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Abstract

Cannabis and cannabinoids are currently being investigated for their potential utility as
therapeutics in various illnesses. Of the two cannabinoid receptors that have been identified thus
far, the type 2 cannabinoid receptor (CB2R) is of growing interest due to its potential
immunomodulatory and anti-inflammatory activities. Similarly, the orphan receptor G protein-
coupled receptor 55 (GPR55) is known to interact with cannabinoids and has potential for its anti-
inflammatory activity. CB2R- and GPR55-mediated therapeutics may provide safer side effect
profiles and avoid central nervous system (CNS)-mediated psychoactivity associated with the
activation of the type 1 cannabinoid receptor (CB1R). The identification of CB2R-specific ligands
has been challenging given the high degree of similarity between CB1R and CB2R. Exploiting
novel paradigms in G protein-coupled receptor (GPCR) signaling, such as biased agonism, bitopic
ligands, and receptor dimerization, may provide a new avenue for the development of clinically
effective CB2R-selective ligands. Characterizing a diverse array of ligands, including orthosteric
agonists, allosteric modulators, bitopic ligands, and compound metabolites may improve our
ability to identify novel drug candidates. In this study, we explored the in vitro pharmacological
properties of novel GPR55 and CB2R ligands, cannabinoid-orexin receptor heterodimers and
phytocannabinoid metabolites using Chinese hamster ovary (CHO)-K1 cells expressing human
CB1R, CB2R, GPR55, orexin receptor type 1 (OX1R), or orexin receptor type 2 (OX2R) plasmids.
Our study revealed that novel cannabinoids can be characterized using pharmacological data and
drug design. Relatively little is known about the specific pharmacological properties and
mechanisms of ligands and receptor interactions at CB2R. A better understanding of these
pharmacodynamics may be useful in the development of CB2R-selective therapeutics for illnesses

associated with inflammation and/or pain.
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Chapter 1: Introduction

The type 1 and type 2 cannabinoid receptors (CB1R, CB2R) have come to be seen as highly
promising drug targets. Characterizing novel cannabinoid ligands may lead to the development of
new drug candidates for inflammation and pain, among other conditions. The focus of this thesis
was the in vitro pharmacological characterization of an array of cannabinoid modulators, agonists,

and receptor-receptor interactions.

Over the past two decades, Cannabis and cannabinoid-based medicines have emerged as a
promising avenue for the development of novel therapeutics for various conditions!?.
Cannabinoids are compounds whose structure and/or function are similar to that of A°-
tetrahydrocannabinol (A®-THC), a plant-derived cannabinoid (i.e. phytocannabinoid) and primary
psychoactive constituent of Cannabis sativa (C. sativa)®. Cannabinoids mediate their physiological
actions through a complex biological system termed the endocannabinoid system (ECS) *°. The
ECS consists of three main components: cannabinoid receptors, endogenous cannabinoids (i.e.
endocannabinoids), and enzymes responsible for the synthesis and degradation of
endocannabinoids®’. Cannabinoid receptors are a group of at least two G protein-coupled receptors
(GPCRs), with CB1R and CB2R having been validated as targets of cannabinoids, though research
suggests the existence of additional cannabinoid receptors® 3. Endocannabinoids, the endogenous
ligands for CB1R and CB2R, are synthesized “on demand” from cell membrane lipids, such as
arachidonic acid 417, Although various endocannabinoids have been identified, N-
arachidonoylethanolamine (AEA)/anandamide, and 2-arachidonoylglycerol (2-AG) represent the
most intensively studied endocannabinoids*!18, Lastly, biosynthetic enzymes, such as N-acyl

1



phosphatidylethanolamine phospholipase D (NAPE-PLD) and diacylglycerol lipase (DAGL), and
catabolic enzymes, such as fatty acid amine hydrolase (FAAH) and monoacylglycerol lipase

(MAGL), play a key role in the initiation and termination of endocannabinoid signaling®1%-22,

The ECS is implicated in the modulation of various physiological processes such as synaptic
plasticity, appetite, energy balance, pain, memory and emesis®%142324 Fyrthermore, cannabinoids
are being investigated as potential treatments for a wide array of conditions including chronic pain,
inflammatory bowel diseases, obesity, diabetes, neurodegenerative diseases (e.g. Huntington’s
disease, Alzheimer’s disease, multiple sclerosis), osteoporosis, cancer and epilepsy* 8232527,
Though these indications appear encouraging, only 4 cannabinoid-based therapies (Sativex,
Marinol/Syndros, Cesamet, and Epidiolex) have been approved for clinical use!®*?®3!, The ECS
and cannabinoid receptor signaling are both highly complex. These complexities speak to why the

development of cannabinoid medicines has proven to be so difficult.

1.1 G protein-coupled receptors (GPCRs)

Cannabinoid receptors are G protein-coupled receptors (GPCRs)®2. GPCRs, also known as seven
transmembrane receptors (7TMRs), are a superfamily of more than 800 membrane proteins
implicated in various physiological processes *3-%¢. GPCRs are critical in cellular signaling, acting
as “physical conduits” by responding to various external stimuli such as photons, ions, odorants,
hormones and neurotransmitters®’ . At least 30% of all drugs approved by the United States Food
and Drug Administration (FDA) target GPCRs, further exemplifying the importance of this class

of proteins®—3,



There are 6 groups of GPCRs: rhodopsin-like (class A), secretin-like (class B), metabotropic
glutamate (class C), fungal mating pheromone (class D), cyclic AMP receptors (class E), and
frizzled/smoothened (class F)*. Class A GPCRs, which include the cannabinoid receptors,
represent the largest group of GPCRs 6404° Nevertheless, all GPCRs share a common structural
motif consisting of a seven transmembrane o-helices with alternating extracellular and intracellular

|00p338’46’47

1.1.1 GPCR activation

GPCR activation is a multi-step process. Following the binding of a ligand at an extracellular site
on the receptor, a conformational change is induced in the cytoplasmic portions of the receptor,
exposing an intracellular pocket critical for interacting with signaling proteins such as
heterotrimeric G proteins, GPCR kinases (GRKSs), and Barrestins®®434¢, G proteins consist of o, B,
and y subunits and when inactive, the Ga subunit is bound to the GBy subunit and to guanosine
diphosphate (GDP)*. Ligand binding results in the activation of guanine exchange factors (GEFs)
which promotes the exchange of GDP for guanosine triphosphate (GTP) on the Ga subunit***,
This subsequently leads to the dissociation of the Gy subunit from the Ga subunit; both subunits
are now free to initiate signaling cascades involving different downstream proteins (Figure 1-
1)404851 Depending on which Go isoform is present, Ga subunits may activate adenylate cyclase
(AC) (Gas), inhibit AC (Gain), activate phospholipase C (PLC) (Gags11), or modulate the activity
of small GTPases such as Ras and Rho and mitogen-activated protein kinase (MAPK) cascades

(Gauzns, Gogi1)*®®2. GBy subunits are also implicated in GPCR signal transduction by regulating

ion channels, AC activity, MAPK cascades and interacting with GRKs*°3%4  Downstream



signaling by G protein subunits is terminated through GTPase-activating proteins (GAPs)*. GAPs
facilitate G protein inactivation by ameliorating the intrinsic GTP hydrolysis activity of Ga

subunits, resulting in the conversion of GTP to GDP*8¢,

1.1.2 GPCR signaling

CBIR and CB2R primarily couple to Gaio G proteins (Figure 1-1)!%°. Consequently, their
activation results in the inhibition of AC, the enzyme responsible for the production of cyclic
adenosine monophosphate (CAMP)®8. Cannabinoid receptor activation is thus associated with
reduced levels of cCAMP®. As a second messenger, CAMP is a critical effector of downstream
signaling pathways*®°°, Reduced levels of cCAMP impair the activity of protein kinase A (PKA),
which has greater implications on signal transduction due to the regulatory role of PKA on Raf-1

kinase®16:60,

Cannabinoid receptors are also known to promote the phosphorylation of extracellular signal-
regulated kinases 1 and 2 (ERK1/2), a member of the serine-threonine MAPK family (Figure 1-
1)1146 ERK1/2 is implicated in various physiological processes such as cell cycle progression,
cell migration, apoptosis, and cytokine production®5!, Additionally, cannabinoid receptors
regulate the activity of other MAPKSs such as p38 kinase and c-Jun N-terminal kinase (JNK)':62:63,
Though not widely researched, additional signaling cascades of cannabinoid receptors may involve
phosphoinositide-3 kinase (PI3K)/Akt, Akt kinase/protein kinase B (PKB), cAMP response-

element binding protein (CREB), and nuclear factor kappa B (NF-«kB)?2457:64-66,



1.1.3 Regulation of GPCR signaling

Activated GPCRs are downregulated by a class of proteins called arrestins®. Four isoforms
[arrestin-1, arrestin-2 (i.e. Parrestinl), arrestin-3 (i.e. Parrestin2), and arrestin-4] have been
identified, though only Parrestinl and Parrestin2 are implicated in cannabinoid receptor signaling
(Figure 1-1)*849°8 Barrestin recruitment is facilitated by GRK-dependent phosphorylation of the
GPCR on its C-terminus and intracellular loops®*#1%7. Binding of parrestin to the GPCR ultimately
facilitates receptor desensitization, trafficking and internalization by targeting GPCRs to clathrin-
coated pits for endocytosis®®®®70. Barrestin can also initiate downstream signaling cascades
involving Src kinases, MAPKSs, NF-kB, and PI3K in a G protein-independent manner, thus
representing unique scaffolding proteins with dualistic roles in the initiation and termination of

signaling®6:39:5065.70,
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Figure 1-1. Main signaling pathways implicated in cannabinoid receptor-dependent
signaling. Following ligand binding and subsequent receptor activation, cannabinoid receptors
(e.g. CB1R, CB2R) mediate various downstream signaling cascades. By coupling to Gain G
proteins, cannabinoid receptors inhibit adenylate cyclase (AC), leading to reduced levels of the
second messenger cyclic adenosine monophosphate (CAMP). Cannabinoid receptor activation also
leads to increased phosphorylation of extracellular signal-regulated kinases 1 and 2 (ERK1/2).
Cannabinoid receptors are downregulated following the recruitment of Barrestin2, an intracellular
protein which facilitates receptor desensitization, trafficking, and internalization. Adapted from
“GPCR  Effector  Pathways”, by  BioRender.com  (2023). Retrieved  from
https://app.biorender.com/biorender-templates

1.2 Cannabinoid receptors

1.2.1CBI1R

CB1R is among the most abundant GPCRs in the central nervous system (CNS), with prominent
expression in the hippocampus, basal ganglia, brainstem, cerebellum, cortex, substantia nigra,

amygdala and striatum®814™ Though less prevalent in the periphery, CB1R expression has also
6



been identified in the heart, liver, pancreas, small intestine, adipocytes, skeletal muscle, uterus,
and testis*21’, Its high CNS expression implicates CB1R in most of the psychoactive and

behavioural effects associated with cannabinoids like A%>-THC13143272.73

In general, CB1R functions as a neuromodulatory receptor, preventing neurotransmitter release at
presynaptic terminals by regulating the activity of voltage-gated calcium channels and inwardly
rectifying potassium channels®*#1%1’ CB1R activation is involved in nociception, anxiety,
memory, motor activity, reward, appetite, and energy homeostasis®®11232474 As such, CB1R has
become an attractive target for novel treatments for seizures, neurodegenerative disorders, smoke

cessation, obesity, and pain management!*727576,

Unfortunately, the therapeutic utility of CB1R appears to be limited, a caveat first exposed by the
CBI1R antagonist/inverse agonist SR141716A (rimonabant) "’"'8  Rimonabant effectively
promoted weight loss and improved lipid and glucose metabolism, thus representing a promising
novel treatment for obesity>%>®. However, within two years of approval, rimonabant’s clinical
use was suspended owing to adverse effects (e.g. anxiety, depression, and suicide) propagated by
blockade of centrally located CB1R 3°%-8 The development of CB1R antagonists/inverse
agonists which lack blood brain barrier (BBB) penetrance may be a useful approach in avoiding
CNS-mediated psychoactivity, though the modifications required to peripherally restrict these

ligands may impair their effectiveness and applicability as anti-obesity agents!>8,

1.2.2 CB2R
CB2R has limited expression throughout the CNS, and is generally restricted to the periphery,

predominantly throughout the immune system®84. Peripheral CB2R expression has been observed

7



in various tissues and cell types including T cells, B cells, NK cells, eosinophils, macrophages,
spleen, tonsils, thymus, adipose tissue, intestine, testis, skeletal muscle, pancreatic islet cells,
pulmonary endothelial cells, bone, and the trabecular meshwork of the eyes*?3:32627188 CB2R
expression may be limited to immune cells of the CNS (e.g. microglia, astrocytes), though some
studies noted the presence of CB2R in the brainstem, cortex, and spinal cord®887, Furthermore,
it appears that pathological states drive CNS CB2R expression as CB2R is reportedly absent from
healthy brain microglia but is present in neuroinflammatory conditions, such as in the microglia
of Alzheimer’s brain tissue and in astrocytes and microglia of multiple sclerosis plaques??62 186,88

Induction of CB2R expression is not restricted to the CNS, as CB2R expression has also been

observed in hepatic myofibroblasts during cirrhosis but not in a healthy liver®,

CB2R is an immunomodulatory receptor. It is involved in the regulation of cytokine release and
its activation prevents the release of pro-inflammatory cytokines [e.g. interleukin (IL)-2, I1L-12,
IL-17, interferon (INF)-y, tumor necrosis factor (TNF)-a] and enhances the release of anti-
inflammatory cytokines [e.g IL-4, 1L-10, transforming growth factor (TGF)-p]*23°7:61848% Unlike
CB1R, no clear consensus exists on whether CB2R couples to voltage-gated calcium channels or

inwardly rectifying potassium channels’->%%,

The anti-inflammatory capacities of CB2R, coupled with its diverse pattern of expression, make
CB2R an attractive target for various conditions such as pain (e.g. acute, chronic, inflammatory,
neuropathic, etc.), cancer, osteoporosis, hyperinsulinemia, hypertriglyceridemia, diabetic
neuropathy and nephropathy, hypertension, liver cirrhosis, inflammatory bowel diseases,
atherosclerosis, stroke, and neurodegenerative disorders (e.g. multiple sclerosis, amyotrophic

lateral sclerosis, Alzheimer’s disease, Parkinson’s disease, Huntington’s disease)81%2327:626586



The anti-nociceptive and anti-inflammatory effects of CB2R ligands have been previously

explored in preclinical studies” 779192,

Given the concerns regarding undesirable psychiatric side effects by CB1R-acting ligands,
targeting CB2R may present a novel avenue for producing safe yet effective cannabinoid
therapies!®2%8182 |t is thought that the activation of CB2R is not associated with psychoactivity
due to the low level of CB2R expression in the CNS*2862_ The finding that CB2R agonists fail to
elicit centrally-mediated cannabimimetic effects, such as catalepsy, hypoactivity, and
hypothermia, gives credence to this®” %, Additionally, the inducible nature of CNS CB2R during
neuroinflammation further highlights the attractiveness of CB2R, especially as a “disease-

associated target”*6:2966,

A major caveat in exploiting the therapeutic potential of CB2R is the challenge of developing
ligands which activate CB2R and not CB1R. Though the overall receptor homology of CB1R and
CBZ2R is only 44%, the homology increases to 68% in the region containing their ligand binding
domains, which contributes to the difficulties in designing CB2R-selective ligands?”32. Synthetic
cannabinoids like CP55,940, WIN 55,212-2, and HU-210 are potent agonists of CB2R but also
have affinity for CB1R; as such they are considered non-selective cannabinoid receptor
agonists®?®4, Ligands with greater selectivity for CB2R were eventually developed. This includes
both agonists (e.g. AM-1241, GW405833, HU-308, JWH-015, JWH-133) and antagonists (e.g.
AM-630, SR144528) of CB2R!1:°%6290  Additionally, numerous pharmaceutical companies have
developed CB2R-selective agonists that have reached phase 1 and 2 clinical trials®%,
Nevertheless, the translation of compelling preclinical results into desirable clinical outcomes has

failed for many of these ligands®>%.



With the overall aim of developing clinically effective CB2R-selective ligands, it may be
advantageous to exploit novel paradigms in GPCR signaling, namely biased agonism, bitopic
ligands, and receptor dimerization. In addition to CB2R, there may be other putative cannabinoid
receptors whose activity could be modulated for therapeutic benefit without the psychoactivity of

CB1R ligands.

1.3 Orphan cannabinoid receptors

G protein-coupled receptor 55 (GPR55) is an orphan receptor undergoing investigation as a
potential cannabinoid receptor':™, Its classification as a type 3 cannabinoid receptor (i.e. CB3R)
has been challenged by findings that GPR55 exhibits low receptor homology with CB1R (13.5%)
and CB2R (14.4%) and couples to Gaa2/13 proteins, leading to a different signaling paradigm than
commonly observed for cannabinoid receptors®*°2%1, Nevertheless, various cannabinoids have
been shown to act at GPR55101117.6297 | ysophosphatidylinositol (LPI) is the proposed
endogenous ligand of GPR55%%, GPR55 is expressed in the CNS (e.g. hypothalamus, striatum,
hippocampus, olfactory bulb), bone marrow, spleen, vascular endothelial cells, and immune cells

and thus may be a useful target for treating osteoporosis, pain, cancer, and sepsis!61:7475%,

Additional orphan receptors, namely G protein-coupled receptor 18 (GPR18) and G protein-
coupled receptor 119 (GPR119), are implicated in cannabinoid signaling’. GPR18 is expressed
throughout the immune system and in organs such as the lungs and testis and has been proposed
to be a useful prognostic tool in cancer as it is involved in cell migration, proliferation, and
apoptosis!®®-101 GPR119 is expressed in the pancreas and gastrointestinal tract and appears to be
a promising target for novel therapeutics treating obesity and diabetes 1°2-1%_ Further research is

required to fully elucidate the roles of these receptors and uncover their true classification.
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1.4 Biased agonism

Biased agonism, also known as biased signaling, functional selectivity, or stimulus trafficking,
refers to the ability of different ligands to preferentially activate certain signaling pathways over
others at the same GPCR3>1%:107 Unlike balanced ligands, which activate all signaling pathways
to similar extents, biased ligands stabilize specific receptor conformations that facilitate receptor
interactions with intracellular proteins and are critical for the activation or inhibition of specific
downstream signaling pathways (Figure 1-2)"174%6%8 Biased signaling can occur at either the
ligand-, receptor-, or system-level®®’*. A common approach to assessing whether a ligand displays
biased agonism is to compare the levels of G protein-dependent and G protein-independent
signaling induced by the ligand via G proteins and Parrestins, respectively*-1910°  Assays
quantifying cAMP inhibition or [®*S]-GTPyS binding are often used to monitor G protein-
dependent signaling while Barrestin recruitment is used as a measure of G protein-independent

signaling®'°.

