.45 (2H, m), 1.47-1.53 (2H, m), 1.67-1.78 (6H, m,
Ad), 1.82-1.90 (2H, m), 2.05-2.17 (9H, m, Ad), 4.06 (2H, t, /= 6.3 Hz), 6.85 (1H, dd, J; =9.0 Hz, J>=4.0
Hz, Ar), 7.03-7.09 (1H, m, Ar), 7.87 (1H, dd, Jr=9.7 Hz, J = 3.2 Hz, Ar), 7.92 (1H, br s). HRMS-ESI for
CH30FNO, (m/z): [M+Na]* calcd, 382.2159; found, 382.2164; [2M+Na]" calcd, 741.4420; found,
741.4430; [M-H] calcd, 358.2181; found, 358.2183.

N-((3s,5s, 7s)-adamantan-1-yl)-5-fluoro-2-(pentyloxy)benzamide (19). The crude residue was purified by
column chromatography using n-Ex/AcOEt 8:2 to obtain a white solid. Yield, 65%. m.p. 133-135. 'H-
NMR (CDCl3, 500 MHz) ¢: 1.60-1.65 (6H, m, Ad), 1.82-1.87 (6H, m, Ad), 1.93 (3H, br s, Ad), 5.09 (2H,
s), 6.98 (1H, dd, J; = 8.5 Hz, J; = 4.5 Hz, Ar), 7.07-7.13 (1H, m, Ar), 7.22 (1H, br s), 7.37-7.48 (5H, m,
Ar), 7.88 (1H, dd, Jr = 9.7 Hz, J = 3.0 Hz, Ar). HRMS-ESI for C24H2FNO, (m/z): [M+Na]* calcd,
402.1846; found, 402.1847; [2M+Na]* calcd, 781.3794; found, 781.3785; [M-H] calcd, 378.1868; found,
378.1868.

N-((3s,5s,7s)-adamantan-1-yl)-2-(2-(2-hydroxyethoxy)ethoxy)benzamide (26). The crude residue was
purified by column chromatography using CH>Cly/AcOEt 7:3 to obtain a white solid. Yield, 60%. 'H-NMR
(CDCl3, 500 MHz) &: 1.69-1.75 (6H, m, Ad), 2.01 (1H, t, J= 6.2 Hz), 2.10-2.14 (9H, m, Ad), 3.64-3.66
(2H, m), 3.76-7.79 (2H, m), 3.90-3.92 (2H, m), 4.26-4.27 (2H, m), 6.91 (1H, dd, J; = 8.5 Hz, J> = 0.5 Hz),
7.05-7.08 (1H, m), 7.37-7.40 (1H, m), 7.81 (1H, br s), 8.15 (1H, dd, J; = 7.7 Hz, J> = 1.7 Hz, Ar). HRMS-
ESI for C2iH20NO4 (m/z): [M+Na]* calcd, 382.1995; found, 382.1976; [M-H]" calcd, 358.2017; found,
358.1977.

N-((3s,5s,7s)-adamantan-1-yl)-5-bromo-2-(pentyloxy)benzamide (27) [515].
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N-((3s,5s,7s)-adamantan-1-yl)-2-((5-hydroxypentyl)oxy)benzamide (29). The crude residue was purified by
column chromatography using n-Ex/AcOEt 7:3 to obtain a white solid. Yield, 68%. 'H-NMR (CDCl3, 500
MHz) ¢: 1.44-1.49 (1H, m) 1.59-1.69 (4H, m), 1.70-1.77 (6H, m, Ad), 1.91 (2H, quint, J = 7.0 Hz), 2.08-
2.13 (9H, m, Ad), 3.68-3.71 (2H, m), 4.10 (2H, t, J = 6.5 Hz), 6.91 (1H, d, J= 8.5 Hz), 7.04 (1H, td, J; =
7.5 Hz,J>=1.0 Hz, Ar), 7.36-7.39 (1H, m, Ar), 7.86 (1H, brs), 8.15 (1H, dd, J; = 7.7 Hz, J: = 1.7 Hz, Ar).
HRMS-ESI for C2H31NOs (m/z): [M+Na]" caled, 380.2202; found, 380.2196; [2M+Na]" calcd, 737.4506;
found, 737.4508; [M-H] calcd, 356.2224; found, 356.2265.
N-((3s,5s,7s)-adamantan-1-yl)-5-bromo-2-((5-hydroxypentyl)oxy)benzamide (30). The crude residue was
purified by column chromatography using n-Ex/AcOEt 1:1 to obtain a white solid. Yield, 80%. 'H-NMR
(CDCl3, 500 MHz) ¢6: 1.36-1.38 (1H, m) 1.57-1.67 (4H, m), 1.68-1.74 (6H, m, Ad), 1.91 (2H, quint, J=6.9
Hz), 2.03-2.17 (9H, m, Ad), 3.68-3.71 (2H, m), 4.08 (2H, t, /= 6.2 Hz), 6.78 (1H, d, /= 8.5 Hz), 7.46 (1H,
dd, J;=8.7 Hz, J;=2.7 Hz, Ar), 7.75 (1H, br s), 8.26 (1H, d, J= 3.0 Hz, Ar). HRMS-ESI for C»H3oBrNO3
(m/z): [M+Na]" calcd, 458.1320; found, 458.1307; [M-H] caled, 434.1329; found, 434.1373.

General procedure for the synthesis of final byciclic compounds GR106,20-21 and 31. Appropriate Bromo
derivatives among compounds 16, 27 and 30 (1 eq, 1 mmol) and the appropriate boronic acid (1.5 eq, 1.5
mmol) were suspended in a solution of dioxane (2.4 mL) and a solution of K,CO3 2M (0.6 mL). After
purging the solution with argon, Pd(PPh3)4 (0.1 eq, 0.1 mmol) was added, and the mixture was refluxed for
3 hours. The solvent was removed under vacuum. The residue was taken up with H,O (10 mL) and extracted
with CH,Cl, (3 x 10 mL). The combined organic layers were dried (Na,SO4) and evaporated under vacuum
to afford a crude residue which was purified by column chromatography.
N-((3s,5s,7s)-adamantan-1-yl)-4-((5-fluoropentyl)oxy)-[ 1, 1 -biphenyl]-3-carboxamide = (GR106). ~ The
crude residue was purified by column chromatography using n-Ex/AcOEt 8:2 to obtain a white solid. Yield,
67%. m.p. 106-108 °C. 'H-NMR (DMSO-ds, 300 MHz) §1.52-1.62 (2H, m), 1.63-1.70 (6H, m, Ad), 1.72-
1.91 (4H, m), 1.99-2.11 (9H, m, Ad), 4.15 (2H, t, J= 6.2 Hz), 4.46 (2H, dt, Jr=47.4 Hz, J=6.2 Hz ), 7.20
(1H, d, J=8.7 Hz, Ar), 7.28-7.36 (1H, m, Ar), 7.40-7.47 (2H, m, Ar), 7.58-7.64 (2H, m, Ar), 7.72 (1H, dd,
J1=8.7Hz,J;=2.7 Hz, Ar), 7.85 (1H, br s), 8.02 (1H, d, J=2.7 Hz, Ar) (The NMR spectrum is shown in
Figure S5.8). HRMS-ESI for C,sH34FNO; (m/z): [M+Na]* caled, 458.2472; found, 458.2473; [2M+Na]*
calcd, 893.5046; found, 893.5046; [M-H] calcd, 434.2494; found, 434.2492. The HPLC chromatogram is
shown in Figure S5.9.

