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General Introduction

General Introduction

Cannabinoid Receptors

The endocannabinoid system (ECS) is a collection of lipid transmitters that bind receptors to elicit
cellular responses, as well as the enzymes involved in their synthesis and catabolism.! The system is
involved in a plethora of physiological processes, including cognitive and immune responses, as well as
the psychoactive effects of cannabis sativa.?

The two main receptors in the ECS are cannabinoid receptor type 1 (CB:R) and cannabinoid receptor
type 2 (CB;R). Though there are some other receptors, such as GPR55, that are also targeted by
endocannabinoid-like compounds, their role in the ECS is much less understood.®> The cannabinoid
receptors are class A G protein-coupled receptors (GPCRs), which rely on dynamic changes in their
structure to relay the binding of an extracellular ligand to an internal signal.* As their name implies,
they convey the main portion of their signalling through the recruitment of G proteins. Various G
proteins exist, generally consisting of an a and By subunit.> CBRs recruit Gyj, proteins for their signalling,
although CB1R has also been shown to recruit Gq/11 proteins in astrocytes.®

CB1R and CB;R have some similarities in their mode of action. Both inhibit adenylyl cyclase, promote
PI3K, MAPK, ceramide production and gene transcription. While CB4R is also adept in modulation of
voltage-gated calcium channels (VDCCs) and G protein inwardly-rectifying potassium channels (GIRKs),
CB;R is a very poor modulator of these channels.” Additional differences lie in their cell type
distribution, leading to different effects. For example, the specific neuronal distribution of CB1R leads
to the psychoactive effects of cannabinoids, while CB;R does not elicit such responses.”

The best studied endogenous ligands of CB;R and CB,R are anandamide (AEA, Figure 1.1) and
2-arachidonoylglycerol (2-AG), though many more have been postulated, including noladin ether,
N-arachidonoyldopamine (NADA), and docosatetraenylethanolamide (DEA).* A°-Tetrahydrocannabinol
(THC) is considered the primary phytocannabinoid in cannabis sativa and similarly binds to both CB1R
or CB,R.2?

2-AG AEA A°-THC

Figure 1.1 The chemical structures of the major two endocannabinoids (2-AG and AEA) that act as ligands on CB4R and CB;R,
as well as the structure of the primary constituent of cannabis, A°-THC.

CB1R was first cloned in 1990; which proved that cannabinoids act by interaction with a specific
receptor to elicit central nervous system (CNS) effects, rather than through membrane disruption.°
CB1R is the most abundantly expressed GPCR in the brain.!! It has been found in high levels in the basal
ganglia, cerebellum, prefrontal cortex, hippocampus, nucleus accumbens, hypothalamus,
paraventricular nucleus and the central amygdala, mainly in the terminals of neurons and glial cells.'?
Here it plays a role in many neurological processes, including appetite, learning and memory, anxiety,
depression and addiction. Consequently, CB1R is reported to play a role in many neurological disorders,
such as stroke, multiple sclerosis, epilepsy and neurodegenerative diseases.!*'7 CB;R expression is not
restricted to the nervous system, as it is also present in peripheral tissues including the muscles, liver,
pancreas, Gl tract and fat tissue.'® The peripheral roles of CB:R include nociception, inflammation,
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energy metabolism, functioning of the gastrointestinal tract and the musculoskeletal system,
intraocular pressure, cardiovascular, glandular and reproductive functioning and cancer.'31%2

CB,R is thought to be exclusively expressed in cells and organs of the immune system, including spleen,
tonsils, thymus and lymphocytes?!, where its major role is the regulation of (neuro)inflammatory
processes. During inflammation CB,R inhibits cytokine production, lowers antigen presentation, and
modulates microglia M1/M2 differentiation.?>** Disruption of the inflammation modulation of CB,R
may play a role in various autoimmune and neurodegenerative diseases, such as Alzheimer’s,
Parkinson’s, Huntington’s, dementia and others.?> The presence and activity of CB,R in neurons is highly
debated.?®

The Structure of CB:R and CB2R

CB:R and CB;R share a sequence homology of 44%, which is increased to 68% in the transmembrane
domain.?’?® They exhibit the general features of the Class A GPCRs. The receptors both consist of seven
transmembrane helices (TMH), three intracellular (IC) and extracellular (EC) loops, an extracellular
N-terminus and intracellular C-terminus which includes a short helix (Hx8).% The ligand binding site is
located in the interior of the seven (TMH) bundle. The biggest difference between CBR and CB;R is the
ECL2. The ECL2 from CB;R is much longer and can dip into the binding pocket in the inactive state.30-3?
The shorter ECL2 of CB;R acts more like a lid on the binding pocket in active and inactive CB3R, akin to
active CB;R.3

The first 3D structure of a GPCR was elucidated in 2000 with X-ray crystallography, which was
rhodopsin.3* The first CBsR crystal structure was elucidated in 2016, in complex with antagonist
AM6538 (Figure 1.2A).3! The receptor required several modifications to increase stability and limit
flexibility during the crystallization process. The protein was crystallized in a lipidic cubic phase with
additional cholesterol to mimic the CB;R membrane environment.?! In 2019 the same group was able
to crystallize CB3R to elucidate the 3D protein structure (Figure 1.2B). By using the antagonist AM10257
and similar modifications as for CB1R, they were able to form a stable complex.?

A: CB;R ECL3 B: CB,R

ECI LZ\

N-term AM10257

Figure 1.2 Structure of the Cannabinoid Receptors. (A) A side view of CB1R (grey) in complex with antagonist AM6538 (light
green). The N-terminus is shown in red, while the extracellular loops are shown in brown and the intracellular loops in purple.
(B) A side view of CBR (green) in complex with antagonist AM10257 (purple). Picture adopted from Hua et al. Cell (2016)3!
and Hua et al. Cell (2019).33

Since then, several other CBR crystal structures with other ligands have been published.3>7° Of note,
the crystal structures are limited to the inactive state as they are all bound to antagonists. Information
about the respective active states of the receptors was obtained using cryogenic electron microscopy
(Cryo-EM). This new technique does not rely on X-ray scattering from very uniform protein crystals, but
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rather uses electrons to visualize the surface of frozen protein particles. Cryo-EM does not require the
growth of crystals, which can take months up to years to find the right receptor constructs and
crystallization conditions. Instead the proteins are frozen at liquid nitrogen or helium temperatures.
Thereupon a surge of structures obtained from cryo-EM has been observed in the RCSB database. In
2017 the first Cryo-EM structure of a GPCR, calcitonin®®, was published, followed in 2019 by the first
Cryo-EM structure of an active state CB4R in complex with both the G protein and an agonist (Figure
1.3A).** One year later, a CB,R-G protein in complex with agonist WIN55,212-2 (Figure 1.3B) was
published.*?

Figure 1.3 The three-dimensional protein structures of the CBR-G protein complexes bound to an agonist, obtained through
cryo-EM. (A) Side view of CB;R (blue) with agonist MDMB-Fubinaca (orange) and G, Gg and Gy (yellow, cyan and purple
respectively). (B) Side view of CB,R (magenta) with agonist WIN55,212-2 (cyan), Gy, Gg and G, (orange, blue and pink
respectively) and scFv16 (gold; additive to stabilize complex). Pictures adopted from Kumar K, Cell (2019) and Xing C, Cell
(2020).41,42

When comparing active and inactive structures, both CB:R and CB;R feature an outward movement of
TM6 upon activation, as well as movement of Y’>3 (Ballesteros-Weinstein numbering in superscript)
towards TM5. There are additional changes in conformation that are specific to either CB1R or CB3R,
and may explain ligand selectivity and their differences in signalling.*® In CB;R the N-terminus moves
away from the orthosteric binding site upon activation, while the position of the N-terminus in CB,R
does not move substantially between the inactive and active state. Furthermore, the TM1 in the CB1R
is positioned more outward in the antagonist bound structure than in the agonist complex. Again CB,R
shows no significant movement of TM1. The best known difference is probably the (twin-)toggle switch.
In CB1R W3565%8 and F200%2¢ form a twin-toggle switch, where F200%3¢ locks W3565“® into the inactive
state until an agonist disrupts the pi-bond, leading to a translational change for both residues.*® In CB,R
only W258%48 acts as a toggle, and no transitional change is observed. Instead, W25854% undergoes a
64° clockwise rotational change and F11733¢ has a small 10° counter clockwise rotation upon CB;R
activation.”? Note that these observations were made by comparison of the inactive receptor states
and the G protein bound active receptor states. There may be differences in activation mechanism for
B-arrestin bound active states.*® The three-dimensional protein structures showed the difference
between the agonist binding pocket of CB1R an CB;R is minimal, and it remains unclear how selective
CB3R agonists selectively activate CB,R.*
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CBR Therapeutics

Starting from the chemical structure of the psychoactive CB1R/CB;R agonist tetrahydrocannabinol
(A°-THC) isolated from Cannabis Sativa, many small molecules have been designed that have affinity
for CB1R and/or CB3R. The first generation were THC-derived classical cannabinoids such as L-759,656,
CP-55,940, JWH-133 and HU210 (Figure 1.4). Many of these were non-selective or only moderately
selective for CB,R over CBiR. A next generation included analogues of natural products (e.g.
hexahydrocannabinol) and endocannabinoid derivatives (e.g. AM356).%>4¢ The pool of small molecules
was then expanded to include compounds with a wide variety of scaffolds and chemical groups (e.g.
JWH-018, WIN55,212-2, APD371).4748

JWH-133

VA

hexahydrocannabinol Methanandamide (AM356) WIN55,212-2 JWH-018

Figure 1.4 The chemical structures of several classical and non-classical CB,R agonists.