The concept of biased agonism provides opportunity to develop agonists with safer side effect
profiles by selectively activating therapeutically beneficial signaling pathways while avoiding
those responsible for undesirable effects®>°1111,  Biased agonists targeting p-opioid receptors
(MOR), B-adrenergic receptors (BAR) and the angiotensin 1l type 1 receptor (AT1R) have shown
promising results. It has been suggested that the analgesic effects of opioids at MOR are mediated
through the Gaio G protein whereas detrimental effects, namely respiratory depression and
constipation, are mediated by Parrestin2 signaling®!2, Preclinical studies in mice and rats with
the G protein-biased MOR agonist TRV130 allowed for a proof of concept as TRV130 mediated
analgesia and produced less respiratory depression and constipation than morphine!'3, However,

in a recent study with morphine, methadone, buprenorphine, fentanyl, oxycodone, and TRV130,
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Barrestin2 engagement with MOR did not enhance respiratory depression and Parrestin2 may
actually reduce analgesic tolerance through its interactions with MOR4, In another study,
morphine and fentanyl produced respiratory depression and constipation in Barrestin2 knockout
mice suggesting that these effects are mediated independently from Barrestin2 signaling**®. These
conflicting results demonstrate the need for additional research into the specific roles of G proteins
and Parrestin2 on MOR-mediated effects, and whether these effects can be explained by bias, or if
other factors (e.g. intrinsic efficacy) are at play!'®!!’. Bias at BAR has been explored with
antagonists, which can be used to treat heart failure®®. Carvedilol, a BAR antagonist approved for
the treatment of congestive heart failure, may mediate its cardioprotective effects through its bias
towards Parrestin signaling®°%'8, AT1R is an attractive target in treating conditions such as
hypertension, myocardial hypertrophy, and chronic heart failure!®. Barrestin-biased ligands of
ATI1R, such as TRV120023 and TRV120027, stimulate the contractility of cardiac myocytes and
avoid side effects associated with Gagq11 G protein activation (e.g. vasoconstriction, cardiac
hypertrophy)®8110113.118 |5 addition to these receptors, biased agonism has also been observed in
cannabinoid, chemokine, and serotonin receptors!”%120. Numerous phytocannabinoids,
endocannabinoids, and synthetic cannabinoids have demonstrated G protein- and Barrestin2-biased

agonism at CB1R and CB2R!!0:111.121.122.
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Figure 1-2. Biased agonism at GPCRs. While a balanced ligand (A) binds to a GPCR and
activates pathway A and pathway B to similar extents, a biased ligand (B) binds to a GPCR and
preferentially activates one pathway (pathway A) over the other (pathway B). Adapted from
“GPCR  Effector  Pathways”, by  BioRender.com  (2023). Retrieved from
https://app.biorender.com/biorender-templates

1.5 Bitopic ligands

GPCRs are often targeted by drugs acting at the orthosteric binding site?. This site, where
endogenous ligands bind to, often displays a high degree of similarity among receptor subtypes,
thus complicating the process of developing subtype selective ligands!?**?4, A possible solution is
to target the allosteric binding site, that is, a site which is distinct from the orthosteric binding
site’?®. Compounds which bind to the allosteric site are called allosteric modulators. Such
modulators affect the affinity, potency, and/or efficacy of an orthosteric ligand at the receptor?>’,
Furthermore, allosteric modulators can either enhance orthosteric agonist activity [i.e. positive

13



allosteric modulators (PAMs)], decrease orthosteric agonist activity [i.e. negative allosteric
modulators (NAMS)], or occupy the allosteric binding site without directly affecting the response
of the orthosteric agonist [i.e. neutral allosteric ligands (NALs)]*%. Some allosteric modulators
are capable of activating receptors in the absence of an orthosteric ligand while retaining the ability

to enhance orthosteric agonist activity (i.e. ago-PAMs)!2127,

Allosteric modulation has several advantages. Firstly, allosteric binding sites are generally less
conserved among receptor subtypes, thus targeting these sites allows for greater subtype
selectivity, for example, between CB1R and CB2R 8%, Secondly, since allosteric modulators like
PAMs and NAMs lack intrinsic activity, their effects can only occur in the presence of an
endogenous ligand or a co-administered orthosteric agonist®>!?®, Lastly, allosteric sites
demonstrate a “ceiling” effect, where saturation of allosteric sites produces a maximal response
and higher concentrations of the allosteric modulator yield no further increase in allosteric effect,
thereby reducing the risk for drug overdose®'?°. Several allosteric modulators are currently
approved for clinical use: benzodiazepines are used to treat anxiety and sleep disorders, and act as
PAMs of the y-aminobutyric acid (GABA)a receptor; cinacalcet is used in the treatment of
hyperparathyroidism, and is a PAM of the calcium-sensing receptor (CasR); and maraviroc is used
to treat human immunodeficiency virus (HIV), and is a C-C chemokine receptor type 5 (CCR5)

NAM 124,130.

Unfortunately, allosteric modulators tend to have lower affinity when compared to orthosteric
ligands and their therapeutic utility is limited in conditions where endogenous tone is
reduced!?®*3!, Ligands with an orthosteric and allosteric component (i.e. bitopic ligands) may
resolve these limitations***2, Bitopic ligands, also known as bivalent ligands or dualsteric ligands,

consist of two pharmacophores joined together by a linker molecule (Figure 1-3)10613L133 "t js
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essential that the linker molecule is appropriately sized as deviations in either direction (i.e. too
short or too long) would impact the ligand’s ability to bind to the targeted sites'®. Bitopic ligands
can be homobivalent (i.e. composed of two identical pharmacophores) or heterobivalent (i.e.
composed of two distinct pharmacophores)!®. By targeting both the highly-conserved orthosteric
site and the less-conserved allosteric site, bitopic ligands exhibit improved receptor affinity and
enhanced receptor subtype selectivity*’131-13313¢ The therapeutic potential of bitopic ligands has
primarily been studied at the M1 muscarinic acetylcholine receptor (MAChR), where orthosteric
activation is beneficial in treating Alzheimer’s disease and schizophrenia while engagement with

the allosteric site is desired to avoid side effects mediated by other muscarinic receptorst32137,

Key: Orthosteric pharmacophore Allosteric pharmacophore

Figure 1-3. General structure of a bitopic ligand. Bitopic ligands consist of an orthosteric
pharmacophore and an allosteric pharmacophore joined together by a linker molecule. As such,
bitopic ligands can target both orthosteric and allosteric binding sites of a given receptor. The FD
series of bitopic ligands were synthesized by joining the pharmacophoric portions of the
CB1R/CB2R orthosteric agonist FM-6b and the CB2R PAM EC-21a. Figure generated by author
in PowerPoint. Compound structures generated in ChemDraw® (PerkinElmer, Waltham, MA,
USA) by Rebecca Ferrisi (University of Pisa).
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1.6 Receptor dimerization

GPCRs can exist as individual receptors (i.e. monomers) and as receptors joined together (i.e.
dimers)”*'. Dimer formation may involve two identical receptors (i.e. homodimers) or two distinct
receptors (i.e. heterodimers)*. Though dimerization is a requirement for proper function among
other receptors (e.g. GABAB), it is not obligatory for GPCR activation as monomeric GPCR units
are sufficient in this regard3®3°. Heterodimers confer two main advantages over their monomeric
constituents. Firstly, heterodimers tend to display distinct pharmacological properties®*!40-143, For
example, SKF83959 is a dopamine receptor agonist which signals through Gasand Gaio G proteins
at the dopamine D1 and D receptors, respectively. However in D1-D, heterodimeric complexes,
SKF83959 bhinds both receptors and couples to Gag11 G proteins instead, thus engaging a signaling
cascade distinct from its monomeric parent receptors'#*. Secondly, heterodimers are believed to
have a more restricted pattern of expression, which may be increased or decreased under specific
conditions!®*°,  For example, women experiencing pre-eclampsia exhibit increased
heterodimerization of AT1R and bradykinin B2 receptors while adenosine Aza receptor (A2aR)
and D2 receptor heterodimerization is upregulated in Parkinson’s disease but downregulated in
schizophrenia'®*!43, Exploiting these properties of heterodimers may yield novel therapeutics with

improved selectivity and reduced side effects3342.76:145,

1.6.1 Cannabinoid receptor dimerization
Both CB1R and CB2R may form either homodimers or heterodimers. CB1R and CB2R may
heterodimerize with each other'®?*. Additionally, CB1R heterodimerization has been observed

with various receptors including the orexin receptor type 1 (OX1R), orexin receptor type 2
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(OX2R), B2-adrenergic receptor (B2AR), serotonin 5-HT2a receptor (5-HT2aR), somatostatin
receptor 5 (SSR5), D2 receptor, MOR, AzaR, AT1R, and GPR557%76:78142.146-150 ‘Mych less is
known about CB2R heterodimers and their physiological implications, though previous studies
suggest dimer formation with the serotonin 5-HT:ia receptor (5-HT:aR), C-X-C chemokine

receptor type 4 (CXCR4), and GPR5579:10-15,

1.6.2 Orexin receptor signaling and interactions with cannabinoid receptors

Orexin receptors OX1R and OX2R are known to interact with CB1R as observed using
bioluminescence resonance energy transfer (BRET) and intracellular signaling assays’™"®7®. In
general, heterodimerization with CB1R appears to facilitate Gog1:-dependent signaling and OX1R
may augment 2-AG synthesis'®2. Far less is known about CB2R-orexin receptor interactions. Here
we will briefly summarize the physiological role of the orexinergic system as a preface to later

observations of cannabinoid-orexin receptor interactions.

1.6.2.1 Orexinergic system

Orexins, also known as hypocretins, are hypothalamic neuropeptides that are formed following
proteolytic processing of a common precursor polypeptide called prepro-orexin, giving rise to
orexin A (OXA) and orexin B (OXB)%153154 They bind to a pair of GPCRs called orexin receptors
(OX1R, OX2R), though OXA binds to both receptors with equal affinity while OXB displays
much higher affinity for OX2R*. Both orexin receptors mediate intracellular signaling via Gaga1
G proteins®”. As such, their activation leads to production of diacylglycerol (DAG) and inositol

trisphosphate (IP3) via PLC activation and the subsequent signal cascades initiated by these second
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messengers [e.g. protein kinase C (PKC) activation, calcium release]*®*6. Additionally, OX2R may

couple to Gaijo G proteins®®.

Orexinergic neurons are present in the lateral, perifornical, and dorsomedial regions of the
hypothalamus, with extensive projections throughout the CNS®1%, Additionally, orexins and
orexin receptors have been detected in peripheral tissues such as the adrenal glands, adipose tissue,

pancreas, and gastrointestinal tract*4.

Orexins are best known for being modulators of sleep and wakefulness. Deficiencies at either the
receptor level or of the neuropeptides themselves result in disorders such as narcolepsy-
catalepsy’®®">". Furthermore, intracerebroventricular (ICV) injection of orexin in rats promotes
food intake, establishing a role for orexins in the control of feeding and appetite, where orexin-
deficient mice experience obesity, linking to energy metabolism™®3!%8, Each orexin subtype
contributes differently to these physiological processes: OX1R is primarily responsible for feeding
while OX2R regulates sleep and arousal®” %1% Additionally, orexins and orexin receptors have

been implicated in pain regulation, neuroprotection and immunomodulation®#160-162,

1.6.2.2 Therapeutic relevance of orexinergic system

Pharmacological interventions targeting the orexinergic system primarily focus on orexin receptor
antagonists, namely single orexin receptor antagonists (SORAs) and dual orexin receptor
antagonists (DORAs)**18, Several DORAS, such as suvorexant (Belsomra) and lemborexant
(Dayvigo), have received FDA approval in the treatment of insomnia'®41%®, Orexin antagonists
may also prove to be useful as anti-obesity agents. Though none have been approved for clinical

usage yet, orexin agonists may be useful in the treatment of narcolepsy, specifically through
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OX2R-selective agonism?®. Preclinical and clinical studies with danavorexton (TAK-925), a
OX2R-selective agonist, revealed that danavorexton ameliorates symptoms of narcolepsy and was
well tolerated and did not produce serious treatment-emergent adverse events (TEAEs)’.
Danavorexton is administered intravenously, which may be a limitation to its clinical

application!®®,

1.7 Phytocannabinoids and their metabolites
Last within this introduction and beyond the signaling of cannabinoids and the interactions of

cannabinoid receptors with other GPCRs, it is important to consider plant-derived cannabinoids.

At least 120 different phytocannabinoids have been identified among which A°-THC and
cannabidiol (CBD) are two of the most abundant and thoroughly investigated constituents of C.
sativa?®1%%-171 While various studies have explored the pharmacokinetic properties of A°>-THC and

CBD, the pharmacological activity of their metabolites remains largely unknown!"2-17¢,

1.7.1 Metabolism of A°-THC

Hepatic cytochrome P450 (CYP450) enzymes, mainly CYP2C9, CYP2C19, and CYP3A4, are
responsible for the metabolism of A>-THCY"17® Qver 100 metabolites of A>-THC have been
identified, though 11-hydroxy-THC (11-OH-THC) and 11-carboxy-THC (COOH-THC) are
considered to be the main metabolites!’>1"®, 11-OH-THC is a short-lived metabolite that is formed
following the oxidation of A®>-THC at the 11-position carbon and is subsequently further oxidized
to yield COOH-THC (Figure 1-4A)17218%181 |t has been previously reported that 11-OH-THC is a

psychoactive metabolite whereas COOH-THC lacks pharmacological activity®7”,
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1.7.2 Metabolism of CBD

Similar to A%>-THC, CBD is also metabolized by hepatic CYP2C9, CYP2C19, and CYP3A4
enzymes’®18. The main metabolites of CBD, 6-hydroxy-CBD (6-OH-CBD), 7-hydroxy-CBD
(7-OH-CBD) and 7-carboxy-CBD (COOH-CBD), are formed following oxidation of the 6- and 7-
position carbons (Figure 1-4B)?517618 |t is currently unknown whether these metabolites have

activity at the cannabinoid receptors®®7’.

A)

——— | 11-OH-THC —_—

o

7-OH-CBD — COOCH-CBD

6-OH-CBD

Figure 1-4. General scheme of metabolite formation for A>~THC and CBD. A®-THC (A) is
oxidized at the 11-position carbon to yield 11-hydroxy-THC (11-OH-THC), which is subsequently
oxidized to yield 11-carboxy-THC (COOH-THC). CBD (B) is oxidized at the 6- and 7-position
carbons to yield 6-hydroxy-CBD (6-OH-CBD) and 7-hydroxy-CBD (7-OH-CBD). 7-OH-CBD is
further oxidized to yield 7-carboxy-CBD (COOH-CBD). Figure generated by author in
PowerPoint. Compound structures generated in ChemDraw® JS (PerkinElmer, Waltham, MA,
USA) by author, based on previously published structures®.
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1.8 Objectives

The limited number of cannabinoid-based therapeutics highlights the need for further investigation
of cannabinoid ligands and their signaling. Furthermore, CB2R’s limited expression in the CNS,
coupled with its anti-inflammatory and anti-nociceptive properties, makes it an attractive drug
target for cannabinoid therapeutics with safer side effect profiles compared to CB1R-acting
ligands. The high degree of similarity between the ligand binding domains of CB1R and CB2R
has made the identification of CB2R-selective ligands challenging. Our understanding of
cannabinoid receptor pharmacology is expanding rapidly to encompass standard agonists and
antagonists as well as more novel allosteric ligands, bitopic ligands, orphan receptor-targeted
ligands, and drug metabolites. In this research, there was an opportunity to cover a wide swath of
cannabinoid chemotypes and identify which ligand classes displayed potentially beneficial

signaling properties (Figure 1-5). Overall, the objectives of this research were:

1. To explore the pharmacological properties of novel synthetic cannabinoids at GPR55 and
CB2R.

2. To determine how CB1R and CB2R are influenced by other GPCRs involved in
modulating pain and inflammatory responses, such as the orexin receptors.

3. To investigate the pharmacological properties of A°>-THC and CBD metabolites at CB1R

and CB2R.
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1.9 Hypotheses

1. Novel synthetic cannabinoids developed using iterative pharmacological data and drug

design will display measurable GPR55-specific or CB2R-specific in vitro pharmacological

activity.

2. The potency and efficacy of CB1R and CB2R agonist-dependent signaling will be

increased by the co-expression of OX1R or OX2R.

3. Metabolites of A>-THC will be agonists of CB1R and CB2R signaling while metabolites

of CBD will be inactive at both CB1R and CB2R.
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Figure 1-5. Select compounds assessed in the present study. (A) CP55,940, a non-selective
orthosteric cannabinoid receptor agonist, (B) CC-17, a GPR55 ligand, (C) LV-62, a selective
CB2R agonist, (D) EC-21a, a CB2R PAM, (E) general structure of the FD ligands, a series of
CB2R bitopic ligands, (F) 11-OH-THC, a phytocannabinoid metabolite. Figure generated by
author in PowerPoint. CP55,940 structure obtained from Wikimedia Commons. CC-17 structure
generated in ChemDraw® by Costanza Ceni (University of Pisa). LV-62, EC-21a, and FD ligands
structures generated in ChemDraw® by Rebecca Ferrisi (University of Pisa). 11-OH-THC
structure generated in ChemDraw® JS by author.
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Chapter 2: Materials & Methods

2.1 Compounds

CP55,940 [(-)-cis-3-[2-Hydroxy-4-(1,1-dimethylheptyl)phenyl]-trans-4-(3-
hydroxypropyl)cyclohexanol] was purchased from Tocris Biosciences (Oakville, ON, Canada).
SR144528 [5-(4-Chloro-3-methylphenyl)-1-[(4-methylphenyl)methyl]-N-[(1S,2S,4R)-1,3,3-
trimethylbicyclo[2.2.1]hept-2-yl]-1H-pyrazole-3-carboxamide] was purchased from Sigma-
Aldrich (Oakville, ON, Canada). GPR55 ligands (CC-17, CC-28, CC-38, CC-66, CC-67, CC-81a,
and CC-81b) were synthesized in the laboratory of Dr. Simone Bertini at the University of Pisa
(Pisa, Italy). CB2R ligands (EC-21a, FD-22a, FD-24a, FD-25a, FD-27a, FD-32a, FG-158a, FG-
160a, FG-161a, FM-6b, JR-144a, JR-16a, JR-22a, JR-26a, JR-58a, JR-60a, JR-61a, JR-64a, and
LV-62) were synthesized in the laboratory of Dr. Clementina Manera at the University of Pisa. A
general description of the syntheses and structures of both GPR55 and CB2R ligands is provided
in this thesis for context, but this chemistry was not part of the experimental work of the present
thesis. 11-OH-THC, COOH-THC, 6-OH-CBD, 7-OH-CBD, and COOH-CBD were obtained from
Cayman Chemical (Ann Arbor, MI, USA). Compounds were dissolved in dimethyl sulfoxide
(DMSO) with a final concentration of 0.1% DMSO in assay media for all assays. Compounds were

added directly to media at the concentrations and times indicated.
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2.1.1 Synthesis of GPR55 ligands

2.1.1.1 CC series

Structural modifications to a class of 3-benzylcoumarins derivatives yielded the variously
substituted 3-benzylquinolin-2(1H)-ones CC-17, CC-28, CC-38, CC-66, CC-67, CC-81a, and CC-
81b (Figure 2-1; Table 2-1). Detailed synthesis of these compounds has been previously

described®®,
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Figure 2-1. Chemical structures of the CC series of GPR55 ligands. The CC series of GPR55
ligands consists of the following compounds: CC-17, CC-28, CC-38, CC-66, CC-67, CC-81a, and
CC-81b. Figure generated by author in PowerPoint. Compound structures generated in
ChemDraw® by Costanza Ceni (University of Pisa).



Compound | Molecular weight (Da)
CC-17 369.89
CC-28 351.45
CC-38 365.47
CC-66 323.39
CC-67 337.42
CC-81a 351.45
CC-81b 337.42

Table 2-1. Molecular weights of the CC series of GPR55 ligands.