N-((3s,5s,7s)-adamantan- 1-yl)-3"-fluoro-4-(pentyloxy)-[1,1"-biphenyl]-3-carboxamide (20). The crude
residue was purified by column chromatography using n-Ex/AcOEt 8:2 to obtain a white solid. Yield, 62%.
"H-NMR (DMSO-ds, 300 MHz) §0.90 (3H, t,J= 7.2 Hz), 1.28-1.53 (4H, m), 1.61-1.71 (6H, m, Ad), 1.73-
1.86 (2H, m), 2.00-2.11 (9H, m, Ad), 4.13 (2H, t, J = 6.0 Hz), 7.10-7.23 (2H, m, Ar), 7.40-7.54 (3H, m,
Ar), 7.77 (1H, dd, J; = 8.7 Hz, J, = 2.7 Hz, Ar), 7.85 (1H, br s), 8.03 (1H, d, J = 2.4 Hz, Ar). HRMS-ESI
for CosH34FNO; (m/z): [M+Na]" calcd, 458.2472; found, 458.2476; [2M+Na]" calcd, 893.5046; found,
893.5042; [M-H] calcd, 434.2494; found, 434.2494.
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N-((3s,5s,7s)-adamantan-1-yl)-4'-fluoro-4-(pentyloxy)-[1,1'-biphenyl]-3-carboxamide (21). The crude
residue was purified by column chromatography using n-Ex/AcOEt 8:2 to obtain a white solid. Yield, 65%.
"H-NMR (DMSO-ds, 300 MHz) §0.90 (3H, t,J=7.2 Hz), 1.30-1.56 (4H, m), 1.61-1.70 (6H, m, Ad), 1.78
(2H, quint, J= 6.0 Hz), 2.01-2.09 (9H, m, Ad), 4.13 (2H, t, /= 6.0 Hz), 7.19 (1H, d, J = 8.7 Hz, Ar), 7.22-
7.28 (2H, m, Ar), 7.60-7.66 (2H, m, Ar) 7.74 (1H, dd, J; = 8.7 Hz, J> = 2.7 Hz, Ar), 7.87 (1H, br s), 7.99
(1H, d, J = 2.7 Hz, Ar). HRMS-ESI for C,sH34FNO, (m/z): [M+Na]" calcd, 458.2472; found, 458.2473;
[2M+Na]" calcd, 893.5046; found, 893.5040; [M-H] calcd, 434.2494; found, 434.2493.
N-((3s,5s,7s)-adamantan-1-yl)-4-((5-hydroxypentyl)oxy)-[ 1, 1'-biphenyl]-3-carboxamide (31). The crude
residue was purified by column chromatography using n-Ex/AcOEt 1:1 to obtain a white solid. Yield, 45%.
'"H-NMR (DMSO-ds, 500 MHz) & 1.63-1.68 (4H, m), 1.71-1.80 (6H, m, Ad), 1.97 (2H, quint, J= 7.0 Hz),
2.08-2.13 (3H, m, Ad), 2.18-2.21 (6H, m, Ad), 3.59-3.64 (2H, m), 4.26 (2H, t, J= 6.5 Hz), 7.23 (1H, d, J
=9.0 Hz, Ar), 7.34 (1H, t, /= 7.5 Hz, Ar), 7.46 2H, t, J=7.5 Hz, Ar), 7.63-7.66 (2H, m, Ar), 7.74 (1H,
dd, J; = 8.5 Hz, J; = 2.5 Hz, Ar), 7.93 (1H, br s), 8.36 (1H, d, J = 2.5 Hz, Ar). HRMS-ESI for C23H35NO3
(m/z): [M+Na]" caled, 456.2515; found, 456.2517; [2M+Na]" calcd, 889.5132; found, 889.5131; [M-H]
caled, 432.2537; found, 432.2549.

General procedure for the synthesis of tosyl compounds 28 and 32-33. To a solution of appropriate hydroxy
compound among 26, 29 and 31 (1 mmol, 1 eq) in CH»Cl, (10 mL), TsCI (1.3 eq, 1.3 mmol), and EtsN (1.3
mmol, 1.3 eq) were added. The resulting mixture was stirred at 0 °C for 4h. The residue mixture was taken
up with H,O (20 mL) and extracted with CH>Cl> (3 x 20 mL). The collected organic layers were dried
(Na;S0O4) and evaporated under vacuum to afford a crude residue which was purified by column
chromatography

2-(2-(2-(((3s,5s, 7s)-adamantan- 1 -yl)carbamoyl)phenoxy)ethoxy)ethyl 4-methylbenzenesulfonate (28). The
crude residue was purified by column chromatography using n-Ex/AcOEt 1:1 to obtain a white solid. Yield,
42%. '"H-NMR (CDCls, 500 MHz) &: 1.70 (6H, br s, Ad), 2.07 (9H, br s, Ad), 2.37 (3H, s), 3.74 2H, t, J =
4.5 Hz),3.84 (2H, t,/=4.2 Hz), 4.16 2H, t, J=4.5 Hz), 4.19 (2H, t, /= 4.7 Hz), 6.88 (1H, d, /= 8.0 Hz,
Ar), 7.08 (1H, t, J= 7.7 Hz, Ar), 7.26 (2H, d, /= 8.0 Hz, Ar), 7.39 (1H, t, /= 7.7 Hz, Ar), 7.74 (1H, br s),
7.77 (2H, d, J = 8.0 Hz, Ar), 8.16 (1H, d, J = 8.0 Hz, Ar). HRMS-ESI for C3H3sNOsS (m/z): [M+Na]*
calced, 536.2083; found, 536.2073; [M-H] calcd, 512.2105; found, 512.2095.

5-(2-(((3s,5s, 7s)-adamantan- 1-yl)carbamoyl)phenoxy)pentyl 4-methylbenzenesulfonate (32). The crude
residue was purified by column chromatography using CH>Clo/AcOEt 8:2 to obtain a white solid. Yield,
87%. 'H-NMR (CDCls, 500 MHz) &: 1.52-1.59 (2H, m) 1.60-1.72 (6H, m, Ad), 1.73-1.78 (2H, m), 1.85
(2H, quint, J = 7.5 Hz), 2.04-2.14 (9H, m, Ad), 2.41 (3H, s), 4.03-4.07 (4H, m), 6.88 (1H, d, J = 8.0 Hz),
7.05 (1H, t, J=8.0 Hz), 7.32 (2H, d, J = 8.0 Hz, Ar), 7.36-7.40 (1H, m, Ar), 7.75-7.80 (3H, m, Ar), 8.14
(1H, dd, J;=17.7 Hz, J> = 1.7 Hz, Ar). HRMS-ESI for C290H37NOsS (m/z): [M+Na]" caled, 534.2290; found,
534.2289; [2M+Na]" calcd, 1045.4682; found, 1045.4684; [M-H] calcd, 510.2312; found, 510.2326.
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5-((3-(((3s,5s, 7s)-adamantan- 1-yl)carbamoyl)- [ 1, 1 -biphenyl]-4-yl)oxy)pentyl ~4-methylbenzenesulfonate
(33). The crude residue was purified by column chromatography using CH,Cl,/AcOEt 8:2 to obtain a
yellow solid. Yield, 66%. 'H-NMR (CDCls, 500 MHz) &: 1.60-1.65 (2H, m) 1.72-1.76 (6H, m, Ad), 1.78-
1.83 (2H, m), 1.87-1.97 (2H, m), 2.10-2.20 (9H, m, Ad), 2.45 (3H, s), 4.08-4.15 (4H, m), 6.99 (1H, d, J =
8.4 Hz), 7.30-7.37 (3H, m, Ar), 7.39-7.42 (2H, m, Ar), 7.60-7.68 (3H, m, Ar), 7.76-7.84 (3H, m, Ar), 8.47
(1H, d, J = 2.8 Hz, Ar). HRMS-ESI for C35sH4NOsS (m/z): [M+Na]" caled, 610.2603; found, 610.2618;
[M-H] calcd, 586.2625; found, 586.2630.
N-((3s,5s,7s)-adamantan-1-yl)-2-(2-(2-fluoroethoxy)ethoxy)benzamide (7). To a solution of compound 28
(1 mmol, 1 eq) in CH3CN (10 mL), K»COs3 (1.5 eq, 1.5 mmol), K,.>» (1.5 eq, 1.5 mmol), and KF (1.5 mmol,
1.5 eq) were added and the resulting mixture was stirred at reflux ON. The resulting mixture was refluxed
with stirring ON and then was allowed to cool to room temperature. The solvent was removed under
vacuum. The residue was taken up with H,O (20 mL) and extracted with CH>Cl, (3 x 20 mL). The combined
organic layers were dried (Na;SO4) and evaporated under vacuum to afford a crude residue which was
purified by column chromatography using n-Ex/AcOEt 6:4 to obtain a white solid. Yield, 48%. m.p. 70-72
°C. 'H-NMR (CDCls, 500 MHz) &: 1.69-1.75 (6H, m, Ad), 2.10-2.14 (9H, m, Ad), 3.79 (2H, dt, Jr=29.5
Hz, J=4.2 Hz), 3.93-3.95 (2H, m), 4.26-4.28 (2H, m), 4.59 (2H, dt, Jr = 48.0 Hz, /= 4.2 Hz), 6.91 (1H,
dd, J; = 8.2 Hz, J, = 0.5 Hz), 7.05-7.08 (1H, m), 7.37-7.40 (1H, m), 7.84 (1H, brs), 8.16 (1H, dd, J; = 7.7
Hz, J> = 1.7 Hz, Ar). HRMS-ESI for C;1H2sFNO; (m/z): [M+Na]* calcd, 384.1951; found, 384.1951;
[2M+Na]" calcd, 745.4004; found, 745.4005; [M-H] calcd, 360.1973; found, 360.1994.

