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Abstract

Activation of the cannabinoid receptor CB, has been shown to induce directed leuko-
cyte migration and inhibit leukocyte chemotaxis towards CC chemokines. However,
the role that CB, plays in regulating macrophage chemotaxis remains understudied.
Using a real-time chemotaxis assay and a panel of chemically diverse CBy agonists, |
set out to examine whether CBy modulates primary macrophage chemotaxis. Of
14 agonists tested, only a subset acted as bona fide macrophage chemoattractants.
Surprisingly, despite being pertussis toxin-sensitive, neither pharmacological inhibi-
tion nor genetic ablation of CB, had any effect on CB, agonist-induced macrophage
chemotaxis. Furthermore, the activation of CB, had no effect on CCL2 or CCL5-
induced macrophage chemotaxis. Therefore, the activation of CBy does not inhibit
CC chemokine-induced macrophage migration and a non-CB; /CB,, G;/.-coupled
GPCR must transduce CB, agonist-induced macrophage chemotaxis. To identify
the GPCR responsible, I examined primary murine macrophage GPCR, expression
and found that they express 124 non-sensory GPCRs. Functional screening of
candidate receptors demonstrated that the putative cannabinoid receptors GPR18
and GPR55 and the lipid binding GPCRs LPAR1&5, CYSLTR1&2 and GPERI1,
were not responsible for CBs agonist-induced macrophage chemotaxis. Alongside, a
ligand-directed virtual screen, combined with functional testing, uncovered a novel
chemotaxis positive chemical scaffold. Importantly, compounds in this series con-
taining a photoaffinity label retained activity and will aid in the identification of
the target(s) responsible for CB, agonist-induced macrophage chemotaxis in future
photocrosslinking experiments. Finally, I assessed whether CB, controls innate
immune cell recruitment n vivo using the zymosan-induced dorsal air pouch inflam-
mation model and animals genetically deleted for CB,. I found that CB,”/~ mice had
increased air pouch neutrophil and monocyte numbers, as well as pro-inflammatory
mediators, during the acute inflammatory phase. Interestingly, mixed bone marrow
chimera experiments demonstrated that lack of CBy specifically in the myeloid
population is responsible for increased neutrophil trafficking. Therefore these data
demonstrate that CBy acts to regulate neutrophil recruitment during the acute

inflammatory response.
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Chapter 1

Introduction

1.1 Inflammation and the acute inflammatory response

Acute inflammation is a complex and co-ordinated response mounted by the host as
a result of tissue injury or infection. The acute inflammatory response is established
minutes to hours after local sensing of infectious or inflammatory stimuli and
is mediated by the various cells of the innate immune system. The aim of the
inflammatory process is to quickly isolate and remove the dangerous causative agent,

repair any local damage and restore tissue homeostasis [1].

This is achieved by the sensing of pathogens or endogenous danger molecules by
tissue resident macrophages and mast cells, which causes them to produce a range of
pro-inflammatory mediators [2,3]. This induces the local accumulation of fluid and
blood-borne proteins and the recruitment of neutrophils and other leukocytes to the
site of inflammation. Once here these innate immune cells attempt to eliminate any
pathogens present. If successful the process of inflammation resolution begins, with
the removal of dead and dying neutrophils and the start of tissue repair orchestrated
by tissue resident and monocyte-derived macrophages [4]. Far from being a passive
process, inflammation resolution relies on multiple mediators to induce the return to

tissue homeostasis [5,6]. However, if the acute inflammatory response fails and the



pathogen is not killed or contained, then the inflammatory response can turn chronic.
This involves a switch in the immune cells found at sites of inflammation, with
activated macrophages and T and B lymphocytes becoming the most prevalent [7].
Chronic inflammation generally leads to unwanted and excessive tissue damage and

is a predominant feature of many inflammatory diseases [7].

Clearly the immune system and the inflammatory response is complex and
multifaceted and a complete description is outside the remit of this thesis. Instead,
I will focus on the acute inflammatory response, detailing the innate immune cells
and inflammatory mediators involved, how tissue damage and infection is detected,
how innate immune cells are recruited to sites of inflammation and the mediators,

cells and processes involved in the resolution of an inflammatory response.

1.2 Cells of the innate immune system

1.2.1 Neutrophils

Neutrophils are the first cells recruited to areas of inflammation, appearing only hours
after the initiation of the acute response, and their primary function is to eliminate
any pathogens present at the inflammatory site [8]. These innate immune cells are
also known as polymorphonuclear cells (PMNs), due to their multi-lobed nuclei. Like
all myeloid cells, they are generated in the bone marrow from haematopoetic stem
cells (HSCs), with the cytokines, granulocyte colony-stimulating factor (G-CSF) and
granulocyte macrophage colony-stimulating factor (GM-CSF) and the transcription
factors PU.1, C/EBP«, C/EBPe and GFI-1 predominantly required for neutrophil
specification [9,10]. Almost 60% of the haematopoetic capacity in the bone marrow
is dedicated to generating neutrophils, and therefore as many as 10! are made per
day, with this number increasing during times of infection [11]. One reason why
production levels are so high is that neutrophils are relatively short lived cells, with

half life estimates ranging from a few hours to a few days, depending on the labelling



technique used and species studied [12].

After exiting the bone marrow and homing to an inflamed tissue (see section 1.5),
neutrophils are fully activated by exposure to pathogen-derived products and/or host-
derived damage molecules (see section 1.3), which causes them to up-regulate and
engage a variety of microbial killing mechanisms [13]. To begin, neutrophils engulf
and internalise opsonised pathogens, those marked by antibodies or complement
proteins, in a receptor-dependent manner termed phagocytosis [14,15]. The pathogen
is contained intracellularly in a membrane-derived vesicle, known as the phagosome.
This then fuses with various other endocytic compartments, especially neutrophil

intracellular granules, to facilitate microbe destruction [14,16].