2.1.2 Synthesis of CB2R ligands

2.1.2.1 FD series

FD-22a, FD-24a, FD-25a, FD-27a, and FD-32a were designed by joining the pharmacophoric
portions of the 2-oxo-pyridine derivative and dualsteric CB1R/CB2R agonist FM-6b and the 2-
oxopyridine-3-carboxamide derivative and CB2R PAM EC-21a (Figure 2-2; Figure 2-3; Table 2-
2). FM-6b and EC-21a were joined together by a linker molecule consisting of a di-substituted
1,2,3-triazole ring connected to two alkyl chains of variable length at position N(1) and C(4).

Detailed synthesis of these compounds has been previously described*€®.
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Figure 2-2. Chemical structures of FM-6b and EC-21a. The CB1R/CB2R orthosteric agonist
FM-6b and the CB2R PAM EC-21a represent the orthosteric and allosteric parent ligands of the
FD series of CB2R bitopic ligands. Figure generated in ChemDraw® by Rebecca Ferrisi
(University of Pisa).
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Figure 2-3. General chemical structures of the FD series of CB2R bitopic ligands. General
chemical structure for FD-22a, FD-25a, FD-27a, FD-32a (A) and FD-24a (B). Figure generated in
ChemDraw® by Rebecca Ferrisi (University of Pisa).
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Compound | Molecular weight (Da)
EC-21a 440
FM-6b 440
FD-22a 590
FD-24a 535
FD-25a 562
FD-27a 562
FD-32a 535

Table 2-2. Molecular weights of the FD series of CB2R ligands.

2.1.2.2 FG series

The 1,8-naphthyridin-2(1H)-one-3-carboxamide derivatives FG-158a, FG-160a, and FG-161a
were designed based on structural modifications to the selective CB2R agonist and N1-
hydroxypentyl derivative LV-62 (Figure 2-4; Table 2-3). Detailed synthesis of these compounds

has been previously described®’.
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Figure 2-4. Chemical structures of the FG series of CB2R ligands. The FG series of CB2R
ligands were derived from the selective CB2R agonist LV-62 and consists of the following
compounds: FG-158a, FG-160a, and FG-161a. Figure generated in ChemDraw® by Rebecca
Ferrisi (University of Pisa).
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Compound | Molecular weight (Da)
LV-62 371
FG-158a 450
FG-160a 406
FG-161a 413

Table 2-3. Molecular weights of the FG series of CB2R ligands.

2.1.2.3 JR series

JR-14a, JR-16a, JR-22a, JR-26a, JR-58a, JR-60a, JR-61a, and JR-64a were synthesized by joining
the pharmacophoric portions of the selective CB2R agonist LV-62 and the CB2R PAM EC-21a
(Figure 2-5; Table 2-4). LV-62 and EC-21a were joined together by a linker molecule consisting
of a varying-chain length hydrocarbon between 5-8 carbons in length. Two compounds of the JR
series, JR-58a and JR-60a, have an ether substitution at positions 3 (JR-58a) or 5 (JR-60a) of the

hydrocarbon chain. Detailed synthesis of these compounds has been previously described®,
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Figure 2-5. Chemical structures of the JR series of CB2R ligands. The selective CB2R agonist
LV-62 and the CB2R PAM EC-21a represent the orthosteric and allosteric parent ligands of the
JR series of CB2R bitopic ligands. The JR series can be divided into series A (JR-22a, JR-26a, JR-
58a, JR-60a, JR-61a, and JR-64a) and series B (JR-14a, JR-16a), with members of each sub-series
sharing a common linker molecule. Figure generated in ChemDraw® by Rebecca Ferrisi

(University of Pisa).

29



Compound | Molecular weight (Da)
EC-21a 440
JR-14a 899
JR-16a 871
JR-22a 764
JR-26a 736
JR-58a 643
JR-60a 671
JR-61a 669
JR-64a 697
LV-62 371

Table 2-4. Molecular weights of the JR series of CB2R ligands.

2.1.3 Phytocannabinoid metabolites
Five phytocannabinoid metabolites were assessed in this study. They can be classified as: a) A°-
THC metabolites: 11-OH-THC and COOH-THC and b) CBD metabolites: 6-OH-CBD, 7-OH-

CBD, and COOH-CBD (Figure 2-6; Figure 2-7; Table 2-5).

11-OH-THC COOH-THC

Figure 2-6. Chemical structures of A>-THC metabolites. 11-OH-THC and COOH-THC are
metabolites of AS-THC that were assessed in this study. Compound structures generated in
ChemDraw® JS by author.
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Figure 2-7. Chemical structures of CBD metabolites. 6-OH-CBD, 7-OH-CBD, and COOH-

CBD are metabolites of CBD that were assessed in this study. Compound structures generated in
ChemDraw® JS by author.

Compound | Molecular weight (Da)
A°-THC metabolites | 11-OH-THC 330.5
COOH-THC 344.4
CBD metabolites 6-OH-CBD 330.5
7-OH-CBD 330.5
COOH-CBD 344.4

Table 2-5. Molecular weights of A>-THC and CBD phytocannabinoid metabolites assessed in
this study.

2.2 Cell culture

Chinese hamster ovary (CHO)-K1 cells were obtained from the American Type Culture Collection
(ATCC, Manassas, VA, USA). CHO-K1 cells transfected with and stably expressing human
CB1R, CB2R, or GPR55; or transiently expressing human OX1R or OX2R, were maintained at
37°C and 5% CO: in F-12/Dulbecco's Modified Eagle Medium (DMEM) containing 1 mM L-
glutamine, 10% fetal bovine serum (FBS), and 1% penicillin-streptomycin (Pen/Strep). CHO-K1
GPR55 cells were supplemented with ampicillin (100 pg/mL). Additional cell lines described as
HitHunter® (cCAMP) and PathHunter® (Barrestin2) CHO-K1 cells stably expressing human CB1R

or CB2R were obtained from DiscoverX (Eurofins, Fremont, CA, USA) and maintained at 37°C
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and 5% CO2 in F-12/DMEM containing 1 mM L-glutamine, 10% FBS and 1% Pen/Strep. These
HitHunter® CHO-K1 CB1R and CB2R cAMP cells were supplemented with geneticin (800
pg/mL); whereas PathHunter® CHO-K1 CBIR and CB2R arrestin2 cells were supplemented

with geneticin (800 pg/mL) and hygromycin B (300 pg/mL)22170.189,

2.3 Cell signaling assays

2.3.1 In-cell western

Phosphorylation of ERK1/2 was measured using the in-cell western assay (Figure 2-8). Compared
to traditional western blots, in-cell westerns allow a greater number of samples to be quantified
with higher thru-put to assess ligand potency and efficacy; however, the assay cannot show
antibody specificity and relies on total measured signal between phosphorylated and total target
protein within the timepoint being studied!®. Cells were dissociated from 10 cm tissue culture
plates using 2 mL 0.5% trypsin-EDTA and replated into clear, flat-bottom 96-well tissue culture
plates at a density of 20,000 cells/well. Plates were incubated overnight in F-12/DMEM containing
1 mM L-glutamine, 10% FBS, and 1% Pen/Strep at 37°C and 5% COx. Plates were incubated for
2-3 days. Following this, cell culture media was removed and cells were incubated in serum-free
media for 30 min at 37°C. Cells were then treated with 0.1 nM — 10 yuM ligands for 10 min at
37°C. Ten minutes was chosen based on previous studies from our group with cannabinoid
receptors in the same assay'®'. Afterwards, cells were fixed for 10 min at room temperature with
4% paraformaldehyde as a fixative. The fixative was subsequently aspirated and cells were washed
with 1X phosphate-buffered saline (PBS) 3 times, 5 min each. Cells were incubated with blocking
solution (1X PBS/20% Odyssey® Blocking Buffer containing 0.3% Triton X-100) for 45 min at

room temperature. Cells were incubated with primary antibody solutions directed against ERK1/2
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and phosphorylated ERK1/2 (pERK1/2) (Y205/185) (Santa Cruz Biotechnology, Santa Cruz, CA,
USA) diluted in blocking solution overnight at 4°C. The next day, cells were washed 3 times with
1X PBS for 5 min each. Cells were incubated in IRDye® 680RD and 800CW secondary antibodies
(LI-COR Biosciences, Lincoln, NE, USA) diluted in blocking solution for 60 min at room
temperature protected from light. Cells were washed 3 times with 1X PBS for 5 min each and dried
overnight. Plates were visualized and optical density data was acquired using the LI-COR

Odyssey® Imaging system and software (v. 3.0, LI-COR Biosciences, Lincoln, NE, USA)%,
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Figure 2-8. Schematic of in-cell western protocol. In the in-cell western assay, cells are plated
into 96-well plates (A). Following ligand treatment and cell fixation, cells are incubated with
primary antibodies targeting extracellular signal-regulated kinases 1 and 2 (ERK1/2) and
phosphorylated ERK1/2 (pERK1/2) followed by incubation with infrared secondary antibodies
targeting the primary antibodies. Cells are excited with infrared lasers in order to quantify the
levels of ERK1/2 and pERK1/2 (B, C). Figure generated by author in PowerPoint using images
from BioRender.com (A) and LI-COR In-Cell Western Assay Application (B)*°. (C) is the
author’s own work.
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2.3.2 HitHunter® cAMP assay

Gairo-mediated inhibition of forskolin (FSK)-stimulated cAMP production was assessed using the
DiscoverX HitHunter® assay in CHO-K1 CB1R and CB2R cAMP cells (Figure 2-9). Cells were
dissociated from 10 cm tissue culture plates using 2 mL 0.5% trypsin-EDTA and replated into
white-walled, white-bottom, flat-bottom 96-well tissue culture plates at a density of 160,000
cells/well. Plates were incubated overnight in Opti-MEM™ containing 1% FBS at 37°C and 5%
COz. The next day, Opti-MEM™ media was removed and replaced with cell assay buffer (1X
PBS). Subsequently, cells were treated with 10 uM FSK and 0.1 nM — 10 uM ligands for 90 min
at 37°C. cAMP antibody solution and cAMP working detection solution were then added to cells
according to the manufacturer’s directions (DiscoverX). Cells were incubated with these solutions
for 60 min at room temperature protected from light. cAMP solution A was added according to
the manufacturer’s directions (DiscoverX) and cells were incubated for an additional 3 h at room
temperature protected from light. Chemiluminescence was measured on a BioTek Synergy™ HT
microplate reader (BioTek Instruments, Winooski, VT, USA) with the following settings: top read,

gain 200, integration time 1,000 ms!22170.189,
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Figure 2-9. Enzyme fragment complementation (EFC) technology utilized by HitHunter®
CAMP assay. In order to quantify cyclic adenosine monophosphate (CAMP) inhibition, the
HitHunter® cAMP assay utilizes a B-galactosidase (p-gal) enzyme split into two fragments, the
enzyme donor (ED) and the enzyme acceptor (EA). The ED and EA lack activity on their own but
when they complement, they form the active -gal enzyme. Cellular cAMP and cAMP conjugated
with a fragment of the R-gal enzyme (ED-cAMP) compete for binding to an anti-cAMP antibody
(anti-cAMP Ab). When there are low levels of cellular cAMP (A), most of the ED-cAMP binds to
the anti-cAMP Ab, leaving the EA unable to complement with the ED-cAMP to form the active
B-gal enzyme. When there are high levels of cellular cAMP (B), the anti-cAMP Ab is saturated
with the cellular cAMP, allowing the EA to complement with the ED-cAMP, forming the active
B-gal enzyme, which subsequently hydrolyzes a substrate to produce a detectable
chemiluminescent signal that is proportional to the amount of cAMP in the cells. Figure obtained
from HitHunter® cAMP Assay Kit User Manual'®,

2.3.3 PathHunter® arrestin assay

Barrestin2 recruitment was assessed using the DiscoverX PathHunter® assay in CHO-K1 CB1R
and CB2R Barrestin2 cells (Figure 2-10). Cells were dissociated from 10 cm tissue culture plates
using 2 mL 0.5% trypsin-EDTA and replated into white-walled, white-bottom, flat-bottom 96-well
tissue culture plates at a density of 160,000 cells/well. Plates were incubated overnight in Opti-
MEM™ containing 1% FBS at 37°C and 5% COz. Afterwards, cells were treated with 0.1 nM —
10 uM ligands for 90 min at 37°C. Detection solution was then added to cells according to the
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manufacturer’s directions (DiscoverX) and cells were incubated for 60 min at room temperature.
Chemiluminescence was measured on a BioTek Synergy™ HT microplate reader (BioTek
Instruments, Winooski, VT, USA) with the following settings: top read, gain 200, integration time

1.000 m5122’170’189.
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Figure 2-10. Enzyme fragment complementation (EFC) technology utilized by PathHunter®
Barrestin assay. In order to quantify Parrestin2 recruitment, the PathHunter® Parrestin assay
utilizes a B-galactosidase (f3-gal) enzyme split into two fragments, the enzyme donor (ED) and the
enzyme acceptor (EA). The ED and EA lack activity on their own but when they complement,
they form the active B-gal enzyme. The G protein-coupled receptor (GPCR) of interest is tagged
with a fragment of the B-gal called ProLink™ (PK) and functions as the ED while the cells stably
express Parrestin2 tagged with the EA. When the GPCR is activated, the EA tagged Parrestin2
binds to the PK-tagged GPCR, allowing for the complementation of the EA and the ED, forming
the active B-gal enzyme, which subsequently hydrolyzes a substrate to produce a detectable
chemiluminescent signal that is proportional to the level of Barrestin2 recruitment. Figure obtained
from PathHunter® Detection Kit User Manual®%,
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2.4, Plasmids

hCB1R and hCB2R plasmids were a gift from Dr. Eileen Denovan-Wright at Dalhousie University
(Halifax, NS, Canada). hGPR55 plasmids were obtained from the cDNA Resource Centre
(Bloomsburg, PA, USA). hOX1R and hOX2R plasmids were sourced from Proxima Research &
Development (Saskatoon, SK, Canada). All plasmids were propagated and sequenced by Proxima
Research & Development. For all plasmids, receptor cDNA was inserted into the common

pcDNA3.1(+) vector. Receptor plasmids were used in transfection experiments.

2.4.1 Transfections

Receptor plasmids were introduced into CHO-K1 cells using Lipofectamine™ 3000, according to
the manufacturer’s instructions (Invitrogen™, ThermoFisher Scientific, Waltham, MA, USA).
Cells were grown to ~80% confluency in F-12/DMEM containing 1 mM L-glutamine, 10% FBS,
and 1% Pen/Strep at 37 °C and 5% CO.. Cell media was aspirated and cells were washed with 2
mL 1X PBS. Cells were then incubated in serum-free media for 30 min at 37 °C. Lipofectamine™
3000 solution was prepared by diluting Lipofectamine™ 3000 reagent in Opti-MEM™, Plasmid
solution was prepared by diluting plasmid DNA in Opti-MEM™ and P3000™ reagent. Diluted
Lipofectamine™ 3000 reagent was then added to the diluted plasmid solution and the resultant
solution was incubated for 15 min at room temperature. Following this, the Lipofectamine™
plasmid solution was added to the cells and cells were incubated for 24-48h at 37°C and 5% CO-

prior to conducting experiments®,
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2.5 Statistical analyses

Statistical analyses were conducted using GraphPad Prism 9.0 (GraphPad Software Inc., San
Diego, CA, USA). Data for ERK phosphorylation, cAMP inhibition, and Parrestin2 recruitment
are represented as % of the maximal response of the reference agonist CP55,940 or fold over
vehicle, as indicated in the figure descriptions. Concentration-response curves (CRCs) were fit
using non-linear regression (3-parameters; Hill slope constrained to 1). Hill slope was constrained
to 1 because this constraint produced the best-fit data and reduced the standard error of the
regression, whereas variable slope nonlinear regression fits are often more appropriate for curves
fit with more datapoints than our experiments included (GraphPad, Prism v. 9.0). CRCs were used
to estimate ECsg and Emax Values. The potency of a ligand is represented by its ECso value, which
is the concentration of ligand required to produce 50% of its maximal response in a given signaling
pathway. The efficacy of a ligand is represented by its Emax value, which is the maximal response
of a ligand in a given signaling pathway'%!. Based off of the CRCs and Emax Vvalues, ligands were
defined as either full agonists, partial agonists, inactive (i.e. potential neutral antagonists) or

inverse agonists (Figure 2-11).
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Figure 2-11. Pharmacological classification of ligands. A full agonist is a ligand which activates
a given receptor to produce a maximal response. A partial agonist is a ligand which activates a
given receptor to produce a submaximal response. A neutral antagonist is a ligand which occupies
the binding site of a given receptor and inhibits the binding of other ligands, but itself lacks activity
at the receptor. An inverse agonist is a ligand which occupies the binding site of a given receptor
and reduces the constitutive activity of the receptor’. Figure generated by author in GraphPad
Prism 9.0.

Statistical analyses were conducted by one-way analysis of variance (ANOVA) or two-way
ANOVA, as indicated in the figure and table descriptions. Post-hoc analyses were performed using
Tukey’s test. For bias analyses, data were also fit to the operational model of Black and Leff to
calculate signal bias (AALogR) (Equation 2-1)'%. All values are expressed as the mean * the
standard error of the mean (SEM) or 95% confidence interval (Cl), as indicated. p values < 0.05

were considered to be significant.
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Equation 2-1. Operational model of Black and Leff. E is the response, Emax is the maximal
response of the system, [A] is the agonist concentration, n is the transducer slope, t is the
efficacy/operational efficacy of the agonist in the receptor system and Ka is the agonist equilibrium
dissociation constant!®®.
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Chapter 3: Results

3.1 Experiment 1: Pharmacological properties of novel GPR55 ligands

3.1.1 Phosphorylation of ERK1/2 at GPR55

The phosphorylation of ERK1/2 is observed for many GPCRs downstream of receptor activation
and may be mediated by Gais or Parrestins'®l. Here, ERK1/2 phosphorylation was quantified to
determine the pharmacological activity of ligands downstream of GPR55. CC-17, CC-28, CC-38,
CC-66, CC-67, CC-81a, and CC-81b were assessed for their ability to induce phosphorylation of
ERK1/2 through the in-cell western assay using CHO cells transfected with hGPR55. The non-
selective orthosteric cannabinoid receptor agonist CP55,940 was used as a reference compound.
All of the novel GPR55 ligands were agonists of ERK1/2 phosphorylation at GPR55, with CC-17,
CC-28, CC-38 and CC-81b producing strong, full agonist responses. CC-67 was also a full agonist
of GPR55, but this only became apparent at higher concentrations. CC-66 and CC-81a were not
as efficacious as the reference ligand CP55,940 (Figure 3-1; Table 3-1). Nevertheless, they acted
as partial agonists of ERK1/2 phosphorylation at GPR55. Many of these ligands displayed
favorable potencies at GPR55, as evidenced by their relatively low ECso values. For example, CC-
28, one of the most efficacious ligands in the series (Emaxcc-26) =1.5 + 0.06) had an ECsg of 6.4
(0.38 — 48) nM while the partial agonist CC-66 displayed one of the highest potencies (ECso(cc-66)

= 2.9 [0.24 — 63] nM) (Table 3-1).
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Figure 3-1. GPR55-dependent phosphorylation of ERK1/2 for CC series of GPR55 ligands.
CHO cells expressing hGPR55 were treated with 0.1 nM — 10 uM CC-17, CC-28, and CC-38 (A)
or CC-66, CC-67, CC-81a, and CC-81b (B) for 10 min to measure ERK1/2 phosphorylation. Data
were fit to a 3-parameter non-linear regression and are represented as fold over vehicle. Data are
mean £ SEM from n = 6 independent experiments performed in duplicate.