5.12.2. Biological studies
5.12.2.1. Materials

Cell culture reagents were purchased from Celbio s.r.1. (Milano, Italy). CulturePlate 96/wells plates were
purchased from PerkinElmer Life Science; GW405833 and (R)-(p)-WIN 55,212-2 were obtained from
TOCRIS (Milan, Italy); Multiscreen HTS filter plates were purchased by Merck Millipore (Ireland).
OptiPhase Supermix and [*H]CP55940 were purchased from PerkinElmer Life Science. COSTAR flat
black plates were purchased from Sigma Aldrich. FAAH human recombinant enzyme and its substrate
7-amino-4-methyl-2H-1-benzopyran-2-one-52,8Z,11Z,14Z-eicosatetraen-amide =~ (AMC-AA)  were
purchased from Cayman Chemical, Ann Arbor, MI, USA. Ferrozine and NKH 477 were obtained from
Sigma-Aldrich-RBI s.r.l. (Milan, Italy). Clear 96-wells microplate was purchased from Greiner Bio-One
Italia S.r.1. (Milan, Italy). [P HJRO6957022 (specific activity 82.83 Ci/mmol) was synthesized in-house as
previously published [520]. GF/C filter plates (#6055690) and MicroScint-20 scintillation cocktail
(#6013621) were purchased from Revvity (Waltham, MA, USA). Bicinchoninic acid (BCA) and BCA
protein assay reagent were obtained from Pierce Chemical Company (Rockford, IL, USA). CP55,940
(#C1112) and AM630 (#SML0327) were purchased from Sigma-Aldrich (Saint Louis, MO, USA).
Forskolin (FSK, #F701800) was obtained from Toronto Research Chemicals. FUGENE® 6 Transfection
Reagent (#E2692), Nano-Glo® Vivazine™ Substrate (#N2581), GloSensor™ cAMP reagent (#£1291)
and pGloSensor™-22F cAMP Plasmid (#E2301) were obtained from Promega (Madison, WI, USA) and
96-well solid white flat bottom microplates (#3917) were obtained from Corning (Corning, NY, USA).
All buffers and solutions were prepared using Millipore water (deionized using a MilliQ A10 Biocel™

with a 0.22 pum filter) and analytical grade reagents and solvents. Buffers were prepared at RT and stored
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at 4 °C, unless stated otherwise.

5.12.2.2. Cell cultures

For [*'H]CP55,940 radioligand binding assays, CB2R-HEK293 and CB1R-HEK293 cells were grown in
DMEM high glucose supplemented with 10% fetal bovine serum, 2 mM glutamine,100 U/mL
penicillin, 100 mg/mL streptomycin, 0.1 mg/mL G418, in a humidified incubator at 37 °C with a 5% CO2
atmosphere. Human monocyte THP-1 cells were obtained from ATCC (Manassas, VA) and seeded at 1 x
105 cells/ml for 48 h. To differentiate cells into macrophages, 0.01 uM PMA was added for 48 h. By
microscope analysis, in these conditions > 98% cells became adherent. To stimulate THP-1 monocytes
and adherent cells, 10 pg/ml of LPS was added for 24 h, according to the protocol of differentiation and
activation reported in Dreskin et al. [521]. Cells were cultured in RPMI-1640 medium supplemented
with 10% fetal bovine serum, 2 mM glutamine,100 U/mL penicillin,100 mg/mL streptomycin, in a
humidified incubator at 37 °C with a 5% CO2 atmosphere [521]. For [3H]JR0O6957022 radioligand binding
assays, Chinese Hamster Ovary (CHO) cells stably expressing hCB2R (CHOK1 hCB2bgal, #93-0706C2,
PathHunter EA Parental cell line, female, DiscoverX) were cultured in Ham’s F12 Nutrient Mixture
supplemented with 10% (v/v) fetal calf serum (FCS), 2 mM Glutamax, 100 U/ mL penicillin, 100 pg/mL
streptomycin, 300 pg/mL hygromycin and 800 pg/mL G418 in a humidified atmosphere at 37 °C and 5%
CO2. For Multiplexed cAMP production and B-arrestin-2B-arrestin-2 recruitment assays, HEK293T cells
stably expressing full-length hCB2R-SmBIT and LgBiT- B-arrestin-2 B-arrestin-2 constructs (HEK293T
CB2R-SmBIT LgBiT- B-arrestin-2B-arrestin-2, a kind gift by Christophe Stove, Ghent University,
Belgium) [522] were grown in monolayers and was cultured in Dulbecco’s Modified Eagle’s Medium
supplemented with 10% FCS, 2 mM Glutamax, 100 IU/mL penicillin and 100 w/mL streptomycin in a
humidified atmosphere at 37 °C and 5% CO2. All cells were subcultured twice per week when reaching
80-90% confluence on 10 or 15 cm @ plates by trypsinization and used for further experiments within 20
passages. Caco-2 and MDCK-MDRI cells were grown in Dulbecco’s high-glucose modified eagle
medium, composed of 10% fetal bovine serum, 2 mM of glutamine, 100 U/mL of penicillin, and 0.1
mg/mL of streptomycin (all components purchased from Euroclone, Milan, Italy) in a humidified

incubator at 37 °C with a 5 % CO2 atmosphere.
5.12.3. In vitro CB1R and CB2R Binding Affinities

Membrane preparations for CB1 and CB2 receptors assays. Membranes of HEK293 cells recombinantly
expressing the human CBI1 receptor subtype, were prepared by scratching the cells off the previously frozen
cell culture dishes in PBS (pH 7.4). The cell suspension was centrifuged at 800xg for 15 min and the pellet
was resuspended and homogenized on ice for 1 min using a dounce homogenizer, and subsequently spun
down for 5 min at 4 °C and 500 g. The supernatant was centrifuged for 20 min at 25,000 g. The obtained
membrane pellets were resuspended in buffer A (NaHCO3;10 mM, EGTA 10 mM, EDTA 10 mM, protease
inhibitors cocktail 1X (Sigma Aldrich), pH 7.4) and centrifuged for 20 min at 25,000 g. The pellet was
resuspended in the required amount of Tris-HCl buffer 25mM, MgCl, 5 mM, EDTA 1mM, pH 7.4. Aliquots
of the membrane preparation were stored at -80°C until being used.> Membranes of HEK293 cells
recombinantly expressing the human CB2 receptor subtypes were prepared by scratching the cells off the

previously frozen cell culture dishes in ice-cold hypotonic buffer (Tris-HCIS mM, EDTA, 2 mM, pH 7.4).
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The cell suspension was homogenized on ice for 1 min using an Ultra-Turrax (T25basic,
IKALABORTECHNIK, Higashiosaka, Japan) followed by further homogenization for 1 min with a dounce
homogenizer, and subsequently spun down for 10 min at 4 °C and 1000 g. The supernatant was centrifuged
for 60 min at 48,000 g. The obtained membrane pellets were resuspended and homogenized in the required
amount of Tris-HCl 50 mM buffer, pH 7.4. Aliquots of the membrane preparation were stored at -80 °C
until being used.