CB2R as Therapeutic Target

CB:3R plays an important role in immunoregulation, but does not induce the psychoactive effects that
plagues CBiR activation. It has been shown that CB;R is upregulated under several pathological
conditions.** Inflammation is reduced by CB,R as it modulates macrophages to adopt the anti-
inflammatory M2 subtype.®® As such, CB,R therapeutics could be beneficial for arthritis®,
cardiovascular®® and inflammatory bowel disease®, fibrosis®*, inflammation-induced pain®® and
neurodegenerative diseases.”® Similarly to CB1R, it also shows beneficial effects in other peripheral
areas including skeletal and metabolic disorders®”>%, and cancer.>®

CB:R ligands will require high selectivity over CB4R to avoid side effects, but when achieved will have
therapeutic potential.®’ An advantage is that CB,R agonists promote similar analgesic effects as CB1R
agonists, yet do not create tolerance over time, physical dependence or autonomic withdrawal.®! While
no selective CBR ligand has yet reached the market, many are currently under evaluation in animal
studies and clinical trials.®? AM1241 (Figure 1.5) was one of the first compounds used to investigate the
analgesic properties of CB;R agonists. However, AM1241 did not reach clinical trials due to its
engagement with an endogenous opioid receptor, low efficacy and complex molecular pharmacology
which differed for each enantiomer.®® Cannabinor (PRS-211,375) was introduced in phase | and Il clinical
trials after beneficial anti-nociceptive effects in osteoarthritis in rat models. However, the promising
pre-clinical results could not be replicated in humans.®* GW842166 from GlaxoSmithKline showed the
same problem with translation to humans.®® 5-777469 completed a Phase Il clinical trial for atopic
dermatitis in 2009, but no follow-up clinical research has been reported or planned since.®>®’
Lenabasum (HU239) was shown to have anti-inflammatory effects in a Phase Il clinical trial, and has
been given the FDA Orphan drug designation for treatment of diabetes mellitus.®® It is currently in
consideration as treatment for cystic fibrosis®®, Systemic Lupus Erythematosus’, and
Dermatomyositis’?, though it showed no significant effect in Phase Il trials for Diffuse Cutaneous
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Systemic Sclerosis.”? HU308 is a synthetic cannabinoid with 440-fold selectivity for CB,R over CB:R, and
was used as a case study to show anti-inflammatory and analgesic properties stemmed from CB;R
activation by showing absence of CNS-side effects in mouse models.”® However, its lipophilic structure
resulted in poor solubility, which prevented success in clinical trials.”* In contrast, APD371 is one of the
most polar CByR-selective agonists, which gives it excellent pharmacokinetics, peripheral restriction
and oral availability.®° It showed promising results in a Phase 2a trial for gastrointestinal pain in Crohn’s
disease, though a Phase 2b trial did not reach its primary endpoint.”>~”” Similarly Vicasinabin (RG-7774)
was pulled by Roche after a Phase 2 trial in diabetic retinopathy showed underwhelming efficacy.”®

I o

CF3 O

CI\@\HE\\@)\

Cl

GW842166

S-777469 Lenabasum (HU239) HU308 APD371

Figure 1.5 The chemical structures of several CB;R agonists that have previously participated in clinical trials or have a clinical
trial ongoing.

CB1R as Therapeutic Target

Despite the wide distribution of CB4R, its role in many pathologies makes it a popular target. Indeed,
together with the serotonin receptor 2A it is the joined most popular target for CNS diseases in current
preclinical studies.®? Nonetheless, the development of drugs targeting CB1R is difficult due to the
numerous roles of CB1R in a variety of peripheral and central nervous system processes, as well as the
difficulty of observing neuropathologic symptoms. Additionally, targeting CB1R can result in undesirable
effects such as addiction, anxiety and psychoactive effects that limit its possibilities as a therapeutic
target.!* Regardless, many beneficial effects have been noted for CB;R agonists. Foremost, both
synthetic analogues of THC and cannabis extracts have been approved for treatment of neuropathic
pain.”® Furthermore, CB;R agonists have been suggested as potential treatment of post-traumatic
stress disorder (PTSD) due to the memory impairment effect.®® Other avenues currently under
investigation include their ability to reduce anxiety®! and depressive tendencies®?, as an anticonvulsant
for epilepsy®® and to ensure neuroprotection during cerebral ischemia events.?* Additionally, the effect
of CB1R agonists in neurodegenerative diseases such as Alzheimer’s, Huntington’s®, and Parkinson’s®®
is being investigated. CB;R antagonists have had a set-back with the withdrawal of the first antagonist
Rimonabant from therapeutic use due to CNS-mediated psychological side effects.?” Nevertheless a
new generation of peripherally restricted antagonists is showing promise in treatment of obesity,
several forms of tissue fibrosis and improvement of cardiometabolic profile while preventing
neurological side effects.?%%

Strategies to Limit Side Effects
As mentioned above, CB;R and CB3R have a plethora of roles in different systems and diseases. Many
promising drug candidates fail in clinical trials because tissue exposure/selectivity is not considered
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during development.®® Therefore several strategies have been devised to limit side effects while

preserving the therapeutic effect, such as allosteric modulation, functional selectivity and controlled
delivery through localized delivery or activation, or target-directing modification.

Allosteric Modulation

Allosteric modulators work differently from orthosteric ligands in the sense that they do not bind in the
same binding pocket as the endogenous ligand, and thus result in a non-competitive mode of action.
As such, positive allosteric modulators (PAM) can enhance the response of CB,R to endogenous ligand
binding, while negative allosteric modulators (NAM) decrease the response.”! The idea is that
exacerbation of the signal rather than creating a de novo signal retains the native signalling pattern of
the receptor. Additionally, allosteric binding sites are not conserved and may provide selectivity
between highly homologous subtypes (which is relevant for CB;R and CB;R).%? An example of CB,R PAM
is Ec2la (C-2)°3, while PSNCBAM-1 is a CB;R NAM (Figure 1.6).%*

Br
Cl
F@»@ i QNJOLN%D

Ec2la (C-2) (PAM) PSNCBAM-1

Figure 1.6 An Example of a CB,R positive allosteric modulator (Ec2la (C-2) and a CB;R negative allosteric modulator
(PSNCBAM-1).

Functional Selectivity

Like many GPCRs, CB.R conveys its signals through both G protein activation and B-arrestin recruitment.
However, not all agonists activate these two signalling pathway equally well. Some ligands are
functionally selective, i.e. they do not result in equal signal strength via the G protein or B-arrestin.
Certain synthetic agonists may initiate only a slight activation of G protein signalling, while a significant
amount of B-arrestin is recruited upon agonist binding, or vice versa. Endocannabinoids can also show
bias, e.g. 2-AG has significant bias for the B-arrestin pathway on CB,R.”* Contrarily, A°>-THC shows
prominent G protein activation but barely any B-arrestin recruitment.”* A functionally selective drug
may perhaps discriminate between beneficial and adverse effects, thus minimizing side effects without
compromise on the therapeutic effect.® Interestingly, HU308 is a balanced agonist on human CB3R, but
does show bias towards G protein activation on mouse CB,R.”* This further highlights the difficulties of
developing CB;R agonists as there are high interspecies differences that may account for the high failure
rate of ligands in clinical trials after promising results in animal models.