Compound ERKZ1/2 phosphorylation

ECso (M) Emax (Fold)
CP55,940 48 (0.65 —2,100) 1.3+0.06
CC-17 5.6 (0.28 — 220) 1.4+0.07
CC-28 6.4 (0.38 —48) 1.5+0.06
CC-38 <0.1 1.4 +0.05
CC-66 2.9 (0.24 - 63) 1.2+0.04
CC-67 > 10,000 1.5+0.04*
CC-8la n.c 1.2 +0.06
CC-81b 11 (1.0 - 56) 1.3+0.03

Table 3-1. GPR55-dependent phosphorylation of ERK1/2 for CC series of GPR55 ligands.
Data were fit to a 3-parameter non-linear regression to estimate potency (ECso) and efficacy (Emax)
values. Data are expressed as mean with 95% CI (ECso) or mean = SEM (Emax). N = 6 independent
experiments performed in duplicate. If potency could not be estimated (i.e. < 0.1 nM or > 10,000
nM), then Emax is reported as the mean of the greatest response observed. Statistical analyses were
by one-way ANOVA followed by Tukey’s post-hoc test. *p < 0.05 relative to CP55,940. n.c — not
converged.
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3.1.2 Gaip-mediated inhibition of FSK-stimulated cAMP at CB2R

To assess whether the GPR55 ligands were truly selective for GPR55, the ability of the compounds
to induce downstream signaling at other cannabinoid receptors, specifically at CB2R, was
assessed. CB2R is a Gaip-coupled GPCR whose activation leads to the inhibition of AC and
reduced accumulation of cAMP. CC-17, CC-28, CC-38, CC-66, CC-67, CC-81a, and CC-81b were
evaluated for their ability to inhibit the production of FSK-stimulated cAMP in CHO cells
expressing hCB2R. CP55,940 was used as a reference compound. Despite being designed as
GPR55-selective agonists, many of the compounds also displayed activity at CB2R. While none
of the compounds displayed full agonist activity, CC-66 and CC-67 acted as weak partial agonists
of CAMP inhibition at CB2R (Emax(cc-66) = 14 + 15%; Emax(cc-67)=27 + 26%) (Figure 3-2; Table 3-
2). Interestingly, the CRCs for CC-17, CC-28, CC-38, CC-81a, and CC-81b trended below the x-
axis, consistent with the activity of an inverse agonist (Figure 3-2). This is further reflected by the
negative efficacy values for these compounds (Emax(cc-17) = -67 % 4.2%; Emax(cc-28) = -70 + 4.5%;

Emax(cc-38) = -58 * 6.4%); Emax(cc-81a) = -40 £ 5.5%; Emax(cc-81b) =-45 + 7.3%) (Table 3-2).
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Figure 3-2. CB2R-dependent inhibition of FSK-stimulated cAMP for CC series of GPR55
ligands. CHO cells expressing hCB2R were treated with 10 uM FSK and 0.1 nM — 10 uM CC-17,
CC-28, and CC-38 (A) or CC-66, CC-67, CC-81a, and CC-81b (B) for 90 min to measure CAMP
inhibition. Data were fit to a 3-parameter non-linear regression and are represented as % of the
maximal response of CP55,940. Data are mean = SEM from n = 6 independent experiments
performed in duplicate.

3.1.3 Parrestin2 recruitment at CB2R

Since ligands can activate receptors through different signaling pathways, testing novel ligands in
more than one functional assay can help provide a more comprehensive understanding of their
activity at a given receptor. For this reason, CC-17, CC-28, CC-38, CC-66, CC-67, CC-81a, and
CC-81b were evaluated for their ability to recruit Barrestin2 in CHO cells expressing hCB2R since
CB2R can associated with Barrestin2, leading to receptor desensitization and internalization®®.
CP55,940 was used as a reference compound. Most of the GPR55 ligands were unable to
effectively recruit Barrestin2 to CB2R. The exception being CC-17 and CC-28 (Emax(cc-17)=13
4.5%; Emax(cc-28) = 24 + 1.1%), which acted as weak partial agonists of Barrestin2 recruitment at
CB2R though this was only evident at higher concentrations (e.g. 10,000 nM) (Figure 3-3; Table

3-2).
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Figure 3-3. CB2R-dependent recruitment of Barrestin2 for CC series of GPR55 ligands. CHO
cells expressing hCB2R were treated with 0.1 nM — 10 uM CC-17, CC-28, and CC-38 (A) or CC-
66, CC-67, CC-81a, and CC-81b (B) for 90 min to measure Barrestin2 recruitment. Data were fit
to a 3-parameter non-linear regression and are represented as % of the maximal response of
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CP55,940. Data are mean = SEM from n = 6 independent experiments performed in duplicate.

Compound CAMP inhibition Parrestin2 recruitment

ECso (NM) Emax (%0) ECso (NM) Emax (%0)
CP55,940 19 (7.0 — 65) 100 +6.7 33(16-70) 100+5.4
CC-17 <0.1 -67 £ 4.27%%** n.c 13 £ 4.5%***
CC-28 <01 -70 + 4. 5%*** > 10,000 24 £ 1, 1%%x*
CC-38 2.4 (0.22 - 42) -58 £ 6.4**** 7.6 (0.31-1,100) -4.9 + 1.6%%**
CC-66 n.c 14 + 15%*** n.c 1.9 £ 3.1%***
CC-67 n.c 27 + 26*** n.c -3.1 £ 1.5%%**
CC-81a n.c -40 £ 5.5%*** n.c -8.1 £ 6.1%%**
CC-81b 9.5(1.9-70) -45 £ 7.3%F** n.c -6.8 + 4.2%%**

Table 3-2. CB2R-dependent inhibition of FSK-stimulated cAMP and recruitment of
Parrestin2 for CC series of GPR55 ligands. Data were fit to a 3-parameter non-linear regression
to estimate potency (ECso) and efficacy (Emax) values. Data are expressed as mean with 95% ClI
(ECs0) or mean £ SEM (Emax). n = 6 independent experiments performed in duplicate. If potency
could not be estimated (i.e. < 0.1 nM or > 10,000 nM), then Emax is reported as the mean of the
greatest response observed. Statistical analyses were by one-way ANOVA followed by Tukey’s

post-hoc test. ***p < 0.001, ****p < 0.0001 relative to CP55,940. n.c — not converged.
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Although the CC series of GPR55 ligands were assessed in both cAMP inhibition and Barrestin2
recruitment assays at CB2R, bias factors (AALogR) were not calculated for these compounds.
Firstly, many compounds (e.g. CC-38, CC-66, CC-67, CC-81a, and CC-81b), were inactive in the
Barrestin2 recruitment assay so bias factors could not be calculated for these compounds (Figure
3-3; Table 3-2). Furthermore, while CC-17 and CC-28 displayed activity in both cAMP inhibition
and Parrestin2 recruitment assays, as inverse agonists and weak partial agonists respectively, it
might be beyond our understanding of biased agonism to conduct and interpret bias analyses for

these ligands (Figure 3-2; Figure 3-3; Table 3-2).

3.2 Experiment 2: Pharmacological properties of novel CB2R ligands

3.2.1 FD series

3.2.1.1 Gai-mediated inhibition of FSK-stimulated cCAMP at CB2R

The CB2R bitopic ligands FD-22a, FD-24a, FD-25a, FD-27a, and FD-32a, and their parent
orthosteric and allosteric ligands FM-6b and EC-21a, were assessed in the CAMP inhibition assay
using CHO cells expressing hCB2R. CP55,940 was used as a reference compound. The orthosteric
parent ligand FM-6b was a potent and efficacious partial agonist of CAMP inhibition at CB2R
(Emax(Fm-6b) = 76 + 10%; ECsorm-sb) = 20 [0.10 — 1,500]nM) (Figure 3-4A; Table 3-3). The allosteric
parent ligand EC-21a displayed no response in the CAMP inhibition assay (EmaxEc-21a) = 0.12 %
2.2%), which was expected given its allosteric nature (Figure 3-4A; Table 3-3). Among the CB2R
bitopic ligands, FD-22a and FD-24a represented the most efficacious and potent compounds,
respectively (Emax(Fp-22a) = 45 + 3.4%; ECso(rp-24a) = 10 [1.0 — 140] nM) (Figure 3-4B; Table 3-3).

FD-25a, FD-27a, and FD-32a displayed low potencies and efficacies (Figure 3-4B; Table 3-3).
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Figure 3-4. CB2R-dependent inhibition of FSK-stimulated cAMP for FD series of CB2R
ligands. CHO cells expressing hCB2R were treated with 10 uM FSK and 0.1 nM — 10 uM parent
ligands of the FD series (A) or FD series ligands (B) for 90 min to measure CAMP inhibition. Data
were fit to a 3-parameter non-linear regression and are represented as % of the maximal response
of CP55,940. Data are mean £ SEM from n = 4-6 independent experiments performed in triplicate.

3.2.1.2 BParrestin2 recruitment at CB2R

FD-22a, FD-24a, FD-25a, FD-27a, and FD-32a, and their parent ligands were also evaluated in
the Parrestin2 recruitment assay using CHO cells expressing hCB2R. CP55,940 was used as a
reference compound. As with the cAMP inhibition experiment, the parent ligands displayed
similar activity with regard to Parrestin2 recruitment: FM-6b was a potent partial agonist of
Barrestin2 recruitment (EmaxEm-sb) =45 + 1.5%; ECsorm-60) = 63 [36 — 100]nM) at CB2R whereas
EC-21a was inactive (Figure 3-5A; Table 3-3). Most of the FD series ligands displayed efficacies
similar to the orthosteric parent FM-6b (Emax(Fp-24a) = 43 + 2.3%; Emax(rp-250) = 46 + 1.6%; Emax(rp-
273) =41 + 1.1%); Emax(Fp-32a) = 53 £ 1.4%) though they were much less potent in this regard (ECso(rp-
243) = 2,600 [1,800 — 4,000]nM; ECso(rp-250) = 1,200 [890 — 1,600]nM; ECso(rp-272) = 860 [670 —

1,100]nM; ECso(rp-320) = 560 [400 — 760]nM) (Figure 3-5B; Table 3-3).
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Figure 3-5. CB2R-dependent recruitment of parrestin2 for FD series of CB2R ligands. CHO
cells expressing hCB2R were treated with 0.1 nM — 10 uM parent ligands of the FD series (A) or
FD series ligands (B) for 90 min to measure Parrestin2 recruitment. Data were fit to a 3-parameter
non-linear regression and are represented as % of the maximal response of CP55,940. Data are
mean £ SEM from n = 6 independent experiments performed in triplicate.

Compound CAMP inhibition Barrestin2 recruitment

ECso (NM) Emax (%0) ECso (NM) Emax (%0)
CP55,940 9.4 (3.4-29) 100+ 6.4 560 (410 — 760) 98 + 3.4
FM-6b 20 (0.10 —1,500) 76 + 10%** 63 (36 — 100) 45 + 1 5%***
EC-2la n.c 0.12 £ 2.2%** > 10,000 2.1 +£0.30%***
FD-22a 18 (0.34 — 150) 45 + 3.4%** > 10,000 30 + 2.5%***
FD-24a 10 (1.0 — 140) 31 & 3.4%*=*= 2,600 (1,800 — 4,000) | 43 + 2.3%***
FD-25a n.c 21 £ 6.0%*** 1,200 (890 —1,600) | 46 + 1.6****
FD-27a n.c 22 + 1.8%*** 860 (670 — 1,100) 41 + 1.17%%**
FD-32a n.c 21 £ 0.62%*** 560 (400 — 760) 53 + 1.4%***

Table 3-3. CB2R-dependent inhibition of FSK-stimulated cAMP and recruitment of
Parrestin2 for FD series of CB2R ligands. Data were fit to a 3-parameter non-linear regression
to estimate potency (ECso) and efficacy (Emax) values. Data are expressed as mean with 95% CI
(ECs0) or mean = SEM (Emax). n = 4-6 independent experiments performed in triplicate. If potency
could not be estimated (i.e. > 10,000 nM), then Emax is reported as the mean of the greatest response
observed. Statistical analyses were by one-way ANOVA followed by Tukey’s post-hoc test.
***p < 0.001, ****p < 0.0001 relative to CP55,940. n.c — not converged.
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3.2.1.3 Signal bias at CB2R

In order to assess signal bias at CB2R, bias factors (AALogR) were calculated by fitting data from
cAMP inhibition and Barrestin2 recruitment assays to the operational model of Black and Leff.
Bias factors were only calculated for compounds which displayed activity in both cAMP inhibition
and Parrestin2 recruitment assays. For this reason, bias factors were not calculated for EC-21a as
it lacked activity in cAMP inhibition and Parrestin2 recruitment assays (Figure 3-4A; Figure 3-
5A; Table 3-3). Similarly, bias factors were not calculated for FD-25a, FD-27a, and FD-32a as
these compounds displayed little to no activity in the cCAMP inhibition assay (Figure 3-4B; Table
3-3). AALogR values >0 indicate bias towards inhibition of FSK-stimulated cCAMP, AALogR
values <0 indicate bias towards Parrestin2 recruitment, and AALogR values = 0 indicate that the
ligand did not display bias towards either of the pathways (i.e. balanced ligand). FM-6b, FD-22a
and FD-24a were biased towards Barrestin2 recruitment, though this may not be of biological
relevance for FM-6b and FD-22a due to the size of their bias factors, which were -0.39 and -0.10
respectively (Figure 3-6)'%. Conversely, FD-24a displayed a greater level of Parrestin2

recruitment bias, with a bias factor of -5.7 (Figure 3-6).
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Figure 3-6. Signal bias at CB2R for FD series of CB2R ligands. Data from cAMP inhibition
and Parrestin2 recruitment assays were fit to the operational model of Black and Leff to calculate
bias factors (AALogR). Data are from n = 4-6 independent experiments performed in triplicate.

3.2.1.4 Gain-mediated inhibition of FSK-stimulated CAMP at CB2R in the presence of additional
ligands

Given that the FD series of CB2R bitopic ligands were designed by joining the pharmacophoric
portions of the orthosteric agonist FM-6b and CB2R PAM EC-214a, the effect of 10 nM FM-6b in
combination with 0.1 nM - 10 uM of EC-21a was explored in the cAMP inhibition assay using
CHO cells expressing hCB2R. CP55,940 was used as a reference compound. Though the
combination of the two compounds lead to a more potent response than FM-6b alone (ECsoEm-6b +
ec-21a) = 8.8 [0.63 — 970]nM; ECsorm-e0) = 20 [0.10 — 1,500]nM), a decrease in efficacy was also

observed (Emaxm-6b + Ec-21a) = 56 £ 7.0%); Emaxem-60) = 76 + 10%) (Figure 3-7; Table 3-4).
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Figure 3-7. CB2R-dependent inhibition of FSK-stimulated cAMP for combination
experiments with orthosteric and allosteric parent ligands of the FD series of CB2R ligands.
CHO cells expressing hCB2R were treated with 10 uM FSK, 10 nM FM-6b and 0.1 nM — 10 uM
EC-21a for 90 min to measure CAMP inhibition. Data were fit to a 3-parameter non-linear
regression and are represented as % of the maximal response of CP55,940. Data are mean + SEM
from n = 6 independent experiments performed in triplicate.

Preliminary assessment of the FD series uncovered FD-22a and FD-24a as the most promising
ligands of the FD series (Figure 3-4B; Table 3-3). These ligands, at their approximated ECso
values, were subsequently assessed in combination with 0.1 nM - 10 uM EC-21a in the cAMP
inhibition assay using CHO cells expressing hCB2R. CP55,940 was used as a reference compound.
While the combination of FD-22a and EC-21a resulted in a decrease in efficacy compared to FD-
22a alone (Emax(Fp-22a + Ec-21a) = 20 + 4.9%; Emax(Fp-22a) = 45 * 3.4%), the combination of FD-24a
and EC-21a produced a more efficacious response than FD-24a alone (Emax(Fp-24a + Ec-21a) = 89 *

33%); Emax(Fp-240) = 31 = 3.4 %) (Figure 3-8; Table 3-4).
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Figure 3-8. CB2R-dependent inhibition of FSK-stimulated cAMP for combination
experiments with the allosteric parent ligand and select bitopic ligands of the FD series of
CB2R ligands. CHO cells expressing hCB2R were treated with 10 uM FSK, 0.1 nM — 10 uM EC-
21a and 50 nM FD-22a (A) or 5 nM FD-24a (B) for 90 min to measure CAMP inhibition. Data
were fit to a 3-parameter non-linear regression and are represented as % of the maximal response
of CP55,940. Data are mean = SEM from n = 4-6 independent experiments performed in triplicate.

To confirm whether these ligands mediated their signaling through CB2R, 0.1 nM - 10 uM FD-
22a and FD-24a were tested in combination with 100 nM of the CB2R antagonist/inverse agonist
SR144528 in the cAMP inhibition assay using CHO cells expressing hCB2R. CP55,940 was used
as a reference compound. For both FD-22a and FD-24a, the presence of SR144528 resulted in a
downward shift of their CRCs, compared to those of either bitopic ligand alone (Figure 3-9).
However, as the concentration of FD-22a or FD-24a increased, these ligands effectively competed
off SR144528 from the orthosteric binding site, thereby removing the inhibition of CB2R and
producing efficacy values similar to that of FD-22a or FD-24a alone (Emax(sr144528 + FD-220) = 39 %
12%; Emax(FD-22a) = 45 * 3.4%); Emax(sr144528 + FD-242) = 34 % 8.1%; Emax(Fp-242) = 31 + 3.4%) (Figure

3-9; Table 3-4).
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Figure 3-9. CB2R-dependent inhibition of FSK-stimulated cAMP for combination
experiments with SR144528 and select bitopic ligands of the FD series of CB2R ligands. CHO
cells expressing hCB2R were treated with 10 uM FSK, 100 nM SR144528 and 0.1 nM — 10 uM
FD-22a (A) or FD-24a (B) for 90 min to measure cCAMP inhibition. Data were fit to a 3-parameter
non-linear regression and are represented as % of the maximal response of CP55,940. Data are
mean + SEM from n = 4-6 independent experiments performed in triplicate.