Radioligand competition binding assays at CB2 and CBI receptors. Competition binding assays were
performed as reported in Spinelli e a/ [284]. The membrane preparations of the HEK293 cells stably
expressing CB receptor subtype 2 (50 pg protein/well) was used as source for human CB2 receptor and as
radioligand the CB agonist [*H](-)-cis-3-[2-hydroxy-4-(1,1-dimethylheptyl)phenyl]-trans-4-(3-
hydroxypropyl)cyclohexanol (CP55,940), PerkinElmer Italia SPA, Milano, Italy). After addition of 25 pL
of the test compounds at different concentrations (10712-10°M), 25 uL of [*H]-CP55,940 solution in assay
buffer (at final concentration of 0.2 nM), and 100 pL. of membrane preparation to 100 uL of assay buffer
(Tris-HC1 50 mM, EGTA 2.5mM, MgCl, 5mM, fatty acid fere bovine serum albumine BSA 0.1%, pH 7.4),
the suspension was incubated for 90 min at 30 °C. Total binding was determined without the test
compounds. Nonspecific binding was determined in the presence of 10 uM GW405833, CB2R reference
compound. The incubation was stopped by rapid filtration through a GF/C glass fibre filter (Merck
Millipore, Ireland) presoaked for 30 min with 0.05% aq. Polyethyleneimine solution, using a 96-channel
cell harvester (Merck Millipore, Ireland). The filter was washed three times with 100 pL ice-cold washing
buffer (Tris-HC1 50 mM, EGTA 2.5 mM, MgCl, 5 mM, BSA 1%, pH 7.4), and then dried for 1.5 h at 50
°C. Radioactivity on the filter was determined in a MicroBeta JET counter (Perkin- Elmer, Boston, MA,
USA) after 6 h of preincubation with 100 pl of scintillation cocktail (OptiPhase superMix, Perkin- Elmer).
Data were obtained in three independent experiments, performed in triplicates. Data were analyzed using
GraphPad Prism Version 7 (San Diego, CA, USA). For the calculation of K values, the Cheng-Prusoff
equation and a Kp value of 1.5 nM ([*H]-CP55,940 at CB2) were used. Cannabinoid CB1 receptor
competition binding experiments were carried out in a polypropilene 96-well plate. In each well 20 ug of
membranes from HEK 293-hCB1 cell line, 0.8 nM [*H]-CP55940 (164.9 Ci/mmol, 1 mCi/mL, Perkin
Elmer NET1051250UC) and studied and standard compounds were incubated. Non-specific binding was
determined in the presence of Surinabant 10 uM. The reaction mixture was incubated at 30 °C for 60 min,
200 pL were transferred to GF/C 96-well plate (Millipore, Madrid, Spain) pretreated with binding buffer
(Tris-HC1 50 mM, EDTA 1 mM, MgCl, 5 mM, BSA 0.5%, pH 7.4), afterwards it was filtered and washed
four times with 250 pL wash buffer (Tris-HCI 50 mM, EDTA 1 mM, MgCl, 5 mM, BSA 0.5%, pH 7.4),
before measuring in a microplate beta scintillation counter (Microbeta Trilux, PerkinElmer, Madrid, Spain).

Data were obtained in three independent experiments, performed in triplicates.
5.12.4. Binding kinetics at the human CB2R

Membrane preparation. CHOK1_ hCB2bgal cells were harvested when reaching 80-90% confluence in 15
cm o plates after one week subculture at a 1:6 ratio. The cells were detached by scraping into 5 mL
phosphate-buffered saline (PBS) and subsequently centrifuged at 2,000 x g for 5 min. Pellets were
resuspended in ice-cold Tris buffer (50 mM Tris-HCI, pH 7.4) and homogenized with an Ultra Turrax

homogenizer (IKA-Werke GmbH & Co. KG, Staufen, Germany). Cytosolic and membrane fractions were
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separated using an Optima LE-80 K ultracentrifuge (Beckman Coulter, Inc., Fullerton, CA) at 100,000 x g
for 20 min at 4 °C. The supernatant was discarded and the resuspension, homogenization, and
ultracentrifugation steps were repeated. The final pellets were resuspended and homogenized in ice-cold
Tris buffer and subsequently aliquoted and stored in 100 pL aliquots at -70 °C. Membrane protein
concentrations were determined using a BCA protein determination assay, as described by the manufacturer

(Pierce BCA protein assay Kkit).
5.12.4.1. [*H]R0O6957022 displacement and competition association assays

[*H]JR0O6957022 displacement and competition association assays were performed as previously described
to determine binding affinity and kinetics, respectively [517]. In short, the reactions were performed in 100
pL assay buffer (50 mM Tris-HCI (pH 7.4), 0.1% (w/v) bovine serum albumin (BSA)) containing ~1.5
nM [*H]JRO6957022, and 1 pg membrane protein CHOK1 hCB2bgal at 10 °C. Displacement assays were
performed with six ranging concentrations (from 0.01 nM to 10 uM) competing compound. The reaction
mixtures were incubated for 2 h before termination. Competition associations assays were performed with
competing compounds at ICsy concentration as obtained from the displacement assays. Competition was
initiated by addition of CHOK1 hCB2bgal membrane homogenates at different time points for 2 h, after
which incubations were terminated. Nonspecific binding (NSB) was determined using 10 uM AM630 and
DMSO concentrations were constant and kept < 1% in all samples. Total radioligand binding (TB) did not
exceed 10% of the amount added to prevent ligand depletion. For all assays, incubations were terminated
by rapid vacuum filtration with ice-cold assay buffer through Whatman GF/C filters using a Filtermate 96-
well harvester (Revvity, Waltham, MA, USA). Filters were dried for at least 30 min at 55 °C and
subsequently 25 pul MicroScint-20 was added per well. Filter-bound radioactivity was measured by

scintillation spectrometry using a Microbeta2 2450 counter (Revvity, Waltham, MA, USA).

5.12.4.2. Multiplexed cAMP production and B-arrestin-2 recruitment assay

Inhibition of cAMP production and B-arrestin-2 recruitment after CB;R activation were measured using the
GloSensor™ and NanoBiT® technologies, respectively, in a multiplexed manner using HEK293T CB,R-
SmBIT LgBiT-B-arrestin-2 cells as described previously [Bouma, J.; de Koning, E. J. M.; van der Horst,
C.; Kumar, S. S.; van den Berg, B. J. W.; Hoare, S. R. J.; Wittwer, M. B.; Guba, W.; Rufer, A. C.; Grether,
U.; van der Stelt, M.; Heitman, L. H. Kinetic Multiplex Assay to Assess Biased Signaling of Clinical GPCR
Agonists. Pharmacol. Res. 2025, 222, 108021. https://doi.org/10.1016/j.phrs.2025.108021.]. In short, the
cells were transfected with 10 ug pGloSensor™-22F cAMP plasmid using FuGENE® 6 transfection in a
3:1 reagent:DNA ratio. The next day, the transfected cells were seeded at a density of 50,000 cells/well in
culture medium in a solid white, flat bottom 96-well plate coated with poly-D-lysine, and were incubated
for another 24 h at 37 °C with 5%. On assay day, culture medium was replaced by assay medium (CO,
independent medium + 10% (v/v) FCS)) supplemented with 2% (v/v) GloSensor™ cAMP reagent and 1%
(v/v) Vivazine™ substrate. The plate was incubated for 2 h at 25°C in the dark after which baseline levels
were measured for 7.5 min. To induce cAMP production, cells were prestimulated with 1 uM forskolin
(FSK) until reaching a stable plateau of cAMP production as monitored with the plate reader for 52.5 min.
Immediately after, cells were stimulated with ranging concentrations of compound of interest (from 0.01

nM to 10 uM). The maximal response was determined by 1 uM CP55,940 and DMSO concentrations were
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constant and kept < 1% in all samples. Luminescence was measured for another 90 min in the plate reader
resulting in a total read time of 150 min. The simultaneous luminescence was measured in a Wallac
EnVision 2104 Multilabel reader (Revvity, Waltham, MA, USA). The cAMP response and B-arrestin-2
recruitment signals were detected using the Cy3 595 (595/60 nm, barcode 229) and the NanoBRET Blue
(460/80 nm, barcode 703) emission filters, respectively, in a dual luminescent manner. Each wavelength

was measured for 250 ms/well and the total interval between plate repeats was 90 s.