Controlled delivery

Through controlled delivery accumulation of drugs in healthy tissue can be minimized through control
over the transport of the drug. Nanocarriers can optimize drug administration, site-specific
accumulation and (timed) drug release due to their (tuneable) physicochemical surface properties.
Additionally, capsulation of the drug avoids off-target toxicity and prevents premature enzymatic
breakdown.’® Liposomes, micelles and polymeric nanoparticles have been proposed as possible
nanocarriers.”” Currently no nanocarriers with CBR (ant)agonists have yet reached clinical trial,%®
however, there are some promising applications. For example, recently the capsulation of CB,R agonist
B-caryophyllene (BCP) was described with a polymer of ethylene glycol (PEG) which allowed for
administation through the intranasal route, circumventing the first-pass metabolism.*® Additionally, a
protein-based nanoparticle for cannabidiol (PNP-CBD) was designed to improve water solubility and
increase CB,R targeting.’® For CB4R efficient liver-targeting was shown with a ((poly(lactic-co-glycolic
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acid)) (PLGA) encapsulated rimonabant nanoparticle.’®® There are currently over 90 marketed
nanoformulations (non-CBR) and such an application is also being investigated for the CBRs.1?2

Peripheral restriction is also a form of controlled delivery.1% By altering the physicochemical properties,
such as topological polar surface area (tPSA) and H bonding capacity of known compounds!®, the blood
brain barrier (BBB) penetration can be limited, preventing neurological side effects.

Phototherapy may also be considered controlled delivery. The inactive compound only activates with
the light source, thus only activating receptors at the location with the light.}°%1%* While this has not
yet been translated to therapeutic CBR drugs, for research purposes a photoswitchable
A°-tetrahydrocannabinol (azo-THC) has been designed'®, as well as a ‘caged’ 2-AG with photoactivated
release.'%®

A new type of controlled delivery instead looks at the drugs cellular distribution. In 2013 it became
evident that immune cells have CB;Rs present both on the plasma membrane and intracellularly.'?’
This intracellular fraction of (active) CB2R is present in the endoplasmic reticulum (ER) and
endolysosomes.% 110 The different roles of extracellular and intracellular CB,R have yet to be
determined. Nevertheless, evidence of a functional role for internal CB.R is the time delay in CB3R-
dependent Ca*-response observed when administering CB,R agonists extracellularly via bath
application versus microinjection.’®® (a.k.a. the agonist first had to internalize when applied
extracellularly.) Similarly CB4R is distributed to both the plasma membrane and intracellularly in
mitochondria!! and lysosomes. 112113

Neutral Antagonism

Decrease of CB;R activity by Rimonabant and other inverse agonists has been shown to lead to side
effects of anxiety, depression and sometimes suicidal behaviour.!** Hence, neutral antagonists for CB;R
have been in focus recently, for example in relation to substance abuse disorder (SAD) and weight
loss.!?® In theory, neutral antagonism can limit side effects, when these are the result of decreased
basal or constitutive activity of the receptor. For example, CB;R antagonist AM4113 (Figure 1.7) showed
great results in preclinical mice studies for SAD without inducing depression like behaviour, however,
its poor oral availability and outcome of a recent study that did show anxiety-like behaviour do not
make it the best candidate.''*!1” AM6527 does show promise with increased oral availability.?'® PIMSR
is a neutral antagonist based on Rimonabant that exhibits the same depression of cocaine
self-administration in mice, but without the detrimental effects.!** Current results are promising, but,
more research will need to be done on these types of drug candidates. Of note, whether CBRs are
constitutionally active or are activated by a constitutive agonist tone, i.e. constitutive endocannabinoid
levels, is difficult to determine.!*® Moreover, constitutive activity of receptors in vitro may be an artefact
of the overexpression systems used, which could result in an inverse agonist in vitro behaving as a
neutral antagonist in vivo.!*® This is an important consideration when pursuing neutral antagonists in
drug discovery.

Cl |
=
/ /
N~N NH, N‘N N~N N"‘N
o QC
Cl Cl
AM4113 AM6527 PIMSR

Figure 1.7 Chemical structures of several CB;R neutral antagonists currently in development.
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The Current Tools for CBR Research: Small Molecules

To determine target validation, CB,R engagement and mode of action, tools are needed.'?%!?! Small
molecules can be turned into probes by introducing the right chemical groups. Probes can serve as a
tool to image ligand-protein interaction and early identify potential problems such as off-target
engagement. Many early drugs failed in clinical trials because it was not ascertained if the ligand had
sufficient access to the target site and exhibited actual target engagement prior to entry.'?°

Positron Emission Tomography (PET) probes can image proteins and identify variations in activity and
distribution with a radioisotope. They are widely used in medical imaging. However, drawbacks are
short lifetime, exposure to radiation and nanomolar affinity requirements and possibility of false-
positives.'?%12 The first CBR PET tracer was based on THC: [*8F]-A8-THC (Figure 1.8), but it proved
unstable and was unable to show specific binding in vivo.'?* [**CINE40 was used in human subjects to
perform in vivo PET imaging, but CB,R proved a bad biomarker for Alzheimer’s Disease.’?® Many other
designed PET tracers were abandoned due to high non-specific binding.??® A recent CB;R specific PET
tracer is [*®F]JRoSMA-18-ds, which has nanomolar affinity and has successfully mapped CB;R in
nonhuman primates.!?:128

/O ZH ZH
‘ OH A
1
0 Hs"CO 2H 24 2H2H
18
o F

N
\ L
['®F]-A8-THC [11 CINE40 ["®F]ROSMA-18-d

Figure 1.8 The chemical structures of several CBR PET tracers.

Fluorescence Resonance Energy Transfer (FRET) is a way to detect target engagement through a
fluorescent signal that is only given when an acceptor and donor on the ligand and protein are in close
proximity. However, it requires modification of the protein which may affect its structure and activity
and cannot be used in vivo.'?® Likewise, many fluorescent small molecule probes have also been used
for biological imaging. They are more accessible and stable than radioligands, do not require protein
modification such as FRET, and are applicable in a wide range of biochemical assays. Introduction of a
spacer chain minimizes the effect of the bulk of the fluorescent group on the scaffold’s affinity for the
target protein.’3® Cy5 and AF647 are commonly used due to their high quantum yield and stability
under many conditions. Fluorescent probes are especially useful to image ligand-target
interactions.’3%132 A Chromenopyrazole-Cy5 probe (Figure 1.9) has been shown to have moderately
high affinity (hCB,R pK; = 7.38 + 0.05, Table 1.1) with over 100-fold selectivity over hCB;R.:*
Near-infrared fluorophores are popular due to their low interference with autobio-fluorescence and
minimal damage to the cell during irradiation.’3*3> NIR760-mbc94 was designed and shown to
effectively image tumours in murine models in a CB;R selective manner.*® Instead of direct ligand-
fluorophore probes, sometimes two-step probes are utilized. HU210 was tagged with a biotin group,
and was able to show CB,R in microglial cells when streptavidin-AlexaFluor488 was added.'®” However,
the two-step labelling and additional step to block endogenous biotin makes these probes unsuitable
for staining and flow cytometry.’3® Other reported fluorescent CB;R probes include azo-HU308-3,
HU210-AF488, Naphthyridine-BODIPY630/650, RO6852763-SiR, HU308/AM841-chimera-NBD, HU308-

AttoThio12, N-adamantyl-4-oxo-1,4-dihydroquinoline-3-carboxamide-4-DMAP, LEI-121 and more.’3®"
145
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Figure 1.9 Chemical structures of reported fluorescent CB;R probes.

Table 1.1 Reported fluorescent CB,R probes.4®

Name CB;R (pK; + SEM) CB;R (pK; + SEM) Functionality
Chromenopyrazole-Cy533 5.26 +0.11 7.38 £0.05 Inverse agonist
NIR760-mbc94136 N.R. K¢=26.9+3.7nM N.R.
HU210-biotin*3’ 8.62+0.11 8.80+0.11 N.R.
Azo-HU308-31% N.R. N.R. Agonist
HU210-AF488138 7.57 £0.06 6.10+0.11 Agonist
Naphthyridine-BODIPY630/650'%° <5 6.33 +£0.02 Agonist
R0O6852763-SiR*! 6.94 7.21 Agonist
HU308/AM841-chimera-NBD!*? 5 8.38 N.R.
HU308-AttoThio12143 5.97 8.33 (Partial) agonist
N-adamantyl-4-oxo-1,4- <5 6.89 N.R.
dihydroquinoline-3-carboxamide-

4-DMAP#

LEI-121%45 <5 7.2+0.4 Partial Agonist

N.R. not reported.