Compound CAMP inhibition

ECso (NM) Emax (%)
CP55,940 9.4 (3.4-29) 100+ 6.4
FM-6b 20 (0.10—1,500) 76 £ 10***
EC-21a n.c 0.12 £ 2.2%**
10 nM FM-6b + EC-21a 8.8 (0.63 - 970) 56 + 7.0**
FD-22a 18 (0.34 — 150) 45 + 3.4%*x
ECso FD-22a + EC-21a n.c 20 £ 4.9%***
100 nM SR144528 + FD-22a | n.c 39 £ 12%***
FD-24a 10 (1.0 — 140) 31 £ 3.4%***
ECso FD-24a + EC-21a n.c 89+33
100 nM SR144528 + FD-24a | <0.1 34 £ 8.1%***

Table 3-4. CB2R-dependent inhibition of FSK-stimulated cAMP for combination
experiments with FD series of CB2R ligands. Data were fit to a 3-parameter non-linear
regression to estimate potency (ECso) and efficacy (Emax) values. Data are expressed as mean with
95% CI (ECs0) or mean + SEM (Emax). N = 4-6 independent experiments performed in triplicate. If
potency could not be estimated (i.e. < 0.1 nM), then Emax is reported as the mean of the greatest
response observed. Statistical analyses were by one-way ANOVA followed by Tukey’s post-
hoc test. **p < 0.01, ***p < 0.001, ****p < 0.0001 relative to CP55,940. n.c — not converged.
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3.2.2 FG series

3.2.2.1 Gai-mediated inhibition of FSK-stimulated CAMP at CB2R

The synthetic CB2R ligand LV-62 and its derivatives, FG-158a, FG-160a, and FG-161a, were
assessed in the CAMP inhibition assay using CHO cells expressing hCB2R. CP55,940 was used
as a reference compound. LV-62 proved to be the most efficacious and most potent among the
series of ligands, producing a response similar to the reference compound CP55,940 (Emax(Lv-62) =
110 + 8.8%; Emax(crss,040) = 100 = 6.4%) (Figure 3-10; Table 3-5). FG-158a, FG-160a, and FG-
161a also activated the cAMP inhibition pathway albeit at a lower potency and efficacy than their
parent ligand LV-62 (Emax(Fc-158a) = 94 £ 48%; ECso(rc-1580) = N0t converged; Emax(rc-160a) = 96 +
19%:; ECso(rc-1602) = 600 [73 — 6,100] NM; Emax(Fe-1612) = 83 + 11%; ECso(rc-1610) = 760 [150 — 2,900]
nM; ECsoLv-62) = 34 [3.9 — 220] nM) (Figure 3-10; Table 3-5). As seen in the CRCs, the efficacy
of FG-158a, FG-160a, and FG-161a becomes more apparent at higher concentrations (Figure 3-

10).
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Figure 3-10. CB2R-dependent inhibition of FSK-stimulated cAMP for FG series of CB2R
ligands. CHO cells expressing hCB2R were treated with 10 uM FSK and 0.1 nM — 10 uM
compounds for 90 min to measure CAMP inhibition. Data were fit to a 3-parameter non-linear
regression and are represented as % of the maximal response of CP55,940. Data are mean £ SEM
from n = 6 independent experiments performed in triplicate.
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3.2.2.2 Barrestin2 recruitment at CB2R

LV-62 and its derivatives FG-158a, FG-160a, and FG-161a were evaluated for their ability to
enhance Parrestin2 recruitment to CB2R using CHO cells expressing hCB2R. CP55,940 was used
as a reference compound. LV-62 enhanced Barrestin2 recruitment to CB2R, although with less
efficacy than the reference compound (Emax(Lv-62) = 65 +1.4%); Emax(cpss 940) = 98 + 3.4%) (Figure
3-11; Table 3-5). Despite this, LV-62 displayed greater potency than CP55,940 (ECso(v-62) = 63
[49 — 82] nM; ECso(cpss,040) = 560 [410 — 760] nM) (Table 3-5). The FG series exhibited reduced
efficacies in the Parrestin2 recruitment assay (Emax(F-158a) = 46 £1.8%; Emax(F-160a) = 41 £ 1.0%;
Emax(F-161a) = 47 £1.8%) (Figure 3-11; Table 3-5). As seen in the cCAMP inhibition experiments,
these ligands were also less potent than the parent ligand LV-62 (ECso(rc-1582) = 1,100 [820 — 1,600]
NM; ECso(rc-160a) = 870 [690 — 1,100] nM; ECso(rc-161) = 1,300 [950 — 1,800] nM; ECso(Lv-62) = 63

[49 — 82] nM) (Table 3-5).
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Figure 3-11. CB2R-dependent recruitment of parrestin2 for FG series of CB2R ligands. CHO
cells expressing hCB2R were treated with 0.1 nM — 10 uM compounds for 90 min to measure
Barrestin2 recruitment. Data were fit to a 3-parameter non-linear regression and are represented as
% of the maximal response of CP55,940. Data are mean + SEM from n = 6 independent
experiments performed in triplicate.
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CAMP inhibition Parrestin2 recruitment

Compound

ECso (nM) Emax (%0) | ECso (NM) Emax (%0)
CP55,940 9.4(3.4-29) 100 £6.4 | 560 (410 — 760) 98+ 3.4
LV-62 34 (3.9 — 220) 110+ 8.8 | 63 (49 -82) 65 + 1.4*
FG-158a | n.c 94+48 | 1100(820—1,600) | 46*1.8*
FG-160a 600 (73 - 6,100) 96 +19 870 (690 — 1,100) 41 +£1.0*
FG-161a 760 (150 —2,900) | 83+11 1,300 (950 —1,800) | 47 +1.8*

Table 3-5. CB2R-dependent inhibition of FSK-stimulated cAMP and recruitment of
Barrestin2 for FG series of CB2R ligands. Data were fit to a 3-parameter non-linear regression
to estimate potency (ECso) and efficacy (Emax) values. Data are expressed as mean with 95% CI
(ECs0) or mean = SEM (Emax). N = 6 independent experiments performed in triplicate. Statistical
analyses were by one-way ANOVA followed by Tukey’s post-hoc test. *p < 0.05 relative to
CP55,940. n.c — not converged.

3.2.2.3 Signal bias at CB2R

In order to assess signal bias at CB2R, bias factors (AALogR) were calculated for LV-62, FG-
158a, FG-160a, and FG-161a, by fitting data from cAMP inhibition and Barrestin2 recruitment
assays to the operational model of Black and Leff. AALogR values >0 indicate bias towards
inhibition of FSK-stimulated cAMP, AALogR values<0 indicate bias towards Parrestin2
recruitment, and AALogR values = 0 indicate that the ligand did not display bias towards either of
the pathways (i.e. balanced ligand). LV-62, FG-158a, FG-160a, and FG-161a were all modestly
biased towards Barrestin2 recruitment with biases between -1.7 and -0.18, which indicates some

degree of bias but likely not enough to be of biological relevance (Figure 3-12)%%7,
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Figure 3-12. Signal bias at CB2R for FG series of CB2R ligands. Data from cAMP inhibition
and Parrestin2 recruitment assays were fit to the operational model of Black and Leff to calculate
bias factors (AALogR). Data are from n = 4-6 independent experiments performed in triplicate.

3.2.3 JR series

3.2.3.1 Gain-mediated inhibition of FSK-stimulated CAMP at CB2R

The JR series, consisting of JR-14a, JR-16a, JR-22a, JR-26a, JR-58a, JR-60a, JR-61a, and JR-64a,
along with their parent ligands LV-62 and EC-21a were evaluated for their ability to inhibit FSK-
stimulated cAMP production in CHO cells expressing hCB2R. CP55,940 was used as a reference
compound. As indicated previously, the orthosteric parent ligand LV-62 was a potent full agonist
of CAMP inhibition at CB2R (Emaxv-62) = 110 * 8.8%) while the allosteric parent EC-21a was
inactive (Figure 3-13A; Table 3-6). All ligands of series A and series B of the JR series displayed

partial agonist activity in the CAMP inhibition assay at CB2R (Figure 3-13B-D; Table 3-6). JR-
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14a and JR-64a were of particular interest as they represented the most potent ligands of series B

and series A, respectively (ECsogr-14a) = 150 [5.0 — 2,200] nM; ECso(r-642) = 11 [0.84 — 200] nM)

(Table 3-6).
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Figure 3-13. CB2R-dependent inhibition of FSK-stimulated cAMP for JR series of CB2R
ligands. CHO cells expressing hCB2R were treated with 10 uM FSK and 0.1 nM — 10 uM parent
ligands of the JR series (A), series B ligands of the JR series (B), or series A ligands of the JR
series (C, D) for 90 min to measure cCAMP inhibition. Data were fit to a 3-parameter non-linear
regression and are represented as % of the maximal response of CP55,940. Data are mean + SEM
from n = 6 independent experiments performed in triplicate.
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3.2.3.2 parrestin2 recruitment at CB2R

The same compounds were also assessed in the Parrestin2 recruitment assay using CHO cells
expressing hCB2R. CP55,940 was used as a reference compound. As with the cAMP inhibition
assay, LV-62 was capable of activating the Barrestin2 recruitment signaling pathway, although it
did so as a partial agonist rather than a full agonist (Emax(v-62) = 65 £1.4%) (Figure 3-14A,; Table
3-6). As expected for an allosteric ligand, EC-21a was inactive in this assay (Figure 3-14A; Table
3-6). Though less efficacious than its orthosteric parent ligand, JR-14a was a potent partial agonist
of Barrestin2 recruitment at CB2R (Emax(ir-14a) = 39 £ 0.93%; ECso(r-142) = 25 [16 — 39] nM) (Figure
3-14B; Table 3-6). Interestingly JR-16a was inactive in the Parrestin2 recruitment assay (Figure
3-14B; Table 3-6). The JR ligands of series A displayed low potencies and as evidenced by their
CRCs, their ability to recruit Parrestin2 to CB2R only became apparent at higher concentrations

(Figure 3-14C-D; Table 3-6).
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Figure 3-14. CB2R-dependent recruitment of parrestin2 for JR series of CB2R ligands. CHO
cells expressing hCB2R were treated with 0.1 nM — 10 uM parent ligands of the JR series (A),
series B ligands of the JR series (B), or series A ligands of the JR series (C, D) for 90 min to
measure Parrestin2 recruitment. Data were fit to a 3-parameter non-linear regression and are
represented as % of the maximal response of CP55,940. Data are mean + SEM from n = 6
independent experiments performed in triplicate.
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Compound CAMP inhibition Barrestin2 recruitment

ECso (nM) Emax (%0) ECso (NM) Emax (%0)
CP55,940 9.4 (3.4-29) 100 £ 6.4 560 (410 — 760) 98+34
LV-62 34 (3.9 — 220) 110+8.8 63 (49-82) 65 +1.4*
EC-21a n.c 0.12 £ 2.2%** > 10,000 2.1 £0.30%***
JR-14a 150 (5.0 — 2,200) 41 £ 5.7* 25 (16 — 39) 39 +0.93*
JR-16a 350 (71 - 1,900) 36 + 8.6* > 10,000 2.7 £0.25*
JR-22a 62 (2.6 — 4,100) 39 +55* > 10,000 33+2.7*
JR-26a n.c 41 +15* > 10,000 43 + 3.6*
JR-58a n.c 45 + 12* 2,100 (1,400 —3,300) | 51 +2.8*
JR-60a n.c 46 + 17* > 10,000 44 + 3.7*
JR-61a 420 (14 — 4,600) 46 +7.7* 2,700 (1,700 — 4,800) | 34 £ 2.2*
JR-64a 11 (0.84 — 200) 32+4.0* 3,300 (2,300 — 5,100) | 45 +2.4*

Table 3-6. CB2R-dependent inhibition of FSK-stimulated cAMP and recruitment of
Barrestin2 for JR series of CB2R ligands. Data were fit to a 3-parameter non-linear regression
to estimate potency (ECso) and efficacy (Emax) values. Data are expressed as mean with 95% CI
(ECs0) or mean £ SEM (Emax). n = 6 independent experiments performed in triplicate. If potency
could not be estimated (i.e. > 10,000 nM), then Emax is reported as the mean of the greatest response
observed. Statistical analyses were by one-way ANOVA followed by Tukey’s post-hoc test. *p <
0.05, ***p < 0.001, ****p < 0.0001 relative to CP55,940. n.c — not converged.

3.2.3.3 Signal bias at CB2R

In order to assess signal bias at CB2R, bias factors (AALogR) were calculated by fitting data from
cAMP inhibition and Parrestin2 recruitment assays to the operational model of Black and Leff.
Bias factors were only calculated for compounds which displayed activity in both CAMP inhibition
and Parrestin2 recruitment assays. As previously mentioned, bias factors were not calculated for
EC-21a as it was inactive in cAMP inhibition and Parrestin2 recruitment assays (Figure 3-13A;

Figure 3-14A,; Table 3-6). Additionally, bias factors were not calculated for JR-16a, JR-22a, JR-
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61a and JR-64a. JR-16a lacked activity in the Parrestin2 recruitment assay while JR-22a, JR-61a
and JR-64a displayed low activity (Figure 3-14B-D; Table 3-6). AALogR values >0 indicate bias
towards inhibition of FSK-stimulated CAMP, AALogR values <0 indicate bias towards Parrestin2
recruitment, and AALogR values = 0 indicate that the ligand did not display bias towards either of
the pathways (i.e. balanced ligand). LV-62, JR-14a, JR-58a, and JR-60a were biased towards
Barrestin2 recruitment, with bias factors ranging from -3.0 to -0.18 (Figure 3-15). With a bias

factor of 0.44, JR-26a displayed slight bias towards cAMP inhibition (Figure 3-15).
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Figure 3-15. Signal bias at CB2R for JR series of CB2R ligands. Data from cAMP inhibition
and Parrestin2 recruitment assays were fit to the operational model of Black and Leff to calculate
bias factors (AALogR). Data are from n = 4-6 independent experiments performed in triplicate.
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3.2.3.4 Gain-mediated inhibition of FSK-stimulated CAMP at CB2R in the presence of additional
ligands

The JR series of CB2R bitopic ligands were designed by joining the pharmacophoric portions of
the CB2R agonist LV-62 and the CB2R PAM EC-21a. Thus, the combination of 10 nM LV-62
with 0.1 nM - 10 uM of EC-21a was explored in the cAMP inhibition assay using CHO cells
expressing hCB2R. CP55,940 was used as a reference compound. Though less efficacious than
LV-62 alone (Emax(Lv-62 + Ec-212) = 55 * 5.2%); Emax(Lv-62) = 110 + 8.8%), the combination of LV-62
and EC-21a produced a more potent response (ECso(Lv-62 + Ec-21a) = 4.3 [0.57 — 34]nM; ECso(Lv-62)

=34 [3.9 — 220]nM) (Figure 3-16; Table 3-7).
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Figure 3-16. CB2R-dependent inhibition of FSK-stimulated cAMP for combination
experiments with orthosteric and allosteric parent ligands of the JR series of CB2R ligands.
CHO cells expressing hCB2R were treated with 10 uM FSK, 10 nM LV-62 and 0.1 nM — 10 uM
EC-21a for 90 min to measure cAMP inhibition. Data were fit to a 3-parameter non-linear
regression and are represented as % of the maximal response of CP55,940. Data are mean + SEM
from n = 6 independent experiments performed in triplicate.
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Following preliminary assessment of the JR series, JR-14a and JR-64a were identified as the most
promising ligands of series B and A, respectively (Figure 3-13B; Figure 3-13D; Table 3-6). Thus,
these ligands, at their approximated ECso values, were tested in combination with 0.1 nM - 10
uM EC-21a in the cAMP inhibition assay using CHO cells expressing hCB2R. CP55,940 was used
as a reference compound. The combination of JR-14a and EC-21a produced a more efficacious
response than JR-14a alone with similar potency (Emax@r-14a + Ec-21a) = 84 * 11%; Emax(ir-140) = 41 *
5.7%); (ECso(ir-14a + EC-210) = 140 [3.5 — 3,200]nM; ECso(1r-14a) = 150 [5.0 — 2,200]nM) (Figure 3-
17A; Table 3-7). The combination of JR-64a with EC-21a also produced a more efficacious
response than JR-64a alone (Emax(ir-64a + Ec-21a) = 96 £ 12%; Emax(ir-64a) = 32 = 4.0%) though there
was a reduction in potency (ECsogr-64a + ECc-210) = 84 [5.6 — 1,100]nM; ECso(r-640) = 11 [0.84 —

200]nM) (Figure 3-17B; Table 3-7).
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Figure 3-17. CB2R-dependent inhibition of FSK-stimulated cAMP for combination
experiments with the allosteric parent ligand and select bitopic ligands of the JR series of
CB2R ligands. CHO cells expressing hCB2R were treated with 10 uM FSK, 0.1 nM — 10 uM EC-
21a and 53 nM JR-14a (A) or 75 nM JR-64a (B) for 90 min to measure cAMP inhibition. Data
were fit to a 3-parameter non-linear regression and are represented as % of the maximal response
of CP55,940. Data are mean + SEM from n = 6 independent experiments performed in triplicate.
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To confirm whether these ligands mediated their signaling through CB2R, 0.1 nM - 10 uM JR-
14a and JR-64a were tested in combination with 100 nM of the CB2R antagonist/inverse agonist
SR144528 in the cAMP inhibition assay using CHO cells expressing hCB2R. CP55,940 was used
as a reference compound. At lower concentrations of JR-14a or JR-64a, the presence of SR144528
led to a downward shift in the CRCs of these ligands (Figure 3-18). As the concentration of either
JR-14a or JR-64a increased, the inhibitory effect of SR144528 on cCAMP inhibition at CB2R was
removed, and these bitopic ligands were capable of modulating the cCAMP inhibition signaling
pathway with efficacies similar to that of JR-14a or JR-64a alone (Emax(sr144528 + Jr-14a) = 30 £ 12%;

Emax(r-142) = 41 £ 5.7%); Emax(sR144528 + R-64a) = 43 £ 9.0%; Emax(r-64a) = 32 £ 4.0%) (Figure 3-18;

Table 3-7).
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Figure 3-18. CB2R-dependent inhibition of FSK-stimulated cAMP for combination
experiments with SR144528 and select bitopic ligands of the JR series of CB2R ligands. CHO
cells expressing hCB2R were treated with 10 uM FSK, 100 nM SR144528 and 0.1 nM — 10 uM
JR-14a (A) or JR-64a (B) for combination experiments for 90 min to measure CAMP inhibition.
Data were fit to a 3-parameter non-linear regression and are represented as % of the maximal
response of CP55,940. Data are mean + SEM from n = 6 independent experiments performed in
triplicate.
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Compound CAMP inhibition

ECso (NM) Emax (%0)
CP55,940 9.4(3.4-29) 100+ 6.4
LV-62 34 (3.9 — 220) 110+ 8.8
EC-21a n.c 0.12 £ 2.2%**
10 nM LV-62 + EC-21a 4.3 (0.57 - 34) 55+ 5.2*
JR-14a 150 (5.0 — 2,200) 41 +5.7*
ECso JR-14a + EC-21a 140 (3.5 - 3,200) 84+11
100 nM SR144528 + JR-14a | n.c 30 £ 12%**
JR-64a 11 (0.84 — 200) 32+4.0*
ECso JR-64a + EC-21a 84 (5.6 — 1,100) 96 + 12
100 nM SR144528 + JR-64a | 2.9 (0.72 - 12) 43+9.0

Table 3-7. CB2R-dependent inhibition of FSK-stimulated cAMP for combination
experiments with JR series of CB2R ligands. Data were fit to a 3-parameter non-linear
regression to estimate potency (ECso) and efficacy (Emax) values. Data are expressed as mean with
95% CI (ECso) or mean £ SEM (Emax). N = 4-6 independent experiments performed in triplicate.
Statistical analyses were by one-way ANOVA followed by Tukey’s post-hoc test. *p < 0.05,
***pn < 0.001 relative to CP55,940. n.c — not converged.