5.12.5. Calcein-AM experiment
The experiment was carried out as described by Contino et al. with minor modifications [335]. MDCK-
MDRI cell line (30,000 cells per well) was seeded into black CulturePlate 96/wells plate with 100 pL
medium and allowed to become confluent overnight. 100 uL of test compounds were solubilized in culture
medium and added to monolayers, with final concentrations ranging from 0.1 to 100 mM. 96/Wells plate
was incubated at 37 °C for 30 min. Calcein-AM was added in 100 mL of Phosphate Buffered Saline (PBS)
to yield a final concentration of 2.5 uM and the plate was incubated for 30 min. Each well was washed 3
times with ice-cold PBS. Saline buffer was added to each well and the plate was read with Victor3
(PerkinElmer) at excitation and emission wavelengths of 485 nm and 535 nm, respectively. In these
experimental conditions, Calcein cell accumulation in the absence and in the presence of tested compounds
was evaluated and fluorescence basal level was estimated with untreated cells. In treated wells the increase
of fluorescence with respect to basal level was measured. ECso values were determined by fitting the

fluorescence increase percentage versus log[dose].

5.12.6. Permeability Experiments
The experiment started with the preparation of the Caco-2 monolayer, which occurred by seeding the cells
(20,000/well) in Millicell plates (Millipore, Milan, Italy). Its growth was followed for 21 days by changing
the medium occasionally and measuring its transepithelial electrical resistance (TEER) daily using an
epithelial voltohmmeter (Millicell-ERS) until a TEER value >240 ohmsxcm? was reached. After 21 days,
the plate was washed twice with Hank’s balanced salt solution (HBSS) (Invitrogen). After the second wash,
the wells were filled with buffer, and the plate was kept at 37 °C for 30 min. After the incubation time, the
HBSS buffer was replaced with the solutions of the compounds to be tested at a concentration of 1 x 107*
M. The plates were placed in an incubator at 37 °C for 120 min. The apparent permeability (Papp), in units

of nm/sec, was calculated [335] using the following equation:

VA > % <[drug]acceptor)

P, = (
app Area x time [druglinitiai

VA = the volume (in mL) in the acceptor well; Area= the surface area of the membrane (0.11cm? of the
well); time = the total transport time in seconds (7200 s); [druglaccepior= the concentration of the drug
measured by U.V. spectroscopy; [drug]imitial = the initial drug concentration (1 x10** M) in the apical or

basolateral wells.
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5.12.7. Computational studies

Docking simulations for FR10 and GR106 were carried out using the standard precision (SP) protocol.
Two X-ray crystallographic structures of the CB2R were selected: one bound to an antagonist (PDB ID:
5ZTY [523]) and the other to an agonist (PDB ID: 6KPC [516]). Both 3D models were processed using the
“Protein Preparation Workflow” from Schrodinger Suite 2024-3. During preparation, hydrogen atoms were
added at pH 7.4 (£2.0), missing side chains were reconstructed, and the most probable protonation states
were assigned based on the hydrogen bonding network. A final energy minimization was performed using
the S-OPLS (OPLS4 [524]) force field to optimize the protein-ligand complex. Ligands were prepared
using the “LigPrep” module of Schrédinger Suite 2024-3, generating all relevant tautomers and conformers
at pH 7.4 (+ 2.0). Docking was performed using GLIDE [525] with grid-based ligand docking and energy
evaluation, keeping the protein rigid while allowing ligand flexibility. The docking grid was centered on
the co-crystallized ligand: AM12033 (PDB ID: E3R) for 6KPC and AM10257 (PDB ID: 9JU) for 5ZTY.
The inner grid box measured 103 A3, while the outer boxes were approximately 253 A3 and 263 A3,
respectively. Default docking parameters were used, including the OPLS 2005 force field and the SP
protocol. The docking setup was validated by re-docking the native ligands, yielding RMSD values of 0.299
A for AM12033 (6KPC) and 0.315 A for AM10257 (5ZTY).

5.12.8. Radiochemistry

The anhydrous solvents CH3;CN, DMSO and DMF used for the manual radiosynthesis were purchased
from sigma-aldrich chemie gmbh, part of merck, taufkirchen, Germany. The K, used as a phase transfer
catalyst was purchased from Sigma-Aldrich chemie gmbh, part of Merck, Taufkirchen, Germany. The
K>CO; was used as an aqueous solution 20 mg/mL and purchased from sigma-aldrich chemie gmbh, part
of merck, taufkirchen, Germany.

Radio thin layer chromatography (radio-TLC) was performed on silica gel (polygram® sil g/UV2s4 from
machery-nagel, Germany) pre-coated plates with a mixture of ethyl acetate/n-hexane 7/3 (v/v) as eluent.
The plates were exposed to storage phosphor screens (bas-ip ms 2025, fujifilm co., Tokyo, Japan) and
recorded using the amersham typhoon rgb biomolecular imager (ge healthcare life sciences). Images were

quantified with the imagequant tI8.1 software (ge healthcare life sciences).
5.12.8.1. ['®F]Fluoride production

No-carrier-added ['®F]fluoride was produced via the ['%0(p,n)'®F] nuclear reaction by irradiation of an
['|0]H2O target (Hyox 18 enriched water, Rotem Industries Ltd, Israel) on a Cyclone 18/9 (iba
RadioPharma Solutions, Belgium) with fixed energy proton beam using Nirta ['3F]fluoride XL target.

Preconditioning of Chromafix® 30 PS-HCO; (45 mg) cartridge (ABX advanced biochemical compounds
GmBH, Radeberg, Germany) and Sep-Pak® Accell QMA light cartridge (Waters GmBH, Eschborn,
Germany) was done using 10 mL of 0.5 M NaHCOs followed by 10 mL water. Preconditioning of Sep-
Pak® Cs light and plus cartridges (Waters GmBH, Eschborn, Germany) was done using 5 ml of EtOH

and 20 ml of water.
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5.12.8.2. Manual Radiosynthesis of ['*F]FM10 and ['*F]|GR106

The manual synthesis of [*F]FM10 and [*F]GR106 began with azeotropically or non-azeotropically
dried ['®F]fluoride, which was dissolved in the 300 pL of MeCN. Azeotropic removal of water to obtain
the anhydrous ['®F]fluoride—Kryptofix complex (K222, 5 mg; MeCN, 800 uL; H20, 200 pL; K-COs sol.
(20 mg/mL), 15 pL, 20 mg/mL) was performed by microwave heating for 15 min under continuous flow
of nitrogen

After activation, the ['*F]fluoride—Kryptofix complex was added to a vial containing the tosylate precursor
(32 or 33) previously dissolved 300 pL of the reaction solvent . For the synthesis of [*F|FM10, the
reaction was carried out in MeCN at 90 °C, DMSO at 130 °C and DMF at 130 °C. In contrast, for the
synthesis of ["*F]JGR106, only MeCN at 90 °C was employed. Following addition of the activated
complex, the reaction mixture was stirred for 15 min. To monitor labeling progress, aliquots were
withdrawn at 5, 10, and 15 min and analyzed by radio-TLC and, randomly, by radio-HPLC.