Bifunctional, covalent probes can extent the applicability of the probes as they are no longer in a
tenuous equilibrium where changes in environment can disengage the probe from the target.
Electrophilic probes and photoaffinity probes first engage the target with high affinity through
non-covalent means, after which an activatable group reacts with the protein to form a covalent bond.
Electrophilic probes do this through an electrophilic group such as isothiocyanate (NCS), but are limited
to reacting with nucleophilic amino acids.?*” Photoactivatable probes contain an inert group such as

13
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diazirine that forms a reactive species upon irradiation with light, and this reactive species can insert
into any bond nearby.*® A bifunctional probe can then use a reporter tag (such as a radioisotope of
fluorophore) to image the desired trait. Leiden University previously reported on the first bifunctional
photoaffinity probe LEI-121 with a high selectivity for CB,R in 2018.14°

A new highly selective CB3R agonist enters the stage

In 2011 LEI-101 (Figure 1.10) with its 5-fluoropyridin-2-yl-benzyl-imidazolidine-2,4-dione scaffold was
reported to be an orally available, peripherally restricted, high affinity, selective CB;R agonist.2* It
doesn’t induce central nervous system (CNS) -mediated effects and protects against cisplatin induced
damage.’® LEI-101 derivatives were used to substantiate the drug-target residence time model, where
compounds with increased residence time showed higher functional potency.'*! With this in mind, the
improved CB;R agonist LEI-102 was recently reported.**

N
[Nj
S
Y

00

LEI-101

Figure 1.10 The chemical structure of LEI-101, the first in the 5-fluoropyridin-2-yl-benzyl-imidazolidine-2,4-dione series of
compounds.

Thesis Outline

The endocannabinoid receptors CB;R and CB,R are involved in a plethora of processes, and
consequently are involved in many pathological conditions. Their wide distribution makes the CBRs
both an interesting therapeutic target and hard to study. Additional chemical tools are required to study
and understand the function and mechanism of CB:R and CB;R. This thesis describes the development
of several such tools to improve our insight in the (pathological) roles of the receptors in order to
develop novel and improved therapeutics. Chapter 2 describes the evaluation of three-dimensional
ligand-CB2R complexes made and analysed with Cryo-EM. Hotspots that potentially generate selectivity
between CB;R and CB,R are evaluated with point-mutations in vitro. Chapter 3 describes the
development of the first tools, two-step bifunctional probes based on LEI-121 and LEI-102. Because
two-step probes are not compatible with every assay, the toolbox is expanded with a one-step
fluorescent probe. Chapter 4 describes the design of a CB;R fluorescent probe using the ligand-CB;R
complex from Chapter 2, and consequent synthesis. Switching to CB;R, Chapter 5 describes the design
of CBsR ligands with negatively charged phosphonium groups that are potentially selective for mtCB4R.
The thesis is concluded with a summary and outlook in Chapter 6.

14



General Introduction

References

1. Battista N, Tommaso M Di, Bari M, Maccarrone M. The endocannabinoid system: An overview.
Front Behav Neurosci. 2012;6(FEBRUARY 2012):1-7. doi:10.3389/fnbeh.2012.00009

2. Aizpurua-Olaizola O, Elezgarai I, Rico-Barrio |, Zarandona |, Etxebarria N, Usobiaga A. Targeting
the endocannabinoid system: future therapeutic strategies. Drug Discov Today. 2017;22(1):105-
110. d0i:10.1016/j.drudis.2016.08.005

3. Tuduri E, Lopez M, Diéguez C, Nadal A, Nogueiras R. GPR55 and the regulation of glucose
homeostasis. Int J Biochem Cell Biol. 2017;88:204-207. d0i:10.1016/j.biocel.2017.04.010

4, Latorraca NR, Venkatakrishnan AJ, Dror RO. GPCR Dynamics: Structures in Motion. Chem Rev.
2017;117(1):139-155. doi:10.1021/acs.chemrev.6b00177

5. Neves SR, Ram PT, lyengar R. G Protein Pathways. Science (80- ). 2002;296(5573):1636-1639.
doi:10.1126/science.1071550

6. Noriega-Prieto JA, Kofuji P, Araque A. Endocannabinoid signaling in synaptic function. Glia.
2023;71(1):36-43. d0i:10.1002/glia.24256

7. Atwood BK, MacKie K. CB 2: A cannabinoid receptor with an identity crisis. Br J Pharmacol.
2010;160(3):467-479. doi:10.1111/j.1476-5381.2010.00729.x

8. Costa B. On the Pharmacological Properties of A9-Tetrahydrocannabinol (THC). Chem Biodivers.
2007;4(8):1664-1677. doi:10.1002/cbdv.200790146

9. Gertsch J, Pertwee RG, Di Marzo V. Phytocannabinoids beyond the Cannabis plant - do they exist?
BrJ Pharmacol. 2010;160(3):523-529. doi:10.1111/j.1476-5381.2010.00745.x

10. Matsuda LA, Lolait SJ, Brownstein MJ, Young AC, Bonner TI. Structure of a cannabinoid receptor
and functional expression of the cloned cDNA. Nature. 1990;346(6284):561-564.
doi:10.1038/346561a0

11. Tsou K, Brown S, Safiudo-Pefia M., Mackie K, Walker J. Immunohistochemical distribution of
cannabinoid CB1 receptors in the rat central nervous system. Neuroscience. 1998;83(2):393-411.
doi:10.1016/50306-4522(97)00436-3

12. Howlett AC, Bidaut-Russell M, Devane WA, Melvin LS, Johnson MR, Herkenham M. The
cannabinoid receptor: biochemical, anatomical and behavioral characterization. Trends
Neurosci. 1990;13(10):420-423. doi:10.1016/0166-2236(90)90124-S

13.  Navarrete F, Garcia-Gutiérrez MS, Jurado-Barba R, et al. Endocannabinoid System Components
as Potential Biomarkers in  Psychiatry.  Front  Psychiatry. 2020;11(April):1-30.
doi:10.3389/fpsyt.2020.00315

14. Pacher P, Batkai S, Kunos G. The endocannabinoid system as an emerging target of
pharmacotherapy. Pharmacol Rev. 2006;58(3):389-462. doi:10.1124/pr.58.3.2

15. Kano M, Ohno-Shosaku T, Hashimotodani Y, Uchigashima M, Watanabe M. Endocannabinoid-
mediated control of synaptic transmission.  Physiol Rev. 2009;89(1):309-380.
doi:10.1152/physrev.00019.2008

16. DiMarzoV, Stella N, Zimmer A. Endocannabinoid signalling and the deteriorating brain. Nat Rev
Neurosci. 2015;16(1):30-42. doi:10.1038/nrn3876

17. Iversen L. Cannabis and the brain. Brain. 2003;126(Pt 6):1252-1270. doi:10.1093/brain/awg143

18. O’Sullivan SE, Yates AS, Porter RK. The Peripheral Cannabinoid Receptor Type 1 (CB1) as a

15



General Introduction

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Molecular Target for Modulating Body Weight in Man. Molecules. 2021;26(20):6178.
doi:10.3390/molecules26206178

Zou S, Kumar U. Cannabinoid receptors and the endocannabinoid system: Signaling and function
in the central nervous system. Int J Mol Sci. 2018;19(3). doi:10.3390/ijms19030833

Maccarrone M, Bab I, Bird T, et al. Endocannabinoid signaling at the periphery: 50 years after
THC. Trends Pharmacol Sci. 2015;36(5):277-296. d0i:10.1016/j.tips.2015.02.008

Galiegue S, Mary S, Marchand J, et al. Expression of Central and Peripheral Cannabinoid
Receptors in Human Immune Tissues and Leukocyte Subpopulations. Eur J Biochem.
1995;232(1):54-61. d0i:10.1111/j.1432-1033.1995.tb20780.x

Mecha M, Felid A, Carrillo-Salinas FJ, et al. Endocannabinoids drive the acquisition of an
alternative  phenotype in  microglia. Brain Behav  Immun. 2015;49:233-245.
doi:10.1016/j.bbi.2015.06.002

Contino M, Capparelli E, Colabufo NA, Bush Al. Editorial: The CB2 Cannabinoid System: A New
Strategy in Neurodegenerative Disorder and Neuroinflammation. Front Neurosci. 2017;11.
do0i:10.3389/fnins.2017.00196

Argenziano M, Tortora C, Bellini G, Di Paola A, Punzo F, Rossi F. The endocannabinoid system in
pediatric inflammatory and immune diseases. Int J Mol Sci. 2019;20(23).
doi:10.3390/ijms20235875