3.3 Experiment 3: GPCR interactions with cannabinoid receptors

In order to explore the potential interactions between cannabinoid receptors and orexin receptors,
CHO cells expressing hCB1R or hCB2R were transfected with increasing amounts of hOX1R or
hOX2R plasmid (0.10 pg, 0.25 pg, and 0.50 pg) and assessed for their ability to inhibit cAMP
production and to enhance Parrestin2 recruitment to CB1R or CB2R. Cells were either untreated
or treated with vehicle (10% DMSO in 1X PBS) or CP55,940, as indicated. CB1R or CB2R cells

with 0.00 pg OX1R or 0.00 pg OX2R (i.e. untransfected cells) were used as a control.
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3.3.1 Gaip-mediated inhibition of FSK-stimulated cAMP in CB1R-OX1R transfected cells

In untreated cells, increasing the amount of OX1R produced a greater reduction in FSK-stimulated
cAMP (Figure 3-19A). In vehicle-treated cells, a similar effect was seen, although cells transfected
with 0.10 pug OX1R inhibited cAMP production to a lesser extent than untransfected cells (Figure
3-19A). As the amount of OX1R increased, CP55,940’s potency decreased while its efficacy
increased, though cells transfected with 0.50 pug OX1R exhibited reduced efficacy which may
indicate that the system is oversaturated at plasmid levels above 0.25 pg OX1R (Figure 3-19B;
Table 3-8; Table 3-12). Overall, these data suggest that OX1R enhances CB1R-dependent cAMP

inhibition.
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Figure 3-19. CB1R-dependent inhibition of FSK-stimulated cAMP in CB1R-OX1R cells.
CHO cells stably expressing hCB1R and transiently expressing hOX1R were treated with 10 uM
FSKand 0.1 nM — 10 uM CP55,940 for 90 min to measure cAMP inhibition. Data were fit to a 3-
parameter non-linear regression and are represented as fold over vehicle. Data are mean + SEM
from n = 4 independent experiments performed in triplicate for baseline data (A) and 4-8
independent experiments performed in triplicate for concentration-response data (B). *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001 as determined by two-way ANOVA followed by
Tukey’s post-hoc test.
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3.3.2 Barrestin2 recruitment in CB1R-OX1R transfected cells

In both untreated and vehicle-treated cells, OX1R generally enhanced CB1R-dependent Barrestin2
recruitment, though in both treatment groups, cells transfected with 0.10 pg OX1R exhibited
reduced Parrestin2 recruitment compared to untransfected cells (Figure 3-20A). Potency could not
be determined for untransfected cells as the data did not produce either a CRC or a clear maximum
plateau and therefore ECso could not be estimated (Figure 3-20B; Table 3-8). The potency of
CP55,940 among transfected cells, however, appeared to increase as the amount of OX1R
increased (Table 3-8; Table 3-12). The presence of OX1R also reduced CP55,940’s efficacy in the
Barrestin2 recruitment assay (Table 3-8; Table 3-12). These data suggest that the effect of OX1R
on CB1R-dependent Parrestin2 recruitment may depend on the specific treatment the cells are
exposed to: Parrestin2 recruitment was improved in untreated and vehicle-treated cells while

CP55,940-treated cells exhibited reduced Parrestin2 recruitment.
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Figure 3-20. CB1R-dependent recruitment of Parrestin2 in CB1R-OX1R cells. CHO cells
stably expressing hCB1R and transiently expressing hOX1R were treated with 0.1 nM — 10 uM
CP55,940 for 90 min to measure Parrestin2 recruitment. Data were fit to a 3-parameter non-linear
regression and are represented as fold over vehicle. Data are mean £ SEM from n = 4 independent
experiments performed in triplicate for baseline data (A) and 4-8 independent experiments
performed in triplicate for concentration-response data (B). *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001 as determined by two-way ANOVA followed by Tukey’s post-hoc test.
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CAMP Parrestin2
[OX1R] (ug)

ECso (M) Emax (Fold) ECso (M) Emax (Fold)
0.00 1.7 (0.13 - 16) 0.77 £0.03 n.c 21+49
0.10 6.8 (2.0 -23) 0.57 £ 0.03*** 540 (140 - 1,500) 3.8 £0.25%
0.25 12 (6.2 — 25) 0.53 £ 0.02*** 340 (180 — 650) 4.3 +£0.15*
0.50 11 (2.3 -47) 0.69 £ 0.03 300 (210 — 420) 5.8+0.13

Table 3-8. CB1R-dependent inhibition of FSK-stimulated cAMP and recruitment of
Parrestin2 in CB1R-OX1R cells. Data were fit to a 3-parameter non-linear regression to estimate
potency (ECso) and efficacy (Emax) Values. Data are expressed as mean with 95% CI (ECso) or
mean + SEM (Emax). n = 4-8 independent experiments performed in triplicate. Statistical analyses
were by one-way ANOVA followed by Tukey’s post-hoc test. *p < 0.05, ***p < 0.001 relative to
CP55,940. n.c — not converged.

3.3.3 Gaip-mediated inhibition of FSK-stimulated cAMP in CB1R-OX2R transfected cells

In untreated cells, no significant difference was observed in the level of CB1R-mediated cAMP
inhibition as the amount of OX2R increased (Figure 3-21A). In vehicle-treated cells however, the
presence of OX2R led to an increased amount of FSK-stimulated cAMP (i.e. reduced level of
cAMP inhibition) (Figure 3-21A). The presence of OX2R enhanced both the potency and efficacy
of CP55,940, with a statistically significant effect of increasing plasmid concentration on efficacy
(Figure 3-21B; Table 3-9; Table 3-12). These data suggest that OX2R enhances CP55,940-

mediated cAMP inhibition via CB1R while having an opposite effect in vehicle-treated cells.
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Figure 3-21. CB1R-dependent inhibition of FSK-stimulated cAMP in CB1R-OX2R cells.
CHO cells stably expressing hCB1R and transiently expressing hOX2R were treated with 10 uM
FSK and 0.1 nM — 10 uM CP55,940 for 90 min to measure cAMP inhibition. Data were fit to a 3-
parameter non-linear regression and are represented as fold over vehicle. Data are mean + SEM
from n = 4 independent experiments performed in triplicate for baseline data (A) and 4-8
independent experiments performed in triplicate for concentration-response data (B). **p < 0.01,
***p < 0.001, ****p < 0.0001 as determined by two-way ANOVA followed by Tukey’s post-hoc
test.

3.3.4 Parrestin2 recruitment in CB1R-OX2R transfected cells

In both untreated and vehicle-treated cells, transfection with 0.25 pg OX2R resulted in reduced
Barrestin2 recruitment, which was statistically significant (Figure 3-22A). However, no difference
was observed for cells transfected with 0.10 pg or 0.50 pg OX2R (Figure 3-22A). Potency could
not be determined for untransfected cells as the concentration-response data were too variable
(Figure 3-22B; Table 3-9). The potency of CP55,940 in transfected cells did not appear to follow
a particular trend, though all transfection groups demonstrated relatively high ECso values (Table
3-9; Table 3-12). A statistically significant increase in the efficacy of CP55,940 was observed for

all transfection groups (Table 3-9; Table 3-12). These data suggest that OX2R can either reduce
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or improve CB1R-mediated Parrestin2 recruitment: untreated or vehicle-treated cells exhibit

reduced Parrestin2 recruitment, CP55,940-treated cells display increased levels of Parrestin2

recruitment.
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Figure 3-22. CB1R-dependent recruitment of Parrestin2 in CBIR-OX2R cells. CHO cells
stably expressing hCB1R and transiently expressing hOX2R were treated with 0.1 nM — 10 uM
CP55,940 for 90 min to measure Parrestin2 recruitment. Data were fit to a 3-parameter non-linear
regression and are represented as fold over vehicle. Data are mean £ SEM from n = 4 independent
experiments performed in triplicate for baseline data (A) and 4-8 independent experiments
performed in triplicate for concentration-response data (B). *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001 as determined by two-way ANOVA followed by Tukey’s post-hoc test.

71



CAMP Parrestin2
[OX2R] ()

ECso (nM) Emax (Fold) ECso (nM) Emax (Fold)
0.00 1.7 (0.13-16) 0.77 £0.03 n.c 21+49
0.10 <0.1 0.62 £ 0.04* > 10,000 33 + 2.4***
0.25 <0.1 0.58 £ 0.03** 1,600 (1,300 — 1,900) 48 +1.1**
0.50 0.51(0.12-1.4) 0.46 £ 0.02**** 3,000 (1,800 — 5,600) 51 + 3.9**

Table 3-9. CB1R-dependent inhibition of FSK-stimulated cAMP and recruitment of
Barrestin2 in CB1R-OX2R cells. Data were fit to a 3-parameter non-linear regression to estimate
potency (ECso) and efficacy (Emax) values. Data are expressed as mean with 95% CI (ECso) or
mean + SEM (Emax). n = 4-8 independent experiments performed in triplicate. Statistical analyses
were by one-way ANOVA followed by Tukey’s post-hoc test. *p < 0.05, **p <0.01, ***p <0.001,
****p < 0.0001 relative to CP55,940. n.c — not converged.

3.3.5 Gairn-mediated inhibition of FSK-stimulated cAMP in CB2R-OX1R transfected cells

No statistical difference was detected between untreated and vehicle-treated cells (Figure 3-23A).
While no difference in cAMP inhibition was observed among untreated cells, in vehicle-treated
cells, the presence of 0.10 pg OX1R led to a significant reduction in cAMP production, but no
difference was observed for cells transfected with 0.25 pg or 0.50 pg OX1R (Figure 3-23A). This
may suggest that the system is oversaturated at plasmid levels above 0.10 pg OX1R. Potency could
not be determined for cells transfected with 0.25 pg or 0.50 pug OX1R as the concentration-
response data were too variable (Figure 3-23B; Table 3-10; Table 3-12). The efficacy of CP55,940
decreased as the concentration of OX1R increased, though this was only statistically significant
for cells transfected with 0.10 ug OX1R, which may further support the idea that the system is
oversaturated at plasmid levels above 0.10 pg OX1R (Table 3-10; Table 3-12). These data suggest
that OX1R enhances CB2R-dependent cCAMP inhibition though the system is oversaturated at

plasmid levels above 0.10 pg OX1R.
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Figure 3-23. CB2R-dependent inhibition of FSK-stimulated cAMP in CB2R-OX1R cells.
CHO cells stably expressing hCB2R and transiently expressing hOX1R were treated with 10 uM
FSKand 0.1 nM — 10 uM CP55,940 for 90 min to measure cAMP inhibition. Data were fit to a 3-
parameter non-linear regression and are represented as fold over vehicle. Data are mean + SEM
from n = 4 independent experiments performed in triplicate for baseline data (A) and 4-8
independent experiments performed in triplicate for concentration-response data (B). **p < 0.01,
***p < 0.001 as determined by two-way ANOVA followed by Tukey’s post-hoc test.

3.3.6 Barrestin2 recruitment in CB2R-OX1R transfected cells

No statistical difference was detected between untreated and vehicle-treated cells (Figure 3-24A).
In both untreated and vehicle-treated cells, a significant difference was detected in all transfection
groups, in which the presence of OX1R led to a reduction in CB2R-mediated Parrestin2
recruitment (Figure 3-24A). The potency of CP55,940 did not appear to follow a specific trend
(Table 3-10; Table 3-12). However, the efficacy of CP55,940 did increase as the level of OX1R
increased up to 0.25 pg OX1R (Figure 3-24B; Table 3-10; Table 3-12). At 0.50 pg OX1R, the
efficacy of CP55,940 was not statistically different from that of untransfected cells (Table 3-10).

Thus, our system may be oversaturated at plasmid levels above 0.25 pg OX1R. These data suggest
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that OX1R enhances CP55,940-dependent Parrestin2 recruitment while reducing Parrestin2

recruitment in untreated and vehicle-treated cells.

dokkok *okokk

4 1 ! 49 & 0.00 ug OX1R
= %K K K akok ok O  Untreated - -U0ug
2T 4 m  Vehicle 0 . 0.10 ug OX1R
22 Hkokk ook ok £ 2 -® 0.25 ug OX1R
g s 1 g% ® 0.50 yg OX1R
=3 27 kkkk kkkk  k =0
N > o~ >
c 0 co
BT ! | | | e
©35 1 05
[y T = W
g~ M ~—
. minl H miiln £

O 1 I 1 ) ] 1 0

1 ) 1 1 1 1 1 1
10 9 8 7 -8 5
@0 ,\QQ @0 6@ 0@ \QQ PN %QQ
o7 O O o NN O Log[CP55,940], (M)
OX1R (ug)

Figure 3-24. CB2R-dependent recruitment of Barrestin2 in CB2R-OX1R cells. CHO cells
stably expressing hCB2R and transiently expressing hOX1R were treated with 0.1 nM — 10 uM
CP55,940 for 90 min to measure Parrestin2 recruitment. Data were fit to a 3-parameter non-linear
regression and are represented as fold over vehicle. Data are mean £ SEM from n = 4 independent
experiments performed in triplicate for baseline data (A) and 4-8 independent experiments
performed in triplicate for concentration-response data (B). *p < 0.05, ****p< 0.0001 as
determined by two-way ANOVA followed by Tukey’s post-hoc test.

74



CAMP Parrestin2
[OX1R] (1g)

ECso (nM) Emax (Fold) ECso (nM) Emax (Fold)
0.00 10 (0.21 - 190) 0.87 £0.02 110 (20 - 620) 2.3+0.16
0.10 <0.1 0.96 £ 0.01* 51 (24 —100) 2.9 +0.09*
0.25 n.c 0.97+£0.04 130 (80 — 200) 3.0 £0.08*
0.50 n.c 0.97+£0.02 41 (12 - 120) 2.4+0.10

Table 3-10. CB2R-dependent inhibition of FSK-stimulated cAMP and recruitment of
Parrestin2 in CB2R-OX1R cells. Data were fit to a 3-parameter non-linear regression to estimate
potency (ECso) and efficacy (Emax) Values. Data are expressed as mean with 95% CI (ECso) or
mean + SEM (Emax). n = 4-8 independent experiments performed in triplicate. Statistical analyses
were by one-way ANOVA followed by Tukey’s post-hoc test. *p < 0.05 relative to CP55,940. n.c
— not converged.

3.3.7 Goi-mediated inhibition of FSK-stimulated cCAMP in CB2R-OX2R transfected cells

No statistical differences were observed among untreated cells (Figure 3-25A). In vehicle-treated
cells, increasing the amount of OX2R led to reduced cAMP inhibition (Figure 3-25A). While the
potency of CP55,940 was diminished by the presence of OX2R, CP55,940’s efficacy significantly
increased in all transfection groups (Figure 3-25B; Table 3-11; Table 3-12). These data suggest
that OX2R facilitates CB2R-dependent cAMP inhibition in CP55,940-treated cells but not in

vehicle-treated cells.
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Figure 3-25. CB2R-dependent inhibition of FSK-stimulated cAMP in CB2R-OX2R cells.
CHO cells stably expressing hCB2R and transiently expressing hOX2R were treated with 10 uM
FSK and 0.1 nM — 10 uM CP55,940 for 90 min to measure cAMP inhibition. Data were fit to a 3-
parameter non-linear regression and are represented as fold over vehicle. Data are mean + SEM
from n = 4 independent experiments performed in triplicate for baseline data (A) and 4-8
independent experiments performed in triplicate for concentration-response data (B). *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001 as determined by two-way ANOVA followed by
Tukey’s post-hoc test.

3.3.8 Barrestin2 recruitment in CB2R-OX2R transfected cells

In untreated cells, the presence of OX2R led to a significant increase in Parrestin2 recruitment in
cells transfected with 0.10 pg and 0.25 pg OX2R but not in cells transfected with 0.50 pg OX2R,
which may suggest that our system is oversaturated at plasmid levels above 0.25 pug OX2R (Figure
3-26A). In vehicle-treated cells, a similar effect was seen, in which cells transfected with 0.10 ug
and 0.25 ng OX2R exhibited significant increases in Barrestin2 recruitment (Figure 3-26A). Unlike

in untreated cells, vehicle-treated cells transfected with 0.50 pg OX2R demonstrated a significant
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improvement in Parrestin2 recruitment (Figure 3-26A). CP55,940’s potency was improved in the
presence of OX2R, although its efficacy significantly decreased in cells transfected with 0.10 g
and 0.50 pg OX2R (Figure 3-26B; Table 3-11; Table 3-12). Overall, OX2R enhances CB2R-

mediated Parrestin2 recruitment in untreated and vehicle-treated cells but not in CP55,940-treated

cells.
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Figure 3-26. CB2R-dependent recruitment of Barrestin2 in CB2R-OX2R cells. CHO cells
stably expressing hCB2R and transiently expressing hOX2R were treated with 0.1 nM — 10 uM
CP55,940 for 90 min to measure Parrestin2 recruitment. Data were fit to a 3-parameter non-linear
regression and are represented as fold over vehicle. Data are mean £ SEM from n = 4 independent
experiments performed in triplicate for baseline data (A) and 4-8 independent experiments
performed in triplicate for concentration-response data (B). **p < 0.01, ***p < 0.001, ****p <
0.0001 as determined by two-way ANOVA followed by Tukey’s post-hoc test.
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CAMP Parrestin2
[OX2R] (ug)

ECso (M) Emax (Fold) ECso (M) Emax (Fold)
0.00 10 (0.21 - 190) 0.87 £0.02 110 (20 - 620) 2.3+0.16
0.10 17 (5.6 — 49) 0.75 £ 0.02** 5.0 (0.59 - 75) 1.3 +£0.04***
0.25 16 (7.0 — 40) 0.76 £ 0.01** 2.7 (0.41 — 23) 1.7+0.06
0.50 11 (3.5-34) 0.68 £ 0.02**** | 4.2 (0.97 - 17) 1.4 £0.03**

Table 3-11. CB2R-dependent inhibition of FSK-stimulated cAMP and recruitment of
Barrestin2 in CB2R-OX2R cells. Data were fit to a 3-parameter non-linear regression to estimate
potency (ECso) and efficacy (Emax) values. Data are expressed as mean with 95% CI (ECso) or
mean + SEM (Emax). n = 4-8 independent experiments performed in triplicate. Statistical analyses
were by one-way ANOVA followed by Tukey’s post-hoc test. **p < 0.01, ***p < 0.001, ****p <
0.0001 relative to CP55,940.

hCB1R hCB2R

cAMP Barrestin2 | CAMP Barrestin2
hOX1R | Potency | | Potency ? | Potency 1 | Potency ?