Optimized manual procedure for [®*F]FM10 and [*®*F]GR106: the azeotropically dried ['*F]fluoride—
Kryptofix complex was dissolved in MeCN (300 pL) and 32 (1 mg) or 33 (2 mg), dissolved in MeCN

(300 pL), was added. The resulting reaction mixture was stirred at 90 °C for 10 min.
5.12.8.3. Automated Radiosynthesis of ['*F]FM10 and ['"*F]|GR106

The optimized manual labeling procedure was successfully transferred to a remote-controlled synthesis
module (SynChrom R&D from Elysia-Raytest, Figure S5.2). The ['8F]fluoride was trapped on a pre-
conditioned Sep-Pak® Accell QMA light cartridge (entry 1, Figure S5.2). The trapped ['®F]fluoride was
eluted with the Kriptofix-complex (entry 2, Figure S5.2) into the reaction vessel 1 (entry 3, Figure S5.2)
and was dried by azeotropic distillation with MeCN (entry 4, Figure S5.2) for 15 min. Then 1 mg of 32 or
2 mg of 33 in 1 mL of MeCN (entry 5, Figure S5.2) was added into reactor 1 (3, reaction vessel 1 (entry
3, Figure S5.2) and stirring for 10 min at 90 °C. The reaction mixture was quenched with 4.1 mL of
MeCN/H>O 1:1 (entry 6, Figure S5.2) and transfered in reactor 2 (entry 7, Figure S5.2).

The resulting mixture containing ['*F]FM10 or ['®*F]GR106 was injected in the RP-HPLC column
(Reprosil-Pur Ci3-Aq, 10 mm, 250 x 10 mm column from Dr. Maisch GmbH, entry 9, Figure S5.2) and
eluted with a mobile phase of 75% MeCN / 25% agAcNH4 20 mM, flow 4.2 mL/min for ['"*F]FM10 and
80% MeCN / 20% aqAcNH4 20 mM, flow 4.0 mL/min for ["®F]JGR106. The radiolabeled products
['®F]FM10 and ['"*F]GR106 were isolated (Rt = 21-22 min and Rt = 24-25 min, respectivelly) and directed
to a collection vial (entry 10, Figure S5.2) that was previously loaded with 40 mL of water.

The final purification step was achieved through SPE on a Sep-Pak® Cs light cartridge, (entry 11, Figure
S5.2) followed by washing of the cartridge with 2 mL water (entry 12, Figure S5.2) and successive elution
of the radioligand with the 1.2 mL of EtOH (entry 13, Figure S5.2) into the product vial (entry 14, Figure
S5.2).

The EtOH solution was transferred out of the hot cell and volume was reduced under a gentle Argon
stream at 70 °C to a final volume of 10-25 pL.

Afterwards, the radiotracer was formulated in an isotonic saline solution to obtain a final product
containing 10 % EtOH (v/v).

For quality control, the final product of the radiotracer was inspected by analytical radio- and UV-HPLC

with and without co-injection of the reference compound in isocratic or gradient method with RP-HPLC
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(Reprosil-Pur Ci3-Aq, 10 mm, 250 x 10 mm column from Dr. Maisch GmbH). The isocratic method was
70 % MeCN and 20 mM NH4OAc aq. for ['®®F]FM10 and 80 % MeCN and 20 mM NH4OAc aq. for
['®*FIGR106, with flow rate of 1 mL/min at maximum absorbing wavelength of 286 nm for ['"*F]FM10
and at 260 nm for ['*F]GR106.

For the determination of A, of ['®¥F]FM10 and ['"®F]GR106, an aliquot of the tracer solution (50 pl, 5 -
30 MBq plus 50 ul MeCN/H,O 1:1 ) was analyzed by HPLC under isocratic conditions (74% MeCN /
26% 20 mM NH4OAc aq for ["8F]FM10 and 82% MeCN / 18% 20 mM NH4OAc aq for ['*F]GR106)
using chromatograms obtained at 286 nm for ['"8F]FM10 and at 260 nm for ['*F|GR106 as the wavelength
of high absorption. The amount of non-radioactive FM10 and GR106 was calculated from calibration

curves (Figure S5.10) obtained under the same HPLC conditions.

5.12.9. In vitro evaluation of ['*F]JFM10 and ['*F]GR106

5.12.9.1. Experimental determination of lipofilicity
The apparent distribution coefficient (logD7.4) value of both ['*F]JFM10 and ['*F]GR106 was determined
using a shake-flask method by measuring the distribution of the radiotracer between n-octanol and PBS
(0.05 mol/L, pH = 7.4). The two phases were pre-saturated with each other. A solution of the radiotracer
(10 puL, 1.1 MBq) was added to a 15 mL plastic centrifuge tube containing n-octanol (3 mL) and PBS (3
mL). The tube was vortexed for 3 min and centrifuged at 3500 rpm for 5 min (Anke TDL80-2B, China).
About 50 pL of the n-octanol layer and 500 pL of the buffer layer were pipetted in two tared tubes and
the activity was measured in an automatic y-counter (Wallac 2480 Wizard, USA). The logD74 was
determined as the ratio of cpm/mL of the n-octanol layer to that of the buffer layer. Samples from the n-
octanol layer were redistributed until consistent distribution coefficient values were obtained. The

measurement was carried out in triplicate and repeated three times.
5.12.9.2. Determination of Binding Affinities by Homogenate Assays

Binding assays were performed as previously reported by Teodoro et al. [496]. In brief, membrane
preparations obtained from CHO cell lines stably transfected with human CB:R (ACB2R-CHO; kindly
provided by Paul L. Prather, Department of Pharmacology and Toxicology, College of Medicine,
University of Arkansas for Medical Sciences, USA) were used for radioligand binding experiments.
Membrane homogenates from rat spleen or ZCB2R-CHO cells were incubated with the corresponding '¢F-
labeled radiotracers ([**F]FM10 or ['"*)F]|GR106) and increasing concentrations of the respective unlabeled
compound, following the same general protocol. For ["®)F]FM10, an optimized radiotracer formulation
consisting of a 1:2 mixture of Kolliphor EL:DMSO was applied prior to addition to the binding buffer.
This replaced the previously used 10% ethanol vehicle (employed in other binding studies with
[*FIGR106 and in autoradiography experiments) to improve solubility and minimize potential
aggregation effects. Nonspecific binding was determined by coincubation with CP55,940 (final
concentration 1075 M). After incubation, bound radioactivity was measured using a y-counter (1480
WIZARD, Perkin Elmer, Turku, Finland). Data were normalized to percentage of specific binding and
plotted against the logarithm of the competitor concentration. ICso values were determined by nonlinear
regression analysis using GraphPad Prism. The Kp values were calculated using the modified Cheng—

Prusoff equation.
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Ky = K; = 1C5y — [radioligand]

allowing direct determination of apparent Kp values from homologous displacement curves.

5.12.9.3. In Vitro Metabolism

[*F]FM10 and [**F]GR106 were incubated with MLM in PBS in the presence of NADPH for 30 min at
37 °C with gentle shaking at 350 rpm (n = 2), following a previously published protocol [337] with minor
modifications. For all incubation mixtures the total volume was 250 pL. 12.5 pL of MLM (1 mg/mL) was
added to 187.5 uL of PBS, followed by 25 pL of [*F]FM10 or [*F]GR106 (10-20 MBq). The mixture
was pre-incubated at 37 °C with gentle shaking at 350 rpm for 5 min. Subsequently, 25 pL of pre-
incubated NADPH (2 mM) was added, and the reaction was incubated at 37 °C with gentle shaking at 350
rpm for 30 min (r = 3). Positive control experiments were performed using testosterone as substrate, both
in the presence and absence of NADPH (25 pL of testosterone, 12.5 pL of MLM at 1 mg/mL, and either
0 or 25 pL of 2 mM NADPH in 212.5 pL or 187.5 puL of PBS, respectively). In these experiments,
incubation was carried out at 37 °C with gentle shaking at 350 rpm for 60 min, corresponding to the time
required for complete conversion of testosterone. Negative control experiments were conducted by
incubating [*F]FM10 or ["®*F]GR106 either without NADPH (25 pL of ["*F]FM10 or [**F]GR106 and
12.5 puL of MLM at 1 mg/mL in 212.5 pL of PBS) or in the absence of both MLM and NADPH (25 uL
of [®*F]FM10 or [*F]GR106 in 225 pL of PBS). All negative control incubations were performed at 37
°C with gentle shaking at 350 rpm for 30 min.