Vuic B, Milos T, Tudor L, et al. Cannabinoid CB2 Receptors in Neurodegenerative Proteinopathies:
New Insights and Therapeutic Potential. Biomedicines. 2022;10(12).
doi:10.3390/biomedicines10123000

Manzanares J, Cabafiero D, Puente N, Garcia-Gutiérrez MS, Grandes P, Maldonado R. Role of the
endocannabinoid system in drug addiction. Biochem Pharmacol. 2018;157:108-121.
doi:10.1016/j.bcp.2018.09.013

Fernandez-Ruiz J, Romero J, Velasco G, Tolén RM, Ramos JA, Guzman M. Cannabinoid CB2
receptor: a new target for controlling neural cell survival? Trends Pharmacol Sci. 2007;28(1):39-
45, doi:10.1016/j.tips.2006.11.001

Munro S, Thomas KL, Abu-Shaar M. Molecular characterization of a peripheral receptor for
cannabinoids. Nature. 1993;365(6441):61-65. doi:10.1038/365061a0

Al-Zoubi, Morales, Reggio. Structural Insights into CB1 Receptor Biased Signaling. Int J Mol Sci.
2019;20(8):1837. doi:10.3390/ijms20081837

Shao Z, Yin J, Chapman K, et al. High-resolution crystal structure of the human CB1 cannabinoid
receptor. Nature. 2016;540(7634):602-606. doi:10.1038/nature20613

Hua T, Vemuri K, Pu M, et al. Crystal Structure of the Human Cannabinoid Receptor CB1. Cell.
2016;167(3):750-762.e14. doi:10.1016/j.cell.2016.10.004

Ramesh K, Rosenbaum DM. Molecular basis for ligand modulation of the cannabinoid CB 1
receptor. Br J Pharmacol. 2022;179(14):3487-3495. d0i:10.1111/bph.15627

Li X, Hua T, Vemuri K, et al. Crystal Structure of the Human Cannabinoid Receptor CB2. Cell.
2019;176(3):459-467.e13. doi:10.1016/j.cell.2018.12.011

Garcia-Nafria J, Tate CG. Structure determination of GPCRs: Cryo-EM compared with X-ray
crystallography. Biochem Soc Trans. 2021;49(5):2345-2355. doi:10.1042/BST20210431

Hua T, Li X, Wu L, et al. Activation and Signaling Mechanism Revealed by Cannabinoid Receptor-

16



General Introduction

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

17

Gi Complex Structures. Cell. 2020;180(4):655-665.e18. doi:10.1016/j.cell.2020.01.008

Shao Z, Yin J, Chapman K, et al. High-resolution crystal structure of the human CB1 cannabinoid
receptor. Nature. 2016;540(7634):602-606. doi:10.1038/nature20613

Hua T, Vemuri K, Nikas SP, et al. Crystal structures of agonist-bound human cannabinoid receptor
CB1. Nature. 2017;547(7664):468-471. doi:10.1038/nature23272

Shao Z, Yan W, Chapman K, et al. Structure of an allosteric modulator bound to the CB1
cannabinoid receptor. Nat Chem Biol. 2019;15(12):1199-1205. doi:10.1038/s41589-019-0387-2

Wang X, Liu D, Shen L, et al. A Genetically Encoded F-19 NMR Probe Reveals the Allosteric
Modulation Mechanism of Cannabinoid Receptor 1. JAm Chem Soc. 2021;143(40):16320-16325.
doi:10.1021/jacs.1c06847

Liang Y-L, Khoshouei M, Radjainia M, et al. Phase-plate cryo-EM structure of a class B GPCR—G-
protein complex. Nature. 2017;546(7656):118-123. doi:10.1038/nature22327

Krishna Kumar K, Shalev-Benami M, Robertson MJ, et al. Structure of a Signaling Cannabinoid
Receptor 1-G Protein Complex. Cell. 2019;176(3):448-458.e12. doi:10.1016/j.cell.2018.11.040

Xing C, Zhuang Y, Xu T-H, et al. Cryo-EM Structure of the Human Cannabinoid Receptor CB2-Gi
Signaling Complex. Cell. 2020;180(4):645-654.e13. doi:10.1016/j.cell.2020.01.007

Dutta S, Shukla D. Distinct Activation Mechanisms Regulate Subtype Selectivity of Cannabinoid
Receptors. bioRxiv. January 2022:2022.09.27.509760. doi:10.1101/2022.09.27.509760

Li X, Chang H, Bouma J, et al. Structural basis of selective cannabinoid CB2 receptor activation.
Nat Commun. 2023;14(1):1447. doi:10.1038/s41467-023-37112-9

Lee YR, Xia L. Efficient one-pot synthetic approaches for cannabinoid analogues and their
application to biologically interesting (-)-hexahydrocannabinol and (+)-hexahydrocannabinol.
Tetrahedron Lett. 2008;49(20):3283-3287. doi:10.1016/j.tetlet.2008.03.075

AbadjiV, Lin S, Taha G, et al. (R)-Methanandamide: A Chiral Novel Anandamide Possessing Higher
Potency and Metabolic Stability. J Med  Chem. 1994;37(12):1889-1893.
doi:10.1021/jm00038a020

Le Boisselier R, Alexandre J, Lelong-Boulouard V, Debruyne D. Focus on cannabinoids and
synthetic cannabinoids. Clin Pharmacol Ther. 2017;101(2):220-229. doi:10.1002/cpt.563

Lauckner JE, Hille B, Mackie K. The cannabinoid agonist WIN55,212-2 increases intracellular
calcium via CB 1 receptor coupling to G q/11 G proteins. Proc Natl Acad Sci. 2005;102(52):19144-
19149. doi:10.1073/pnas.0509588102

Magham SV, Thaggikuppe krishnamurthy P, Shaji N, Mani L, Balasubramanian S. Cannabinoid
receptor 2 selective agonists and Alzheimer’s disease: An insight into the therapeutic potentials.
J Neurosci Res. 2021;99(11):2888-2905. d0i:10.1002/jnr.24933

Vuic B, Milos T, Tudor L, et al. Cannabinoid CB2 Receptors in Neurodegenerative Proteinopathies:
New Insights and Therapeutic Potential. Biomedicines. 2022;10(12):3000.
doi:10.3390/biomedicines10123000

Bai J, Ge G, Wang Y, et al. A selective CB2 agonist protects against the inflammatory response
and joint destruction in collagen-induced arthritis mice. Biomed Pharmacother.
2019;116:109025. doi:10.1016/j.biopha.2019.109025

Fulmer ML, Thewke DP. The Endocannabinoid System and Heart Disease: The Role of
Cannabinoid Receptor Type 2. Cardiovasc Hematol Disord Targets. 2018;18(1):34-51.



General Introduction

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

doi:10.2174/1871529X18666180206161457

Tartakover Matalon S, Ringel Y, Konikoff F, Drucker L, Pery S, Naftali T. Cannabinoid receptor 2
agonist promotes parameters implicated in mucosal healing in patients with inflammatory bowel
disease. United Eur Gastroenterol J. 2020;8(3):271-283. doi:10.1177/2050640619889773

Hashiesh HM, Sheikh A, Meeran MN, et al. [beta]-Caryophyllene, a dietary CB2 receptor selective
cannabinoid mitigates myocardial fibrosis in a mice model of diabetic cardiomyopathy. Endocr
Abstr. May 2022. doi:10.1530/endoabs.81.0C1.4

Moura CV, dos Santos R, Duarte L, Galdino G. Cannabinoid CB 2 receptors and spinal microglia
are implicated in tingenone-mediated antinociception in mice. Asian Pac J Trop Biomed.
2021;11(4):141. doi:10.4103/2221-1691.310200

Alberti TB, Coelho DS, Maraschin M. B-Caryophyllene nanoparticles design and development:
Controlled drug delivery of cannabinoid CB2 agonist as a strategic tool towards
neurodegeneration. Mater Sci Eng C. 2021;121(December 2020):111824.
doi:10.1016/j.msec.2020.111824

Hu S-J, Cheng G, Zhou H, et al. Identification of Novel Cannabinoid CB2 Receptor Agonists from
Botanical Compounds and Preliminary Evaluation of Their Anti-Osteoporotic Effects. Molecules.
2022;27(3):702. doi:10.3390/molecules27030702

Kumawat VS, Kaur G. Therapeutic potential of cannabinoid receptor 2 in the treatment of
diabetes mellitus and its complications. Eur J Pharmacol. 2019;862:172628.
doi:10.1016/j.ejphar.2019.172628

Tsoukalas NG, Giaginis C, Alexandrou P, et al. 1995P Clinical significance of cannabinoid receptor
CB2 expression in non-small cell lung cancer (NSCLC). Ann Oncol. 2020;31:51115.
doi:10.1016/j.annonc.2020.08.1301

Whiting ZM, Yin J, de la Harpe SM, Vernall AJ, Grimsey NL. Developing the Cannabinoid Receptor
2 (CB2) pharmacopoeia: past, present, and future. Trends Pharmacol Sci. 2022;43(9):754-771.
doi:10.1016/j.tips.2022.06.010

Deng L, Guindon J, Cornett BL, Makriyannis A, Mackie K, Hohmann AG. Chronic Cannabinoid
Receptor 2 Activation Reverses Paclitaxel Neuropathy Without Tolerance or Cannabinoid
Receptor 1-Dependent Withdrawal. Biol Psychiatry. 2015;77(5):475-487.
doi:10.1016/j.biopsych.2014.04.009

GlobalData Healthcare. Cannabinoids receptors: popular preclinical target but banned in 137
countries. Pharmaceutical Technology. https://www.pharmaceutical-
technology.com/comment/cannabinoids-receptors/. Published 2022. Accessed February 17,
2023.