Efficacy 1 | Efficacy | | Efficacy | | Efficacy 1
hOX2R | Potency 1 | Potency ? | Potency | | Potency 1

Efficacy 1 | Efficacy 1 | Efficacy 1 | Efficacy |

Table 3-12. Summary of potency and efficacy trends for cannabinoid-orexin receptor
experiments. Data from cAMP inhibition and Parrestin2 recruitment assays were fit to a 3-
parameter non-linear regression to estimate potency (ECso) and efficacy (Emax) values. n = 4-8
independent experiments performed in triplicate. Due to variable data, trends in potency could not
be established for all groups.
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3.4 Experiment 4: Pharmacological properties of metabolites from C. sativa

3.4.1 Gaip-mediated inhibition of FSK-stimulated cAMP at CB1R

Five phytocannabinoid metabolites, namely 11-OH-THC, COOH-THC, 6-OH-CBD, 7-OH-CBD,
and COOH-CBD, were assessed in the cCAMP inhibition assay using CHO cells expressing hCB1R.
CP55,940 was used as a reference compound. Among the hydroxylated phytocannabinoid
metabolites, 11-OH-THC and 6-OH-CBD acted as partial agonists of cAMP inhibition at CB1R
(Emax(11-oH-THC) = 47 + 5.8%); Emax-or-cep) = 47 £ 9.0%), while 7-OH-CBD was a full agonist
(Emax(7-on-cep) = 130 £ 11%) (Figure 3-27A; Table 3-13). For the carboxylated metabolites,
COOH-THC and COOH-CBD exhibited full agonist responses at CB1R (Emax(cooH-tHc) = 310 %
40%; Emax(cooH-cep) = 470 + 320%), though COOH-CBD’s full agonist response only became
apparent at the highest concentration tested (i.e. 10,000 nM) (Figure 3-27B; Table 3-13). These

data suggest that phytocannabinoid metabolites are agonists of CB1R-dependent CAMP inhibition.
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Figure 3-27. CB1R-dependent inhibition of FSK-stimulated cAMP for phytocannabinoid
metabolites. CHO cells expressing hCB1R were treated with 10 uM FSK and 0.1 nM — 10 uM
hydroxylated metabolites of A>-THC and CBD (A) or carboxylated metabolites of A°>~THC and
CBD (B) for 90 min to measure cAMP inhibition. Data were fit to a 3-parameter non-linear
regression and are represented as % of the maximal response of CP55,940. Data are mean + SEM
from n = 4 independent experiments performed in triplicate.
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3.4.2 Parrestin2 recruitment at CB1R

In order to obtain a comprehensive understanding of their pharmacological activity at CB1R, 11-
OH-THC, COOH-THC, 6-OH-CBD, 7-OH-CBD, and COOH-CBD were also assessed in the
Barrestin2 recruitment assay using CHO cells expressing hCB1R. CP55,940 was used as a
reference compound. Apart from 11-OH-THC, which displayed weak partial agonist activity
(Emax(11-on-THe) = 14 £ 0.73%), the remaining metabolites were unable to effectively recruit

Barrestin2 to CB1R (Figure 3-28; Table 3-13).
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Figure 3-28. CB1R-dependent recruitment of Barrestin2 for phytocannabinoid metabolites.
CHO cells expressing hCB1R were treated with 0.1 nM — 10 uM hydroxylated metabolites of A®-
THC and CBD (A) or carboxylated metabolites of A°>-THC and CBD (B) for 90 min to measure
Barrestin2 recruitment. Data were fit to a 3-parameter non-linear regression and are represented as
% of the maximal response of CP55,940. Data are mean + SEM from n = 3 independent
experiments performed in triplicate.
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Compound cCAMP Parrestin2

ECso (NM) Emax (%0) ECso (M) Emax (%0)
CP55,940 9.9 (3.0-27) 100 + 6.0 170 (150 -200) | 100+1.2
11-OH-THC <0.1 47+58 270 (170 —430) | 14 £0.73****
COOH-THC 960 (21 — 5,600) 310+ 40 n.c 2.2 £ 0.23%***
6-OH-CBD n.c 47+9.0 n.c -0.76  0.42%****
7-OH-CBD 11 (1.4 -52) 130+ 11 n.c 17 £ 9.4
COOH-CBD n.c 470 + 320 n.c 2.2 £0.20%***

Table 3-13. CB1R-dependent inhibition of FSK-stimulated cAMP and recruitment of
Parrestin2 for phytocannabinoid metabolites. Data were fit to a 3-parameter non-linear
regression to estimate potency (ECso) and efficacy (Emax) values. Data are expressed as mean with
95% CI (ECsp) or mean £ SEM (Emax). N = 3-4 independent experiments performed in triplicate.
Statistical analyses were by one-way ANOVA followed by Tukey’s post-hoc test. ****p < 0.0001
relative to CP55,940. n.c — not converged.

3.4.3 Gaip-mediated inhibition of FSK-stimulated cAMP at CB2R

As demonstrated in previous studies, the activity of phytocannabinoids can depend on the specific
cannabinoid receptor subtype!’®. This may also apply to phytocannabinoid metabolites. Thus 11-
OH-THC, COOH-THC, 6-OH-CBD, 7-OH-CBD, and COOH-CBD were also tested at CB2R. The
compounds were assessed in the CAMP inhibition assay using CHO cells expressing hCB2R.
CP55,940 was used as a reference compound. Among the hydroxylated metabolites, 11-OH-THC
exhibited partial agonist activity (Emaxq1-oH-THe) = 33 * 13%), 6-OH-CBD appeared to act as an
inverse agonist (Emax-oH-cep) =-120 £ 40%), and 7-OH-CBD was inactive (Emax(7-oH-cep)=-9.2 +
11%) at CB2R (Figure 3-29A; Table 3-14). Both carboxylated metabolites acted as agonists of
CAMP inhibition at CB2R, with COOH-THC producing a full agonist response (Emax(cooH-THc) =

130 + 21%) while COOH-CBD displayed partial agonist activity (EmaxcooH-cep) =85 + 93%)
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(Figure 3-29B; Table 3-14). Overall, the phytocannabinoid metabolites displayed a range of

activity in the CAMP inhibition assay at CB2R.
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Figure 3-29. CB2R-dependent inhibition of FSK-stimulated cAMP for phytocannabinoid
metabolites. CHO cells expressing hCB2R were treated with 10 uM FSK and 0.1 nM — 10 uM
hydroxylated metabolites of A>-THC and CBD (A) or carboxylated metabolites of A°>~THC and
CBD (B) for 90 min to measure CAMP inhibition. Data were fit to a 3-parameter non-linear
regression and are represented as % of the maximal response of CP55,940. Data are mean + SEM
from n = 6 independent experiments performed in triplicate.

3.4.4 Barrestin2 recruitment at CB2R

11-OH-THC, COOH-THC, 6-OH-CBD, 7-OH-CBD, and COOH-CBD were also assessed for
their ability to recruit Barrestin2 to CB2R using CHO cells expressing hCB2R. CP55,940 was used
as a reference compound. Most metabolites lacked activity in the Barrestin2 recruitment signaling
pathway, the exception being the CBD metabolite 7-OH-CBD (Figure 3-30; Table 3-14). 7-OH-
CBD acted as a full agonist at CB2R, displaying efficacy and potency similar to that of CP55,940
(Emax(7-oH-cBD) = 96 £ 12%; Emax(crss,040) = 96 + 4.4%; ECso7-on-cep) = 480 [60 — 2,500]nM;

ECso(crss,940) = 530 [360 — 770]nM) (Figure 3-30A; Table 3-14).
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Figure 3-30. CB2R-dependent recruitment of Barrestin2 for phytocannabinoid metabolites.
CHO cells expressing hCB2R were treated with 0.1 nM — 10 pM hydroxylated metabolites of A°-
THC and CBD (A) or carboxylated metabolites of A°-THC and CBD (B) for 90 min to measure
Barrestin2 recruitment. Data were fit to a 3-parameter non-linear regression and are represented as
% of the maximal response of CP55,940. Data are mean + SEM from n = 4 independent
experiments performed in triplicate.

Compound cAMP Barrestin2

ECso (NM) Emax (%0) ECso (M) Emax (%)
CP55,940 18 (5.0 - 54) 100 £ 6.0 530 (360 — 770) 96 +4.4
11-OH-THC n.c 33 £ 13%*** n.c 10+4.2
COOH-THC 760 (110 — 4,100) 130 + 21 %% n.c 12+55
6-OH-CBD n.c -120 + 40%*** n.c -9.7 £4.9%**
7-OH-CBD n.c -9.2+11 480 (60 — 2,500) 96 + 12
COOH-CBD n.c 85 £ 93**+*+ n.c 0.55+1.0

Table 3-14. CB2R-dependent inhibition of FSK-stimulated cAMP and recruitment of
Barrestin2 for phytocannabinoid metabolites. Data were fit to a 3-parameter non-linear
regression to estimate potency (ECso) and efficacy (Emax) values. Data are expressed as mean with
95% CI (ECsp) or mean £ SEM (Emax). N = 4-6 independent experiments performed in triplicate.
Statistical analyses were by one-way ANOVA followed by Tukey’s post-hoc test. ***p < 0.001,
****pn < 0.0001 relative to CP55,940. n.c — not converged.
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Chapter 4: Discussion

The aims of this work were: (1) to characterize the pharmacology of novel GPR55 and CB2R
ligands; (2) to understand how cannabinoid receptor signaling is influenced by orexin receptors;
and (3) to investigate the pharmacological activity of phytocannabinoid metabolites. Regarding
these aims, we hypothesized that (a) novel synthetic GPR55- and CB2R-specific ligands could be
developed using iterative pharmacological data and drug design; (b) OX1R and OX2R would
increase the potency and efficacy of agonists at CB1R and CB2R; and (c) at CB1R and CB2R, A°®-

THC metabolites would act as agonists while CBD metabolites would lack activity.

4.1 Novel GPR55 ligands are active at GPR55

The modulation of ERK1/2 by GPR55 has been reported previously*®®1%, In this study, ERK1/2
phosphorylation was quantified for the CC series of GPR55 ligands as a measure of GPR55
activation. It was revealed that all ligands of the series were agonists of GPR55, with many ligands
displaying potent, full agonist activity (Figure 3-1; Table 3-1). These data support our hypothesis
that pharmacologically active GPR55 ligands can be created using rational drug design based on
iterative modifications to previously identified ligands. Our novel GPR55 agonists were modified
from a class of 3-substituted coumarins which functioned as antagonists of Parrestin2
recruitment at GPR55*%2% . |n addition to these coumarin-based agonists and antagonists,
coumarin scaffolds have also been used to develop GPR55 ligands with inverse agonist activity?°?.
Thus, coumarin derivatives may represent a class of GPR55 ligands with a range of

pharmacological activity. GPR55 has been proposed as a therapeutic target in the treatment of
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neuropathic pain, osteoporosis, cancer, and inflammation®2%2, However, potent and selective
GPRS55 ligands, which are required to thoroughly investigate GPR55’s function and to facilitate
the development of novel therapeutics, are limited?®*2%, Our novel GPR55 agonists could
therefore be used as tool compounds in this regard. Additionally, our GPR55 agonists could
function as starting points in the development of other GPR55 ligands in the future. The utility of
our GPR55 ligands in these avenues, though, depends on the fundamental property of receptor

selectivity.

4.2 Novel GPR55 ligands are not GPR55-selective

To determine the receptor selectivity of our GPR55 ligands, it was essential to test their activity at
at least one additional receptor. As a major focus of this work is the identification of CB2R ligands,
our GPR55 ligands were evaluated for their ability to facilitate downstream signaling at CB2R.
This may also uncover similarities or differences in the binding sites of GPR55 and CB2R. Despite
their promising activity at GPR55, experiments quantifying CAMP inhibition and PBarrestin2
recruitment at CB2R led to the observation that our GPR55 ligands were not GPR55-selective.
Most of the ligands acted as inverse agonists of CAMP inhibition at CB2R (Figure 3-2, Table 3-
2). While both agonists and inverse agonists bind to a receptor’s orthosteric site to mediate their
actions, agonists increase signaling while inverse agonists reduce the basal or constitutive activity
of the receptor (Figure 2-11)Y". Inverse agonists also differ from neutral antagonists, which occupy
the orthosteric site, preventing other ligands from binding, but do not affect constitutive receptor

activity (Figure 2-11)3.
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It is worth noting that inverse agonism may be more readily detectable in systems where the
receptor of interest is overexpressed, as is the case with our experimental model®’. This is because
increased receptor expression is associated with a higher level of constitutive activity'. From a
therapeutic perspective, the utility of our ligands may be limited as inverse agonists can precipitate
tolerance due to receptor upregulation following chronic use?®. For example, cimetidine and
ranitidine, inverse agonists of the histamine H2 receptor, produce an increase in H2 receptor
density?®. Similar effects have been observed among P-blockers that target the B2ARZ.
Nevertheless, conditions characterized by an increase in constitutive receptor activity or in certain
types of cancer in which receptors are overexpressed may benefit from treatment with an inverse
agonist?®®. More research is required to elucidate the role, if any, of CB2R in pathologies where
constitutive receptor activity is involved and if inverse agonism of cAMP inhibition would lead to
any therapeutically beneficial effects. In addition to the inverse agonist activity of our GPR55
ligands, some ligands acted as weak partial agonists of cAMP inhibition at CB2R. Finally, most
of our GPRS55 ligands were unable to recruit Barrestin2 to CB2R, though CC-17 and CC-28 did so
as weak partial agonists (Figure 3-3; Table 3-2). As seen with partial agonists of the cannabinoid
receptors (e.g. A>-THC), CC-17 and CC-28 may display antagonism when in the presence of full,
potent agonists, though further experimentation is required to investigate this'’®. Furthermore, the

therapeutic relevance of CB2R partial agonism has yet to be fully elucidated®®.

Although the amino acid similarity between GPR55 and CB2R is low (14.4%), our ligands which
were designed to act as GPR55 agonists, also exhibited activity at CB2R?%. This may be due to
the coumarin scaffold employed in the design of these ligands. Various CB1R and CB2R ligands
have also been developed using this scaffold?%-212, Furthermore, coumarin derivatives have been

shown to act at the orphan cannabinoid receptor GPR18, and more specifically, these derivatives
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were also designed as GPR55 ligands'®. Thus, while the coumarin scaffold can be employed to
design ligands targeting the cannabinoid receptors, careful attention must be paid to ensure that
these ligands target one receptor subtype over the other. This does not suggest that the coumarin
scaffold should be abandoned completely, rather additional information may be required to
improve receptor selectivity. As the crystal structure for GPR55 has yet to be solved, acquiring it
could be beneficial for improving our understanding of GPR55’s binding sites and in turn allow

for the use of structure-based drug design (SBDD) to take place?**214,

Given that our GPR55 ligands were assessed at CB2R through functional assays measuring two
distinct components of GPCR signaling, it may seem reasonable to calculate bias factors for these
ligands at CB2R. Doing so may uncover whether these ligands display biased agonism. Bias
factors were not calculated primarily for two reasons. First, many ligands were inactive in the
Barrestin2 recruitment assay so bias factors could not be calculated for those ligands (Figure 3-3;
Table 3-2). Of the two ligands which displayed activity in the Barrestin2 recruitment assay, they
were weak partial agonists so it may not be reasonable to calculate their bias factors?!>. Second,
many ligands acted as inverse agonists of CB2R in the cCAMP inhibition assay (Figure 3-2; Table
3-2). The best way to assess bias for these ligands would require use of another inverse agonist as
a reference ligand®’. However, the reference ligand used in these experiments (i.e. CP55,940)
would not be suitable for calculating bias factors of inverse agonists as it is a full agonist of CAMP

inhibition at CB2R.
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4.3 Novel CB2R ligands display a range of activity at CB2R

4.3.1 FD series

The FD series, which were synthesized by joining the CB1R/CB2R orthosteric agonist FM-6b and
the CB2R PAM EC-21a, represents the first class of heterobivalent CB2R bitopic ligands to be
developed®®®. The orthosteric and allosteric pharmacophores for this series were chosen following
experimentation using an in vitro microglial model, in which EC-21a enhanced FM-6Db's ability to
modulate the release of inflammatory cytokines?®. In both cAMP inhibition and Parrestin2
recruitment assays, the parent ligands of the series displayed activity in accordance with their pre-
existing pharmacological classifications (Figure 3-4A; Figure 3-5A; Table 3-3). Interestingly, FM-
6b displayed greater efficacy and potency in the CAMP inhibition assay, which may suggest it
functions as a biased agonist at CB2R (Figure 3-4A; Table 3-3). Through the development of
biased ligands, it may be possible to "fine tune” the signaling profile elicited, with the ideal biased
ligand stabilizing receptor conformations which activate intracellular signaling cascades with
therapeutically beneficial effects”?}. Thus, with the FD series of bitopic ligands, it would be
desirable to retain the pathway selectivity of FM-6b while enhancing receptor selectivity through

EC-21a.

Apart from FD-22a and FD-24a, which were the most efficacious and potent ligands of the FD
series, most bitopic ligands displayed poor potencies and efficacies in inhibiting the production of
FSK-stimulated cAMP (Figure 3-4B; Table 3-3). Additionally, none of the bitopic ligands were as
efficacious as the orthosteric parent FM-6b. In the Parrestin2 recruitment assay, most bitopic
ligands displayed similar efficacies to FM-6b, though with reduced potency (Figure 3-5B; Table
3-3). Though we anticipated that the FD series of bitopic ligands would resemble some of the

aspects of their parent ligands’ pharmacological activity, we could not predict how the bitopic
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nature would be displayed. Therefore, the present study served as an exploratory study to assess
how linking these molecules together might have influenced their pharmacology. The differences
in the efficacy and potency of these compounds may be explained by one compound having greater
affinity or producing a more favourable receptor conformation to evoke a greater response. The
precise interactions of these compounds with their receptors have yet to be determined.
Additionally, the modifications applied to FM-6b and EC-21a to generate these bitopic ligands
may impact their efficacy or potency. For example, the attachment point of the linker and the
length and flexibility of the spacer can impact the affinity and pharmacological properties of a
bitopic ligand'%?1821° Optimizing these components is critical for the future development of

bitopic CB2R ligands with improved pharmacological activity??°.

In cAMP inhibition experiments assessing the co-administration of FM-6b and EC-21a, increasing
amounts of EC-21a enhanced the efficacy of FM-6b, although the overall efficacy was less than
that of FM-6b alone (Figure 3-7; Table 3-4). The combination of the two compounds also produced
a more potent response (Table 3-4). Together these data support the characterization of EC-21a as

a CB2R PAM'?,

As the most promising bitopic ligands of the FD series, FD-22a and FD-24a were also subject to
co-administration CAMP experiments. In the presence of EC-21a, the efficacy of FD-22a was not
affected while FD-24a experienced an increase in efficacy, though only at higher concentrations
of EC-21a (Figure 3-8; Table 3-4). These data may reveal information regarding the binding sites
of these bitopic ligands. For example, the inability of EC-21a to enhance FD-22a's activity may
indicate that EC-21a and FD-22a bind to the same allosteric site. Furthermore, at lower
concentrations of EC-21a, EC-21a and FD-24a may compete for the allosteric binding site but at

higher concentrations of EC-21a, FD-24a is competed off and EC-21a can function as a PAM and
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increase FD-24a's activity. As a crystal structure for CB2R’s allosteric binding site has yet to be
solved, our ability to investigate these possibilities and validate a binding mode for our bitopic
ligands is limited*’. Computational approaches, such as molecular dynamics (MD) simulations,
and site-directed mutagenesis may be useful in determining the binding mode for these
ligands?3137:221 In the presence of the CB2R antagonist/inverse agonist SR144528, both FD-22a
and FD-24a initially experienced a reduction in efficacy which resolved as the concentration of
either bitopic ligand increased (Figure 3-9; Table 3-4). The competition between FD-22a/FD-24a
and SR144528 indicates that our bitopic ligands can interact with the orthosteric binding site.
Overall, these data suggest that our bitopic ligands are capable of binding to the orthosteric and

allosteric sites of CB2R.

4.3.2 FG series

Selective, high affinity CB2R ligands have been developed using naphthyridinone scaffolds,
including the CB2R agonist LV-62%2222% The FG series of LV-62 derivatives were highly
efficacious agonists of CAMP inhibition, although none were as efficacious as their parent ligand,
which was a full agonist (Figure 3-10; Table 3-5)*%. In contrast, LV-62 acted as a partial agonist
in the recruitment of Barrestin2 as did the FG ligands, though with less efficacy than LV-62 (Figure
3-11; Table 3-5). In both cAMP inhibition and Barrestin2 recruitment assays, all FG ligands
displayed reduced potencies compared to LV-62 (Table 3-5). This may suggest that the
modifications applied to LV-62, such as the replacement of the hydroxyl group, seem to have
reduced agonist potency in all cases. Noticeably, all ligands in this series exhibited greater efficacy

in the inhibition of cCAMP production, which may suggest a functional selectivity for signaling
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through Gairo G proteins. These results warrant further investigation into the chemical moieties
driving this mode of signaling, which could be exploited to develop CB2R ligands with complete

selectivity for either CAMP inhibition or Barrestin2 recruitment.