After incubation, samples were subjected to protein precipitation. An aliquot of 25 pL from each reaction
mixture was added to 100 pL of ice-cold CH3;CN, vortexed for 5 min, and placed on ice for 3 min,
followed by centrifugation at 14,000 rpm for 10 min. The supernatant was separated from the pellet and
analyzed by radio-HPLC. Efficiencies of the extractions were calculated after activity measurement of
aliquots of the supernatants and the corresponding residues by gamma counter using the following

equation:

activitysypernatant % 100%

activityresique+ activitysupernatant

Extraction Efficiency (%) =

Radio-HPLC analysis of [*F]FM10 and ["*F]|GR106 metabolism was performed using a radio-HPLC
method and columns different from those employed for quality control after automated synthesis.
Separations were carried out on a RP-HPLC column (ReproSil-Pur 120 Ci3-AQ, 3 pm, 150 x 3 mm; Dr.
Maisch GmbH). For both compounds, the same gradient program was applied: isocratic elution at 5%
CHsCN from 0 to 1.5 min, followed by a linear gradient from 5% to 80% CHsCN between 1.5 and 10.0
min, isocratic elution at 80% CHsCN from 10.1 to 12.0 min, and re-equilibration at 5% CHsCN from 12.1
to 15.0 min. The Rt were 10.0 min for ["*F]FM10 and 11.9 min for [**F]GR106.

For testosterone metabolism analysis in positive control experiments, HPLC was performed using an
appropriate gradient method with UV detection (A = 245 nm).

The ti» determination (Figure S5.11) was performed following a previously published protocol [501]

using the following equations:

Equation 5.1. In(intact radiotracer in %) = In100 — slope Xt

in2

Equation 5.2. ¢, , =

slope
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5.12.9.4. In Vitro Autoradiography

Autoradiography in 10 pm cryosections from rat were thawed, dried, and pre-incubated with incubation
buffer for 10 min, dried under an airstream. Subsequently, the incubation buffer containing ['**F]FM10 or
['®F]GR106 was added alone or together with 1 uM reference compound. Additionally, to assess the non-
specific binding of the radiotracers to cryosections SR144528 (inverse CB2R agonist) or SR141716A
(inverse CBI1R agonist) was added instead of the reference compound. After 90 min, cryosections were
washed two times for 2 min with ice-cold 50 mM Tris HCL, pH74 and 10s in ddH>O and subsequently
dried under an airstream. Subsequently, the slides were exposed to a phosphor imager plate. After
scanning at high sensitivity and a 12.5 um resolution with a CR35 Bio image plate scanner (Raytest
Isotopenmessgerdte GmbH, Straubenhardt, Germany). The analyses of the autoradiographic images were

performed with the AIDA 5.1 software (Elysia-Raytest, Angleur, Belgium).

206



5.13. Supporting information
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Figure S5.1: Competition association of [PHJR06957022 (~1.5 nM) binding to CHOK 1hCB2_bgal membranes in the
presence of the compounds FM10 and GR106 at their ICso concentration at 10°C. Represented graphs of one

experiment performed in duplicate are shown.
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Figure S5.2. Scheme of the Raytest SynChrom R&D synthesis module (Hamburg, Germany) for the automated
radiosynthesis of the ['®F]FM10 and ['®F]GR106 with 1) Sep-Pak® Accell Plus QMA Plus Light cartridge; 2) Mixture
of 5 mg of K222, 15 pL K2CO3 (20 mg/mL), 800 uL. MeCN and 200 pL water; 3) Reactor 1; 4) 1.5 mL MeCN; 5) 1
mg of 32 or 2 mg of 33 in 1 mL of MeCN; 6) 4.1 mL of MeCN/H20 1:1; 7) Reactor 2; 8) empty 9) Reprosil-Pur Cis-
AQ, 10 pm, 250 x 10 mm column from Dr. Maisch GmbH using a mixture of 75% MeCN/ 25% AcNH4 20 mM flow
4.2 mL/min for ["®F]FM10 and 80% MeCN/ 20% AcNH4 20 mM flow 4.0 mL/min for ['"¥F]GR106; 10) Collecting
vial, 40 mL water; 11) Sep-Pak® Cis light; 12) 2 mL water; 13) 1.2 mL EtOH; 14) product vial.
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Figure S5.3. Representation of the graphical interface of ['SF]JFM10 during purification by semi-preparative HPLC
(Reprosil-Pur Cis-AQ, 10 um, 250 x 10 mm column, Dr. Maisch GmbH, Ammerbuch, Germany), eluted with a mobile
phase of 75% CHsCN (20 mM NHsOAc) at a flow rate of 4.2 mL/min (Rt = 21-22 min).
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Figure S5.4. Representation of the graphical interface of ['*F]GR106 during purification by semi-preparative HPLC
(Reprosil-Pur Cis-AQ, 10 um, 250 x 10 mm column, Dr. Maisch GmbH, Ammerbuch, Germany), eluted with a mobile
phase of 80% CHsCN (20 mM NH4OAc) at a flow rate of 4.0 mL/min (Rt =~ 24-25 min).
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Figure S5.6. 'H-NMR spectrum of FM10. CDCl3, 300 MHz, 25 °C.
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Chromatogram and Results
Injection Details
Injection Name: FM-10 Run Time (min): 20,00
Vial Number: B:A1 Injection Volume: 2,00
Injection Type: Unknown Channel: UV_VIS_1
Calibration Level: Wavelength: 254
Instrument Method: MeOH-H20 8:2 flow 0,4 mL/min Bandwidth: n.a.
Processing Method: Basic Quantitative Dilution Factor:  1,0000
Injection Date/Time: 15/apr/25 11:36 Sample Weight  1,0000
[Chromatogram
350 % PET CB2R_ saliciammidi #1 [manually integrated] FM-10 UV_VIS_1WWVL:254 nm
] 2 - 2,856
300
] NS
] F o O
2504
] N
] H
= 2004
= ]
%. ] FM10
£ 150
o p
1=
2 ]
<< 100
50
] 1-0702 k
0 ] I!_I | :
-50.]
0,0 20 40 80 30 100 12,0 140 18,0 18,0 200
Time [min]
Integration Results
No. |Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAU"min mAU % % na.
1 0,702 0,027 1,730 0,08 0,55 na.
2 2,856 34315 311,057 99,92 99,45 n.a.
Total: 34,342 312,787 100,00 100,00

Figure S5.7. HPLC analysis of FM10. MeOH-H-O 8&:2, flow 0.4 mL/min. Wavelength, 254 nM..
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Figure S5.8. 'H-NMR spectrum of FM10. DMSO-ds, 300 MHz, 25 °C.
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Chromatogram and Results
Injection Details
|Injection Name: GR-106 Run Time (min): 20,00
Vial Number: B:A4 Injection Volume: 2,00
Injection Type: Unknown Channel: UV_VIS_1
Calibration Level: Wavelength: 254
Instrument Method: MeOH-H20 8:2 flow 0,4 mL/min Bandwidth: n.a.
Processing Method: Basic Quantitative Dilution Factor:  1,0000
Injection Date/Time: 15/apr/25 12:41 Sampie Weight: _1,0000
[Chromatogram |
900 M PET CB2R_ saliciammidi #4 [manually integrated) GR-106 UV _VIS_1 WWVL:254 nm
] 4-6765
750
] TN
] F o O
625—_
9 N
— ] H
= 500
E. ]
2 ]
é 375 O
Q <
2 ]
< 4
250 GR106
1259
o] Lt - 2020 844,13 - 4,331 J L
] T L T
-100
T
0.0 20 40 8.0 8,0 100 12,0 14,0 16,0 18,0 20.0f
Time [min]
Integration Results
No. |Peak Name Retention Time Area Height Relative Area Relative Height | Amount
min mAU*min mAU % % na.
1 2,102 0,062 0,685 0,04 0,08 na.
2 2,844 0,038 0,520 0,03 0,06 na.
3 4,331 0,271 2,114 0,19 0,25 na.
4 6,765 145,620 837,230 99,75 99,61 na.
Total: 145,991 840,549 100,00 100,00
Figure S5.9. HPLC analysis of GR106. MeOH-H2O 8:2, flow 0.4 mL/min. Wavelength, 254 nM..
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Figure S5.10. Calibration curve for the determination of Am.
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Figure S5.11. Graphical analysis of time-dependent depletion of ['*F]FM10 and ["*F]GR106 in vitro and linear
regression for calculation of in vitro ti/2 using the following equations: /n(intact radiotracer in %) = In100 — slope xt,

and t12 = In2 / slope.
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CHAPTER 6

General conclusions

[*FIMC225, ['*F]CF31, ["*F]LC2, ["*F]FM10 and
['*FIGR106: Novel Positron Emission Tomography
Radiotracers for Imaging P-Glycoprotein, Sigma-1 and
Sigma-2 Receptors, and Cannabinoid subtype 2

receptors in the Central Nervous System
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6. General conclusions

The work carried out in this thesis enabled the development and characterization of a series of innovative
PET radiotracers for the CNS, aimed at the early diagnosis of neurodegenerative disorders, particularly AD,
using P-gp, S1R, S2R, and CB2R as molecular biomarkers.