Dhopeshwarkar A, Mackie K. CB 2 Cannabinoid Receptors as a Therapeutic Target—What Does
the Future Hold? Mol Pharmacol. 2014;86(4):430-437. d0i:10.1124/mol.114.094649

Leleu-Chavain N, Body-Malapel M, Spencer J, Chavatte P, Desreumaux P, Millet R. Recent
Advances in the Development of Selective CB2 Agonists as Promising Anti-Inflammatory Agents.
Curr Med Chem. 2012;19(21):3457-3474. doi:10.2174/092986712801323207

Haruna T, Soga M, Morioka Y, et al. S-777469, a Novel Cannabinoid Type 2 Receptor Agonist,
Suppresses ltch-Associated Scratching Behavior in Rodents through Inhibition of Itch Signal
Transmission. Pharmacology. 2015;95(1-2):95-103. d0i:10.1159/000371890

Shionogi Inc. A Randomized, Double-Blind Study to Evaluate the Safety and Efficacy of 2 Doses

18



General Introduction

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

19

of S-777469 in Patients With Atopic Dermatitis. ClinicalTrials.gov.
https://clinicaltrials.gov/ct2/show/NCT00703573?term=S-777469&draw=2&rank=1. Accessed
March 1, 2023.

Tarawneh AH, Pandey P, Al-Momani LA, et al. 1,2,3-Triazole derivatives as highly selective
cannabinoid receptor type 2 (CB2) agonists. Arab J Chem. 2022;15(1):103545.
doi:10.1016/j.arabjc.2021.103545

Corbus Pharmaceutical. Corbus Pharmaceuticals Receives FDA Orphan Drug Designation for
Lenabasum for the Treatment of Dermatomyositis. https://www.corbuspharma.com/press-
releases/detail/276/corbus-pharmaceuticals-receives-fda-orphan-drug-designation. Published
2018. Accessed March 1, 2023.

Corbus Pharmaceuticals Inc. Trial to Evaluate Efficacy and Safety of Lenabasum in Cystic Fibrosis.
ClinicalTrials.gov.
https://clinicaltrials.gov/ct2/show/study/NCT03451045?term=Lenabasum&draw=2&rank=1.
Published 2023. Accessed March 1, 2023.

Corbus Pharmaceuticals Inc. JBT-101 in Systemic Lupus Erythematosus (SLE). ClinicalTrials.gov.
https://clinicaltrials.gov/ct2/show/NCT03093402?term=Lenabasum&draw=2&rank=6.
Published 2022. Accessed March 1, 2023.

Corbus Pharmaceuticals Inc. Trial to Evaluate Efficacy and Safety of Lenabasum in
Dermatomyositis (DETERMINE). ClinicalTrials.gov.
https://clinicaltrials.gov/ct2/show/NCT03813160?term=Lenabasum&draw=2&rank=3.
Published 2022. Accessed March 1, 2023.

Spiera R, Kuwana M, Khanna D, et al. OP0171 PHASE 3 TRIAL OF LENABASUM, A CB2 AGONIST,
FOR THE TREATMENT OF DIFFUSE CUTANEQUS SYSTEMIC SCLEROSIS (DCSSC). Ann Rheum Dis.
2021;80(Suppl 1):102-103. doi:10.1136/annrheumdis-2021-eular.1795

Hanu$ L, Breuer A, Tchilibon S, et al. HU-308: A specific agonist for CB 2, a peripheral cannabinoid
receptor. Proc Natl Acad Sci. 1999;96(25):14228-14233. doi:10.1073/pnas.96.25.14228

Soethoudt M, Grether U, Fingerle J, et al. Cannabinoid CB2 receptor ligand profiling reveals
biased  signalling and  off-target  activity. Nat  Commun. 2017;8(1):13958.
doi:10.1038/ncomms13958

Arena Pharmaceuticals. Tolerability, Pharmacokinetics, and Efficacy of APD371 in Participants
With Crohn’s Disease Experiencing Abdominal Pain. ClinicalTrials.gowv.
https://clinicaltrials.gov/ct2/show/NCT03155945. Published 2021. Accessed March 1, 2023.

Chang L, Cash BD, Lembo A, et al. Efficacy and safety of olorinab, a full agonist of the cannabinoid
receptor 2, for the treatment of abdominal pain in patients with irritable bowel syndrome:
Results from a phase 2b randomized placebo-controlled trial ( <scp>CAPTIVATE</scp> ).
Neurogastroenterol Motil. February 2023. doi:10.1111/nmo.14539

Jones C, Turner S, Ruckle J, Liu Q, Christopher R, Klassen P. Safety, tolerability, and
pharmacokinetics of APD371, a highly selective CB 2 agonist, in healthy adults. J Pain.
2018;19(3):582. doi:10.1016/].jpain.2017.12.200

Manalac T. Roche Cuts Pipeline as COVID, Currency Headwinds Impact Q3 Results. BioSpace.
https://www.biospace.com/article/roche-cuts-pipeline-as-covid-19-headwinds-batter-q3-
sales/. Published 2023. Accessed October 24, 2023.

Woodhams SG, Chapman V, Finn DP, Hohmann AG, Neugebauer V. The cannabinoid system and
pain. Neuropharmacology. 2017;124:105-120. doi:10.1016/j.neuropharm.2017.06.015



General Introduction

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Sbarski B, Akirav I. Cannabinoids as therapeutics for PTSD. Pharmacol Ther. 2020;211:107551.
doi:10.1016/j.pharmthera.2020.107551

Haller J, Varga B, Ledent C, Freund TF. CB1 cannabinoid receptors mediate anxiolytic effects:
convergent genetic and pharmacological evidence with CB1-specific agents. Behav Pharmacol.
2004;15(4):299-304. d0i:10.1097/01.fbp.0000135704.56422.40

Hill MN, Carrier EJ, McLaughlin RJ, et al. Regional alterations in the endocannabinoid system in
an animal model of depression: effects of concurrent antidepressant treatment. J Neurochem.
2008;106(6):2322-2336. doi:10.1111/j.1471-4159.2008.05567.x

Wallace MJ, Wiley JL, Martin BR, DelLorenzo RJ. Assessment of the role of CB1 receptors in
cannabinoid anticonvulsant effects. Eur J Pharmacol. 2001;428(1):51-57. d0i:10.1016/S0014-
2999(01)01243-2

Hayakawa K, Mishima K, Nozako M, et al. A9-tetrahydrocannabinol (A9-THC) prevents cerebral
infarction via hypothalamic-independent hypothermia. Life Sci. 2007;80(16):1466-1471.
doi:10.1016/j.1fs.2007.01.014

Glass M, Faull RLM, Dragunow M. Loss of cannabinoid receptors in the substantia nigra in
huntington’s disease. Neuroscience. 1993;56(3):523-527. d0i:10.1016/0306-4522(93)90352-G

Leo LM, Abood ME. Cb1l cannabinoid receptor signaling and biased signaling. Molecules.
2021;26(17):1-22. doi:10.3390/molecules26175413

Cinar R, lyer MR, Kunos G. The therapeutic potential of second and third generation CB1R
antagonists. Pharmacol Ther. 2020;208:107477. doi:10.1016/j.pharmthera.2020.107477

Maccarrone M, Bab |, Bird T, et al. Endocannabinoid signaling at the periphery: 50 years after
THC. Trends Pharmacol Sci. 2015;36(5):277-296. doi:10.1016/].tips.2015.02.008