4.3.3 JR series

The JR series of bitopic ligands represent another class of heterobivalent CB2R ligands, consisting
of the CB2R agonist LV-62 and CB2R PAM EC-21a%, LV-62 was a potent full agonist of CAMP
inhibition and a partial agonist of Barrestin2 recruitment (Figure 3-13A; Figure 3-14A; Table 3-6).
Given the profile of LV-62 in these assays, one could predict that bitopic ligands containing the
LV-62 pharmacophore may have similar activity. In the cAMP inhibition assay, all series A and
series B ligands were partial agonists with comparable efficacies (Figure 3-13B-D; Table 3-6). JR-
14a and JR-64a were the most potent ligands of series B and series A, respectively, with JR-64a
having greater potency than LV-62 (Table 3-6). Most series A ligands poorly recruited Parrestin2
to CB2R at concentrations below 10,000 nM (Figure 3-14C-D; Table 3-6). Among series B
ligands, JR-14a was a potent partial agonist of Barrestin2 recruitment while JR-16a was inactive
(Figure 3-14B; Table 3-6). Though most JR ligands displayed similar efficacies in the inhibition
of cAMP production and the recruitment of Parrestin2, the ligands were generally more potent in
CAMP inhibition assays, which may indicate bias towards Gain G protein signaling (Table 3-6).
This class of ligands should be further explored to determine which chemical modifications may
be beneficial or detrimental to the efficacy and/or potency in G protein-dependent and G protein-

independent signaling pathways. Furthermore, considering that none of the bitopic ligands were
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as efficacious as the parent orthosteric ligand, optimization of the linker and spacer moiety may

improve the pharmacological profile of these ligands®%.

Additional cAMP inhibition experiments assessing the effect of EC-21a on LV-62's activity
revealed that the efficacy of LV-62 increased as the concentration of EC-21a increased, although
the overall efficacy was less than that of LV-62 alone (Figure 3-16; Table 3-7). The potency of

LV-62 was enhanced by EC-21a, supporting the role of EC-21a as a CB2R PAM*?" (Table 3-7).

As JR-14a and JR-64a were the most potent ligands of series B and series A in the cCAMP inhibition
assay, these ligands were further investigated in combination with EC-21a and SR144528. For
both JR-14a and JR-64a, EC-21a enhanced their efficacy in a concentration-dependent manner and
the efficacy was greater than that of either bitopic ligand alone (Figure 3-17; Table 3-7). The ability
of EC-21a to modulate the activity of JR-14a and JR-64a as a PAM may suggest that these bitopic
ligands primarily act at CB2R’s orthosteric binding site and that they are unable to interact with
the allosteric site of CB2R, though further experimentation is required to validate their binding
mode. Additionally, SR144528 effectively blocked the activity of JR-14a and JR-64a and this
blockade was removed with increasing concentrations of either bitopic ligand, supporting an
orthosteric interaction for these ligands (Figure 3-18; Table 3-7). The inability of JR-14a and JR-
64a to interact with both orthosteric and allosteric sites of CB2R may be explained by the linker
used. For example, if a linker molecule is too short, the ability of the bitopic ligand to

simultaneously engage both binding sites is impaired®’.

Overall, these data support the hypothesis that iterative drug design can be employed to develop
bitopic ligands with in vitro activity at CB2R. The FD series, FG series, and JR series were

designed using CB2R ligands which have been validated in previous in vitro studies?'6:223:224,
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Though in many cases, the resultant ligands, whether bitopic or orthosteric, exhibited reduced
efficacy and/or potency compared to their orthosteric parent ligands, the ligands described herein
can be used as tool compounds to improve our comprehension of CB2R signaling®. The FD series
and JR series of heterobivalent ligands are especially important as they can be used to investigate
the bitopic engagement of CB2R. Though it was also hypothesized that these ligands would display
CB2R-specific activity, this was not investigated for all ligands. Apart from FM-6b, EC-21a, and
LV-62a, whose receptor specificity has previously been investigated, receptor-specific effects
were only established for FD-22a, FD-24a, JR-14a, and JR-64a in this study (Figure 3-9; Figure
3-18; Table 3-4; Table 3-7)%22-2?%, This was achieved through experiments with SR144528, which
mediates its actions through the orthosteric binding site of CB2R. The observed effects between
these bitopic ligands and SR144528 indicate that CB2R-mediated signaling is responsible for the

actions of these ligands.

4.4 Novel CB2R ligands display bias towards G protein-independent signaling

Given that many ligands among the FD, FG, and JR series exhibited what appeared to be a bias or
preference for signaling through Gain G proteins, bias analyses were conducted as a means to
compare the performance of select ligands in G protein-dependent and G protein-independent
pathways, relative to that of a reference ligand, which in this case was CP55,940!, While there
are many models which can be used to quantify signal bias, the operational model of Black and
Leff was used in this study (Equation 2-1)!%1%7215 This model is advantageous as it allows for the
simultaneous comparison of potency and efficacy and is practical as it can be applied to
concentration-response data in non-linear regression programs'®”?', It is important to note that

bias factors were only calculated for ligands which displayed activity in both cAMP inhibition and
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Barrestin2 recruitment assays. Among all ligands for which bias factors were calculated, only JR-
26a was biased towards the inhibition of cCAMP production (i.e. Gaiso G protein-biased) (Figure 3-
15). All other ligands were biased towards the recruitment of Barrestin2 (i.e. Parrestin2-biased)
(Figure 3-6; Figure 3-12; Figure 3-15). This finding was interesting considering that many ligands
which were determined to be Parrestin2-biased displayed greater efficacies and/or potencies in the
inhibition of cAMP production (Table 3-3; Table 3-5; Table 3-6). From these bias analyses, we
may conclude that many of our novel CB2R ligands display a functional selectivity towards G
protein-independent signaling®. Since Parrestin2 facilitates receptor internalization and the
modulation of other G protein-independent signaling cascades, it will be interesting to see if
Barrestin2 bias is required for the anti-inflammatory and anti-nociceptive effects of CB2R
activation”??®, Though the therapeutic outcomes of biased agonism at the cannabinoid receptors is
not fully understood, CB1R-mediated anti-nociception appears to be enhanced in the absence of
Barrestin2'1%??” This coupled with the role of Barrestin2 in the development of tolerance at other
GPCRs suggests that G protein-dependent signaling may be associated with reduced side

effects!?1:228,

Many of our CB2R ligands displayed relatively small bias factors (i.e. less than 2.0)'%". It is not
clear if the size of the bias factor (versus simply the presence of bias) is important for the
therapeutic effects of G protein-biased agonists of MOR?Y’. Therefore, the bias observed in vitro
for our CB2R ligands may not translate to a biologically relevant response in vivo. Given the
complex nature and novelty of bitopic ligands, an extension of the operational model may be more
suitable for the calculation of bias, as is the case for allosteric modulators'®’. Allosteric modulators
which display signal bias [i.e. biased allosteric modulators (BAMSs)] can be determined using

extended operational models of allosterism, which has been described in detail by Slosky et al.
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(2021)?2°. An example of such ligand is ORG27569, a BAM at CB1R?®, However, the calculation
of such bias factors for allosteric ligands requires experimental designs that were not incorporated

into our experiments and may be the subject of future, more in-depth, studies.

4.5 Cannabinoid receptor-mediated signaling is influenced by orexin receptors

The shared anatomical distribution of CB1R, OX1R and OX2R in the hypothalamus,
mesocorticolimbic system, brainstem, and other regions of the CNS suggests that both
endocannabinoid and orexinergic systems may be implicated in the modulation of various
physiological processes such as appetite, sleep, nociception, energy homeostasis, and
arousal'®231:232 Though the presence of CB2R in the CNS is limited, its expression in the amygdala
may support a role for its involvement in crosstalk between endocannabinoid and orexinergic
systems?®?®. Given that CB2R and the orexinergic system both modulate inflammation,
neuroprotection, and anti-nociception, it is important to establish whether CB2R interacts with
orexins and orexin receptors, and if these potential interactions are responsible for these
properties*+160233-237 The formation of CB1R-OX1R and CB1R-OX2R heterodimers in vitro has
previously been established?®. Little is known about CB2R-OX1R or CB2R-OX2R heterodimers,

though CB2R and OX1R may form heterotetramers®%,

Heterodimers may exhibit distinct pharmacological properties from their monomeric GPCRs42240,
For example, the CB1R-selective antagonist/inverse agonist SR141716A and the OX1R-selective
antagonist SB674042 bind to CB1R-OX1R heterodimers and alter the potency of agonists acting

at these receptors. The novel activity exhibited by these antagonists demonstrates that our concept
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of receptor selectivity may be impaired by heterodimer formation as these ligands can modulate

the activity of receptors for which they lack affinity’e.

The results of our study demonstrate that the introduction of OX1R or OX2R can alter the
pharmacological properties (i.e. efficacy, potency) of agonists at CB1R and CB2R (Figures 3-19
— 3-26; Tables 3-8 — 3-12). We hypothesized that orexin receptors would enhance both efficacy
and potency of agonists at CB1R and CB2R. While trends in potency could not be established for
all cannabinoid-orexin receptor pairings due to variable concentration-response data, trends in
efficacy suggest that orexin receptors augment the efficacy of ligands at CB1R and CB2R. OX1R
and OX2R enhanced CB1R-mediated inhibition of cAMP production and OX2R, but not OX1R,
promoted CB1R-mediated Parrestin2 recruitment. OX2R, but not OX1R, facilitated CB2R-
mediated cAMP inhibition and OX1R, but not OX2R, enhanced CB2R-mediated Parrestin2
recruitment (Table 3-12). As these experiments were conducted in cells transfected with orexin
receptors, the importance of our findings relies on whether these pairings of cannabinoid receptors
and orexin receptors exist on the same cells or tissues and if the formation of heterodimers can be

demonstrated in vivo®3,

In theory, targeting heterodimers should yield therapeutics with safer side effect profiles as their
expression is more restricted than their monomeric counterparts®. At the cannabinoid receptors,
these types of therapeutics may be beneficial in treating neurodegenerative disorders or cancer, by
targeting CB1R-D2 heterodimers or CB2R-GPR55 heterodimers, respectively'®?4L, It is important
to determine the specific physiological roles of cannabinoid-orexin receptor heterodimers and this
will require the development of heterodimer-specific agonists and antagonists®*42, A practical
starting point may be the development of bitopic ligands that bind both monomers of a dimer,

which have previously been used to study opioid receptor dimers>+1%,
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4.6 Metabolites of phytocannabinoids are active at CB1R and CB2R

A®-THC and CBD are the most abundant phytocannabinoids present in C. sativa?*2. This coupled
with the ongoing investigation into the therapeutic applications of A>-THC and CBD highlights
the importance of studying their metabolites”?*3. Investigating the pharmacological profiles of
these metabolites may help explain some of the observed effects associated with Cannabis usage
and minimize the occurrence of adverse effects!’®44, At CBL1R, all metabolites tested were
agonists of CAMP inhibition, with both partial and full agonists being identified (Figure 3-27;
Table 3-13). The Emax values obtained for the carboxylic acid metabolites COOH-THC and
COOH-CBD would indicate that these ligands are full agonists at CB1R, although as seen in the
CRCs, this only became apparent at concentrations above 1,000 nM (Figure 3-27B; Table 3-13)
The partial agonist activity of 11-OH-THC may contribute to the biological effects of A>-THC,
since 11-OH-THC diffuses more readily into the brain and that the psychoactive effects of A%-THC
are mediated by centrally located CB1R%24>24 7-OH-CBD, which was previously described as
an active metabolite of CBD, exhibited a similar CRC to that of the reference compound CP55,940
(Figure 3-27A)?*". This finding may warrant further investigation into the possible role of 7-OH-
CBD in the anti-convulsant effects of CBD, considering that 7-OH-CBD is the second most
abundant metabolite present in the blood following treatment with CBD formulations?324°, Most
metabolites were incapable of effectively recruiting Parrestin2 to CBI1R, though the hydroxy-
metabolite 11-OH-THC was a weak partial agonist (Figure 3-28; Table 3-13). We previously
characterized the pharmacology of various phytocannabinoids, including A®-THC and CBD, at
both CB1R and CB2R in vitro'™. In those experiments, we determined that A°>-THC and CBD
were partial agonists of CAMP inhibition at CB1R, although CBD was less efficacious than A°-

THC and its activity was only apparent at 10,000 nM. In Parrestin2 recruitment assays, A>-THC
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acted as a partial agonist and CBD displayed no activity. Based on those results, we hypothesized
that A°>-THC metabolites would be agonists of CB1R and CBD metabolites would be inactive. The
results of the current study demonstrate that both A>-THC and CBD metabolites are agonists of
CB1R-mediated cAMP inhibition and that most AS-THC and CBD metabolites are poor

modulators of CB1R-mediated Barrestin2 recruitment.

At CB2R, arange of activity was observed in the cCAMP inhibition assay; 11-OH-THC and COOH-
CBD were partial agonists, COOH-THC was a full agonist, 6-OH-CBD was an inverse agonist
and 7-OH-CBD was inactive (Figure 3-29; Table 3-14). COOH-THC reportedly has anti-
inflammatory and analgesic properties®®®. Though COOH-THC was also a full agonist at CB1R,
its activity at CB2R is of particular interest as COOH-THC lacks psychoactivity?*®. Collectively,
these findings may indicate a peripheral and/or CB2R-mediated mechanism for COOH-THC,
though its brain distribution must first be established to support this theory. Inverse agonism at
CB2R may play a role in mediating anti-inflammatory responses®. Thus, 6-OH-CBD should be
investigated further to determine if it is implicated in CBD’s anti-inflammatory properties®*. As
with CB1R, most metabolites lacked activity in the Parrestin2 recruitment assay, except for 7-OH-
CBD, which exhibited similar efficacy and potency to CP55,940 (Figure 3-30; Table 3-14).
Whether or not this is relevant to the anti-inflammatory effects of 7-OH-CBD is yet to be
determined??. According to our previous study, A°>~THC and CBD are partial agonists of CAMP
inhibition at CB2R, though A%-THC had greater efficacy and CBD’s activity was only evident at
10,000 nM. Both AS-THC and CBD are partial agonists of Parrestin2 recruitment at CB2R with
A%-THC exhibiting greater efficacy'™®. We hypothesized that A°~-THC metabolites would be
agonists of CB2R and CBD metabolites would be inactive. The results of the current study indicate

that most A%>-THC and CBD metabolites are agonists of CB2R-mediated cAMP inhibition and that
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A®-THC and CBD metabolites are not agonists of CB2R-mediated Parrestin2 recruitment, except

for 7-OH-CBD.

4.7 Limitations
There are several limitations which must be considered when interpreting the results of this study

and their implications.

Firstly, the pharmacological activity of the ligands in this study was assessed using an in vitro
model consisting of CHO-K1 cells overexpressing human GPCRs. While cell-based signaling
assays allow for the characterization of a large number of compounds with relative ease, the results
may not translate to a response in vivo as they lack cellular context?*%?53, Though receptor
overexpression can facilitate the detection of downstream signaling activity, it may not be
reflective of the natural expression levels of the receptor:?*°, Furthermore, bias detected using
such a model may not translate to ligand bias in the natural physiological system in which the
receptor of interest is present!®2%, It is also important to note that these ligands may exhibit
different pharmacological profiles when tested in a different species. For example, the synthetic
cannabinoid AM1241 is an agonist at human CB2R and an inverse agonist at rodent CB2R*1¢2,
These species-dependent effects are important to consider given that while in vitro
experimentation may use human receptors, rodents are often used for in vivo evaluation’?"131,
Another caveat is that the PathHunter® Barrestin assay uses a GPCR tagged at the C-terminal with
a fragment of the B-gal enzyme in order to quantify Barrestin2 recruitment, as the interaction
between the modified GPCR and arrestin2 produces a chemiluminescent signal indicative of

Barrestin2 recruitment®42%* It is necessary to consider the implications of this on the signaling
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profiles of our ligands given the important role the C-terminal tail plays in Barrestin2
recruitment®®1%72%_In vitro models should therefore be used to identify promising efficacious
and/or biased ligands for further experimentation in physiologically relevant in vivo systems, rather
than being predictive of in vivo efficacy and/or bias'*?*>2%¢ Additionally, since it is difficult to
establish complete receptor selectivity for our ligands in vitro as non-cannabinoid receptor binding

sites may exist, in vivo evaluation may reveal off-target effects®2%,

Secondly, the use of CP55,940 as a reference compound in the experiments quantifying ERK1/2
phosphorylation at GPR55 may have been inappropriate. The reference compound should be a
ligand which produces a full agonist response at the receptor of interest as it is used as a comparator
for the test compounds. However, considering that most of the novel GPR55 ligands displayed
greater efficacies and potencies than our reference ligand, this may suggest that CP55,940 is not
an optimal reference ligand. A more appropriate reference ligand may be O-1602, a synthetic

analogue of CBD and potent agonist of GPR55%.

Thirdly, the therapeutic applications of our CB2R bitopic ligands are most likely limited as bitopic
ligands tend to have poor pharmacokinetic properties'. Furthermore, the advantages conferred to
bitopic ligands through the addition of an allosteric component might not be realized, since the
rational design of ligands targeting CB2R’s allosteric site is impaired by limited knowledge of this
site?®8, Thus, our ligands are better suited as pharmacological tools to study the implications of

bitopic signaling and biased agonism at CB2R rather than to function as novel therapeutics3*2°.

Fourthly, though bias was determined using the operational model, there is currently no model
which can provide an absolute measure of bias'®’. Furthermore, the operational model cannot

account for differences in receptor reserve or the level of amplification inherent to the cell
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signaling assays used®®. For example, Barrestin2 recruitment is measured further downstream
from cAMP inhibition and, thus, the signal amplification of these pathways may differ!®2%, As
such, our attribution of bias to ligands must be interpreted with caution. Additionally, while several
ligands displayed bias towards G protein-dependent and G protein-independent signaling
pathways, for this bias to be of therapeutic relevance, it must first be established that distinct
signaling pathways are responsible for the separation of beneficial properties versus undesirable

side effects®>111,

Lastly, while this study revealed that OX1R and OX2R can alter CB1R-mediated and CB2R-
mediated signaling, we did not conduct any experiments that directly measured transfection
efficiency or the expression levels of OX1R or OX2R. That being said, increasing amounts of
either receptor did produce a response different from untransfected controls. Additionally, we did
not establish the physical interaction of these receptors. Future experiments using co-
immunoprecipitation (Co-IP), BRET and/or fluorescence resonance energy transfer (FRET)
techniques can be used to investigate this®>!4226° |t will also be necessary to demonstrate the

formation of these heterodimers in vivo®®,

4.8 Conclusion

This work allowed for the investigation of various cannabinoid ligands (e.g. orthosteric agonists,
allosteric modulators, bitopic ligands, drug metabolites) and receptor interactions, with an
overarching focus on CB2R. Based on the findings of this study, we can conclude that: (1) novel
synthetic cannabinoids can be developed using iterative pharmacological data and drug design; (2)

orexin receptors alter cannabinoid receptor-mediated signaling; and (3) metabolites of the primary

101



constituents of C. sativa are pharmacologically active. These findings are especially important
considering the potential role of CB2R as an anti-inflammatory and anti-nociceptive drug
target'®%°. Current treatments for inflammation and pain are less than ideal. Anti-inflammatory
agents, such as steroids and non-steroidal anti-inflammatory drugs (NSAIDSs) are associated with
adverse effects while biologics are costly and increase the risk of infection?®!. Pain management
may be achieved using opioids, NSAIDs, tricyclic antidepressants, or anticonvulsants, though the
efficacy and side effect profiles of these drugs are poor®2%2, The urgency to find safer therapeutics
for pain is demonstrated by the opioid crisis, as opioids can produce tolerance, physical
dependence, respiratory depression and in some cases overdose’’. Ongoing investigation of tool
compounds and signaling paradigms at CB2R is crucial for CB2R ligands to emerge as novel anti-

inflammatory and analgesic agents.
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