Regarding P-gp, the first part of the work focused on the development and optimization of [*F|MC225, a
radiotracer developed in our laboratory and currently under evaluation in two Phase II clinical trials in
collaboration with the Department of Nuclear Medicine at the University of Groningen. These studies aim
to assess the role of ["®*F]MC22S5 in neurodegenerative disorders, such as PD and AD, and to investigate
potential sex-related differences in P-gp expression at the BBB.

The synthesis of the phenolic precursor FM4/MC226 and the cold compound FMS/MC225, performed in
multiple independent batches, demonstrated the robustness and reproducibility of the synthetic process.
This provided essential support for obtaining AIFA authorization for a new clinical trial designed to
investigate the correlation between P-gp expression and treatment-resistant major depressive disorder. The
purity, stability and absence of biological contaminants and residual metals in the precursors were
confirmed by an independent accredited laboratory through UPLC analysis and quantitative NMR, in
compliance with regulatory requirements and ensuring safety for clinical use. Preliminary results from the
clinical trial remain confidential and are therefore not disclosed.

In parallel, the work focused on the development of new potential PET radiotracers through structural
simplification of MC225. By increasing conformational flexibility and introducing heteroatoms into the
molecular structure, lipophilicity was significantly reduced and the chiral center present in MC225 was
eliminated. Subsequent SAfiR analysis identified two promising lead compounds (ATL22 and ATL30),
characterized by good P-gp activity (ECso = 1.8 uM and 3.3 pM, respectively), with prospects for future
radiolabeling in collaboration with the Policlinico Gemelli using ''C and ['*F]-fluoroethoxy groups,
following the strategy previously applied for [*F|MC225.

The study of sigma receptors represented another major chapter of this thesis. In particular, CF31,
belonging to the phenoxyethylpiperidine class, emerged as a promising PET candidate for S1R, showing
high affinity (K; SIR = 5.36 nM), excellent selectivity over S2R (K; S2R = 3009 nM), no interaction with
P-gp (ECso > 100 uM) and good BBB permeability. Radiolabeling with '*F was successfully completed,
affording good RCY 12-22%, excellent molar activity (Am 118—194 GBqg/umol), and radiochemical purity
>99%. ["®*F]CF31 exhibited high chemical stability in biological solutions (>98% after 120 min) and a
logD74 value of 1.24, supporting its potential to cross the BBB. Kp values (1.34—1.36 nM), together with
in vitro autoradiography performed in the presence and absence of blocking agents, confirmed highly
specific binding consistent with SIR distribution in the CNS, supporting future in vivo application.
However, a major limitation of ["*F]CF31 is its metabolic instability: after 30 min of in vitro incubation in
MLM, only approximately 5% of the parent radiotracer remained intact, with cleavage of the fluoroethoxy
moiety identified as the main metabolic pathway.

Regarding S2R, LC2, a radiotracer belonging to the tetralin class and featuring 6,7-
dimethoxytetrahydroisoquinoline as the BM, was developed. /n vitro evaluation of the cold compound
revealed high affinity (K; S2R = 5.87 nM), good selectivity (K; SIR = 427 nM), and minimal off-target
effects assessed across 56 major CNS targets. Interaction with P-gp (ECso = 9.56 uM) could potentially

limit CNS penetration. Radiolabeling was performed once (RCY = 7%), and in vitro autoradiography
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combined with in vivo PET imaging demonstrated a rapid but moderate CNS uptake (maximum SUV =
1.4) and equally rapid washout of ['"8F]LC2. The moderate brain penetration may be attributed to P-gp-
mediated efflux; therefore, the experiment will be repeated using CsA as a P-gp inhibitor.

Further investigations on S2R involved indole and azaindole derivatives bearing the 3H-
Spiro[isobenzofuran-1,4"-piperidine] as BM. SAfiR analysis revealed that all compounds exhibited high
affinity (K; 1-5 nM) for both S1R and S2R, and the lack of selectivity precluded their development as PET
radiotracers. Additional structural modifications were designed to introduce two methoxy groups to mimic
the 6,7-dimethoxytetrahydroisoquinoline scaffold; however, synthetic challenges prevented successful
isolation of these molecules. Among the synthesized compounds, CF7 (K; SIR = 4.62 nM; K; S2R = 2.86
nM) emerged as a potential multitarget molecule with a dual SIR/S2R profile, also supported by low
cytotoxicity across several cell lines. Further studies are ongoing, particularly to characterize its functional
profile at SIR. Potential S2R antagonism combined with SIR agonism could support the development of
CF7 as a neuroprotective agent.

Finally, the thesis addressed the development of new CB2R PET radiotracers belonging to the N-
adamantyl-salicylamide class. All compounds displayed nanomolar affinity for CB2R and varying degrees
of selectivity, demonstrating the robustness of this scaffold. Among the synthesized compounds, two
(FM10 and GR106) emerged as particularly promising due to their high affinity (K; CB2R = 5.7 nM and
1.1 nM, respectively), selectivity (K; CBIR = 1058 nM and 2% displacement at 1 uM, respectively),
moderate interaction with P-gp (ECsp = 14.8 uM and 50 pM, respectively), and distinct activity profiles
(agonist vs inverse agonist/antagonist), which may for the first time allow investigation of whether intrinsic
activity influences CB2R PET imaging.

Radiolabeling of both FM10 and GR106 with *F was successfully achieved, yielding good RCY (32-35%
and 7-17%, respectively), satisfactory Ay (79-81 GBg/umol and 45-61 GBg/pmol, respectively), and
radiochemical purity >99%. The logD74 values (3.41 and 3.64, respectively) support potential CNS
penetration. Preliminary autoradiography data suggest higher binding specificity for [**F]FM10 compared
to [*®*F]GR106, possibly related to their different activity profiles; however, optimization of experimental
protocols and repetition of the studies are required to confirm these findings. Both compounds exhibited
poor in vitro metabolic stability: after 30 min of incubation in MLM, only approximately 1% of intact
radiotracer remained for ["*F]JFM10 and 14% for ["*F]GR106, with defluorination identified as the main
metabolic pathway, particularly for [*F]GR106.

SAfiR analysis also identified additional promising compounds (FM13, FM15, FM24, and FM26) that
were not selected for radiolabeling because they did not meet the predefined criteria (K; CB2R < 6 nM and
>100-fold selectivity). These compounds are currently under investigation as potential neuroprotective or
antitumor agents.

In summary, the overall results of this thesis confirm the effectiveness of a medicinal chemistry-driven
approach for the identification and development of highly specific and selective PET radiotracers. These
new tools may enable the investigation of complex molecular systems under both physiological and
pathological conditions, offering new opportunities for early diagnosis beyond the currently available
approaches. This work represents a significant contribution to translational research and lays the foundation
for future preclinical and clinical studies aimed at improving the understanding of pathogenic mechanisms

and optimizing therapeutic intervention strategies.
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