Tam J, Cinar R, Liu J, et al. Peripheral Cannabinoid-1 Receptor Inverse Agonism Reduces Obesity
by Reversing Leptin Resistance. Cell Metab. 2012;16(2):167-179.
doi:10.1016/j.cmet.2012.07.002

Sun D, Gao W, Hu H, Zhou S. Why 90% of clinical drug development fails and how to improve it?
Acta Pharm Sin B. 2022;12(7):3049-3062. doi:10.1016/j.apsb.2022.02.002

Morales P, Jagerovic N. Novel approaches and current challenges with targeting the
endocannabinoid system. Expert Opin Drug Discov. 2020;15(8):917-930.
doi:10.1080/17460441.2020.1752178

Mielnik CA, Lam VM, Ross RA. CB1 allosteric modulators and their therapeutic potential in CNS
disorders.  Prog  Neuro-Psychopharmacology = Biol  Psychiatry. 2021;106:110163.
doi:10.1016/j.pnpbp.2020.110163

Gado F, Di Cesare Mannelli L, Lucarini E, et al. Identification of the First Synthetic Allosteric
Modulator of the CB 2 Receptors and Evidence of Its Efficacy for Neuropathic Pain Relief. J Med
Chem. 2019;62(1):276-287. d0i:10.1021/acs.jmedchem.8b00368

Morales P, Goya P, Jagerovic N, Hernandez-Folgado L. Allosteric Modulators of the CB 1
Cannabinoid Receptor: A Structural Update Review. Cannabis Cannabinoid Res. 2016;1(1):22-30.
doi:10.1089/can.2015.0005

Fowler CJ. The endocannabinoid system — current implications for drug development. J Intern
Med. 2021;290(1):2-26. doi:10.1111/joim.13229

El-Hammadi MM, Small-Howard AL, Ferndndez-Arévalo M, Martin-Banderas L. Development of

20



General Introduction

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

21

enhanced drug delivery vehicles for three cannabis-based terpenes using poly(lactic-co-glycolic
acid) based nanoparticles. Ind Crops Prod. 2021;164:113345.
doi:10.1016/j.indcrop.2021.113345

NatarajanJ V., Nugraha C, Ng XW, Venkatraman S. Sustained-release from nanocarriers: a review.
J Control Release. 2014;193:122-138. doi:10.1016/j.jconrel.2014.05.029

Bobo D, Robinson KJ, Islam J, Thurecht KJ, Corrie SR. Nanoparticle-Based Medicines: A Review of
FDA-Approved Materials and Clinical Trials to Date. Pharm Res. 2016;33(10):2373-2387.
doi:10.1007/s11095-016-1958-5

Alberti TB, Coelho DS, Maraschin M. B-Caryophyllene nanoparticles design and development:
Controlled drug delivery of cannabinoid CB2 agonist as a strategic tool towards
neurodegeneration. Mater Sci Eng C. 2021;121:111824. doi:10.1016/j.msec.2020.111824

Moniruzzaman M, Rewatkar P, Begun J, Popat A. P037 Enhancing the efficacy of cannabidiol using
protein nanoparticles to treat inflammatory bowel disease. J Crohn’s Colitis.
2023;17(Supplement_1):i204-i205. doi:10.1093/ecco-jcc/jjac190.0167

Hirsch S, Hinden L, Naim MB-D, et al. Hepatic targeting of the centrally active cannabinoid 1
receptor (CB1R) blocker rimonabant via PLGA nanoparticles for treating fatty liver disease and
diabetes. J Control Release. 2023;353:254-269. doi:10.1016/j.jconrel.2022.11.040

Jia 'y, Jiang Y, He Y, et al. Approved Nanomedicine against Diseases. Pharmaceutics. 2023;15(3).
doi:10.3390/pharmaceutics15030774

Cinar R, lyer MR, Kunos G. The therapeutic potential of second and third generation CB1R
antagonists. Pharmacol Ther. 2020;208:107477. doi:10.1016/j.pharmthera.2020.107477

Wang H, Zhang H, Xiang Y, Pan W, Li N, Tang B. An efficient strategy for cancer therapy using a
tumor- and lysosome-targeted organic photothermal agent. Nanoscale. 2021;13(19):8790-8794.
doi:10.1039/D1NR01547H

Westphal M V., Schafroth MA, Sarott RC, et al. Synthesis of Photoswitchable A 9 -
Tetrahydrocannabinol Derivatives Enables Optical Control of Cannabinoid Receptor 1 Signaling.
JAm Chem Soc. 2017;139(50):18206-18212. doi:10.1021/jacs.7b06456

Laguerre A, Hauke S, Qiu J, Kelly MJ, Schultz C. Photorelease of 2-Arachidonoylglycerol in Live
Cells. J Am Chem Soc. 2019;141(42):16544-16547. doi:10.1021/jacs.9b05978

Castaneda JT, Harui A, Kiertscher SM, Roth JD, Roth MD. Differential Expression of Intracellular
and Extracellular CB2 Cannabinoid Receptor Protein by Human Peripheral Blood Leukocytes. J
Neuroimmune Pharmacol. 2013;8(1):323-332. doi:10.1007/s11481-012-9430-8

Castaneda JT, Harui A, Roth MD. Regulation of Cell Surface CB2 Receptor during Human B Cell
Activation and Differentiation. J Neuroimmune Pharmacol. 2017;12(3):544-554.
doi:10.1007/s11481-017-9744-7

Brailoiu GC, Deliu E, Marcu J, et al. Differential activation of intracellular versus plasmalemmal
CB2 Cannabinoid receptors. Biochemistry. 2014;53(30):4990-4999. doi:10.1021/bi500632a

Schuchman EH, Ledesma MD, Simonaro CM. New paradigms for the treatment of lysosomal
storage diseases: targeting the endocannabinoid system as a therapeutic strategy. Orphanet J
Rare Dis. 2021;16(1):151. doi:10.1186/s13023-021-01779-4

Xing L, Lyu J-Y, Yang Y, et al. pH-Responsive de-PEGylated nanoparticles based on
triphenylphosphine—quercetin self-assemblies for mitochondria-targeted cancer therapy. Chem
Commun. 2017;53(62):8790-8793. doi:10.1039/C7CC04058)



General Introduction

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Maniganda S, Sankar V, Nair JB, Raghu KG, Maiti KK. A lysosome-targeted drug delivery system
based on sorbitol backbone towards efficient cancer therapy. Org Biomol Chem.
2014;12(34):6564-6569. doi:10.1039/C40B01153H

Wang L, Xiao Y, Tian W, Deng L. Activatable Rotor for Quantifying Lysosomal Viscosity in Living
Cells. J Am Chem Soc. 2013;135(8):2903-2906. d0i:10.1021/ja311688g

Galaj E, Xi Z-X. Potential of Cannabinoid Receptor Ligands as Treatment for Substance Use
Disorders. CNS Drugs. 2019;33(10):1001-1030. doi:10.1007/s40263-019-00664-w

Seltzman HH, Maitra R, Bortoff K, et al. Metabolic Profiling of CB1 Neutral Antagonists. In: ;
2017:199-215. doi:10.1016/bs.mie.2017.06.025

Sink KS, Vemuri VK, Wood J, Makriyannis A, Salamone JD. Oral bioavailability of the novel
cannabinoid CB1 antagonist AM6527: Effects on food-reinforced behavior and comparisons with
AM4113. Pharmacol Biochem Behav. 2009;91(3):303-306. doi:10.1016/j.pbb.2008.07.013

Jarbe T, Lemay B, Olszewska T, Vemuri V, Wood J, Makryannis A. Intrinsic effects of AM4113, a
putative neutral CB1 receptor selective antagonist, on open-field behaviors in rats. Pharmacol
Biochem Behav. 2008;91(1):84-90. doi:10.1016/j.pbb.2008.06.014

Fong TM. Constitutive Activity in Cannabinoid Receptors. In: ; 2014:121-133. doi:10.1016/B978-
0-12-417197-8.00004-3

Khilnani G, Khilnani A. Inverse agonism and its therapeutic significance. Indian J Pharmacol.
2011;43(5):492. doi:10.4103/0253-7613.84947

Bunnage ME, Chekler ELP, Jones LH. Target validation using chemical probes. Nat Chem Biol.
2013;9(4):195-199. doi:10.1038/nchembio.1197

Simon GM, Niphakis MJ, Cravatt BF. Determining target engagement in living systems. Nat Chem
Biol. 2013;9(4):200-205. doi:10.1038/nchembio.1211

Matthews PM, Rabiner EA, Passchier J, Gunn RN. Positron emission tomography molecular
imaging for drug development. Br J Clin Pharmacol. 2012;73(2):175-186. doi:10.1111/j.1365-
2125.2011.04085.x

Evens N, M. Bormans G. Non-Invasive Imaging of the Type 2 Cannabinoid Receptor, Focus on
Positron  Emission Tomography. Curr Top Med Chem. 2010;10(15):1527-1543.
doi:10.2174/156802610793176819

Charalambous A, Marciniak G, Shiue C-Y, et al. PET studies in the primate brain and
biodistribution in mice using (-)-5-18F-A8-THC. Pharmacol Biochem Behav. 1991;40(3):503-507.
doi:10.1016/0091-3057(91)90354-5

Ahmad R, Postnov A, Bormans G, Versijpt J, Vandenbulcke M, Van Laere K. Decreased in vivo
availability of the cannabinoid type 2 receptor in Alzheimer’s disease. Eur J Nucl Med Mol
Imaging. 2016;43(12):2219-2227. doi:10.1007/s00259-016-3457-7

Hou L, Rong J, Haider A, et al. Positron Emission Tomography Imaging of the Endocannabinoid
System: Opportunities and Challenges in Radiotracer Development. J Med Chem.
2021;64(1):123-149. doi:10.1021/acs.jmedchem.0c01459

Haider A, Gobbi L, Kretz J, et al. Identification and Preclinical Development of a 2,5,6-
Trisubstituted Fluorinated Pyridine Derivative as a Radioligand for the Positron Emission
Tomography Imaging of Cannabinoid Type 2 Receptors. J Med Chem. 2020;63(18):10287-10306.
doi:10.1021/acs.jmedchem.0c00778

22



General Introduction

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

23

Haider A, Wang L, Gobbi L, et al. Evaluation of [ 18 FJRoSMA-18-d 6 as a CB2 PET Radioligand in
Nonhuman Primates. ACS Chem Neurosci. 2023;14(20):3752-3760.
doi:10.1021/acschemneuro.3c00222

Schirmann M, Janning P, Ziegler S, Waldmann H. Small-Molecule Target Engagement in Cells.
Cell Chem Biol. 2016;23(4):435-441. doi:10.1016/j.chembiol.2016.03.008

Stoddart LA, Kilpatrick LE, Briddon SJ, Hill SJ. Probing the pharmacology of G protein-coupled
receptors with fluorescent ligands. Neuropharmacology. 2015;98:48-57.
doi:10.1016/j.neuropharm.2015.04.033

Wu Y, Zhang B, Xu H, et al. The chronological evolution of fluorescent GPCR probes for
bioimaging. Coord Chem Rev. 2023;480:215040. doi:10.1016/j.ccr.2023.215040

Karlsson JKG, Laude A, Hall MJ, Harriman A. Photo-isomerization of the Cyanine Dye Alexa-Fluor
647 (AF-647) in the Context of dSTORM Super-Resolution Microscopy. Chem — A Eur J.
2019;25(65):14983-14998. doi:10.1002/chem.201904117

Singh S, Oyagawa CRMM, Macdonald C, Grimsey NL, Glass M, Vernall Al. Chromenopyrazole-
based High Affinity, Selective Fluorescent Ligands for Cannabinoid Type 2 Receptor. ACS Med
Chem Lett. 2019;10(2):209-214. doi:10.1021/acsmedchemlett.8b00597

Luo S, Zhang E, Su Y, Cheng T, Shi C. A review of NIR dyes in cancer targeting and imaging.
Biomaterials. 2011;32(29):7127-7138. doi:10.1016/j.biomaterials.2011.06.024

Briddon SJ, Kellam B, Hill SJ. Design and Use of Fluorescent Ligands to Study Ligand—Receptor
Interactions in Single Living Cells. In: ; 2011:211-236. doi:10.1007/978-1-61779-126-0_11

Zhang S, Shao P, Bai M. In Vivo Type 2 Cannabinoid Receptor-Targeted Tumor Optical Imaging
Using a Near Infrared Fluorescent Probe. Bioconjug Chem. 2013;24(11):1907-1916.
doi:10.1021/bc400328m

Martin-Couce L, Martin-Fontecha M, Palomares O, et al. Chemical Probes for the Recognition of
Cannabinoid Receptors in Native Systems. Angew Chemie Int Ed. 2012;51(28):6896-6899.
doi:10.1002/anie.201200467

Martin-Fontecha M, Angelina A, Riickert B, et al. A Fluorescent Probe to Unravel Functional
Features of Cannabinoid Receptor CB 1 in Human Blood and Tonsil Immune System Cells.
Bioconjug Chem. 2018;29(2):382-389. d0i:10.1021/acs.bioconjchem.7b00680

Sarott RC, Viray AEG, Pfaff P, et al. Optical Control of Cannabinoid Receptor 2-Mediated Ca 2+
Release Enabled by Synthesis of Photoswitchable Probes. J Am Chem Soc. 2021;143(2):736-743.
doi:10.1021/jacs.0c08926

Cooper AG, Oyagawa CRM, Manning JJ, et al. Development of selective, fluorescent cannabinoid
type 2 receptor ligands based on a 1,8-naphthyridin-2-(1 H )-one-3-carboxamide scaffold.
Medchemcomm. 2018;9(12):2055-2067. doi:10.1039/C8MD00448)

Gazzi, Thais, Brennecke B, et al. Drug Derived Fluorescent Probes for the Specific Visualization of
Cannabinoid Type 2 Receptor - A Toolbox Approach. ChemRxiv. 2019.
doi:10.26434/chemrxiv.10283027.v1

Westphal M V., Sarott RC, Zirwes EA, et al. Highly Selective, Amine-Derived Cannabinoid Receptor
2 Probes. Chem — A Eur J. 2020;26(6):1380-1387. d0i:10.1002/chem.201904584

Sarott RC, Westphal M V., Pfaff P, et al. Development of High-Specificity Fluorescent Probes to
Enable Cannabinoid Type 2 Receptor Studies in Living Cells. J Am Chem Soc. 2020;142(40):16953-
16964. doi:10.1021/jacs.0c05587



General Introduction

144.

145.

146.

147.

148.

149.

150.

151.

Spinelli F, Giampietro R, Stefanachi A, et al. Design and synthesis of fluorescent ligands for the
detection of cannabinoid type 2 receptor (CB2R). Eur J Med Chem. 2020;188:112037.
doi:10.1016/j.ejmech.2020.112037

Soethoudt M, Stolze SC, Westphal M V., et al. Selective Photoaffinity Probe That Enables
Assessment of Cannabinoid CB 2 Receptor Expression and Ligand Engagement in Human Cells. J
Am Chem Soc. 2018;140(19):6067-6075. d0i:10.1021/jacs.7b11281

Hamilton AJ, Payne AD, Mocerino M, Gunosewoyo H. Imaging Cannabinoid Receptors: A Brief
Collection of Covalent and Fluorescent Probes for CB. Aust J Chem. 2021;74(6):416-432.
doi:10.1071/CH21007

Kulkarni PM, Kulkarni AR, Korde A, et al. Novel Electrophilic and Photoaffinity Covalent Probes
for Mapping the Cannabinoid 1 Receptor Allosteric Site(s). J Med Chem. 2016;59(1):44-60.
doi:10.1021/acs.jmedchem.5b01303

Smith E, Collins I. Photoaffinity labeling in target- and binding-site identification. Future Med
Chem. 2015;7(2):159-183. d0i:10.4155/fmc.14.152

van der Stelt M, Cals J, Broeders-Josten S, et al. Discovery and Optimization of 1-(4-(Pyridin-2-
yl)benzyl)imidazolidine-2,4-dione Derivatives As a Novel Class of Selective Cannabinoid CB2
Receptor Agonists. J Med Chem. 2011;54(20):7350-7362. doi:10.1021/jm200916p

Mukhopadhyay P, Baggelaar M, Erdelyi K, et al. The novel, orally available and peripherally
restricted selective cannabinoid CB 2 receptor agonist LEI-101 prevents cisplatin-induced
nephrotoxicity. BrJ Pharmacol. 2016;173(3):446-458. doi:10.1111/bph.13338

Soethoudt M, Hoorens MWH, Doelman W, Martella A, van der Stelt M, Heitman LH. Structure-
kinetic relationship studies of cannabinoid CB 2 receptor agonists reveal substituent-specific
lipophilic  effects on residence time. Biochem Pharmacol. 2018;152:129-142.
doi:10.1016/j.bcp.2018.03.018

24



25