Neutrophils contain three main types of granules differentiated by their main
contents: primary - mainly myeloperoxidase (MPO), secondary - mainly lactoferrin
and tertiary - mainly gelatinase [17]. Alongside, these granules contain a range of
anti-microbial peptides, such as a-defensins and cathelicidins and serine proteases,
such as neutrophil elastase (NE) and cathepsin G (CG), that all contribute to
microbial killing [18]. However, components that generate reactive oxygen species
(ROS) are among the most important for killing in the phagosome. The NADPH
oxidase complex is contained in secondary granules and generates the oxygen free
radical, superoxide (O3) [19,20]. This can cause pathogen damage directly, but
normally is rapidly converted into hydrogen peroxide, which is then converted by
MPO into hypochlorus acid, and it is this compound that plays a critical role in
bacterial killing [21]. The importance of ROS generation in vivo is demonstrated
in chronic granulomatous disease (CGD) patients who lack a functional NADPH
oxidase complex and therefore often suffer from chronic infections [22]. Additionally,
these anti-microbial peptides and serine proteases can be secreted and ROS generated

extracellularly for microbial killing without phagocytosis [11,13].

As a last ditch attempt at bacterial killing, neutrophils can purposefully exude

their DNA into an extracellular structure known as a neutrophil extracellular trap



(NET), to catch and kill pathogens [23]. This process of chromatin extrusion is now
seen as a specialised form of cell death, known at NETosis, and the chromatin mesh
expelled from the neutrophil is coated with many anti-microbial peptides, NE and
MPO for bacterial killing, and also contains histones that themselves have high levels

of anti-microbial activity [24].

1.2.2 Monocytes

Following from neutrophils, monocytes are the next cells to arrive at a site of
inflammation. Monocytes are mononuclear cells formed in the bone marrow [25], and
are ultimately derived from the recently discovered common monocyte progenitor
(¢cMoP) population, which is the terminal precursor in their development cascade [26].
Monocyte specification is absolutely dependent on the cytokine macrophage colony-
stimulating factor (M-CSF) and the transcription factor PU.1 [27-29]. In mice,
two subsets of monocytes exist: the classical/inflammatory monocytes and the
non-classical /patrolling monocytes [30]. These are commonly delineated by their
differential expression of the Ly6C surface protein, with classical monocytes having
high expression of Ly6C and non-classical monocytes having low surface levels of

Ly6C.

The Ly6C" inflammatory monocytes are further characterised by their expression
of a range of surface markers, being fully defined as: Ly6C", CCR2*, CX3CR1™,
CD62L* and CD43% [30]. These Ly6C"™ monocytes are termed inflammatory as their
high surface expression of the chemokine receptor CCR2 causes their mobilisation
from the bone marrow and subsquent recruitment to sites of inflammation [31,32].
They have a short half life (~ 8-20 hours [33]), high phagocytic and bacterial killing
capacity and, once inside the tissue, differentiate into macrophages to aid with

pathogen and cell debris clearance [34].

Ly6C" monocytes are fully defined as: Ly6C!, CCR2~, CX3CR1", CD62L~

and CD43" [30]. They have been conclusively demonstrated to derive entirely



from the Ly6C" population, but curiously have a much longer half life of around
5-7 days [33]. Due to their low expression of CCR2, they do not rapidly traffic
to sites of inflammation and instead seem to act as sentinel cells, watching for
endothelial damage. Intravital microscopy has found that these Ly6C" monocytes
slowly crawl on the luminal endothelial layer (hence their patrolling moniker) where
they check for damaged endothelium and orchestrate its repair [35,36]. They can
be recruited to sites of inflammation due to their high expression of the fractalkine
receptor CX3CRI1 [25], however they normally arrive much later than inflammatory
monocytes. Once inside the tissue, they can differentiate into macrophages and

contribute to tissue repair and the return to homeostasis [34].

1.2.3 Macrophages

Macrophages (literally ‘big eaters’ derived from the Greek makros, meaning large
and phagein, meaning eat) are professional phagocytes found in almost all tissues
throughout the body [25]. As mentioned above, they can be derived from blood
monocytes that have entered into the tissue during an inflammatory response, and
these monocyte-derived macrophages contribute to bacterial killing and clearance of
dead leukocytes by phagocytosis. Indeed it was long thought that tissue resident
macrophages were constantly replenished and maintained from blood monocytes [37].
However, recent and elegant fate mapping studies have demonstrated that this
is not the case. In fact, almost all tissue resident macrophage populations are
seeded before birth, derived from the yolk sac and/or the foetal liver, and are then
maintained throughout life by local macrophage proliferation [30,33,38]. The only
exception to this is the intestine, as the CX3CR1" macrophages of the lamina
propria are constantly renewed from Ly6C" monocytes [39]. Importantly, recent
work has demonstrated that resident macrophages from different tissues have distinct
transcriptional and epigenetic profiles, programmed by their local tissue environment,

that allow them to perform niche specific functions [40-42].



Macrophages play many vital roles in vivo, with tissue resident macrophages
shaping the architecture of developing tissues alongside helping maintain tissue
homeostasis [43]. However, perhaps their most important role is as sentinel cells,
patrolling the tissue and raising the alarm if signs of infection or tissue damage
are detected. Macrophages can sense pathogens via the recognition of conserved
microbial motifs, known as pathogen-associated molecular patterns (PAMPs), by
specialised pattern recognition receptors (PRRs) and endogenous danger-associated
molecules, known as danger-assocaited molecular patterns (DAMPs) or Alarmins, by
a variety of mechanisms [44,45] (see section 1.3). This polarises them towards the
pro-inflammatory ‘M1’ phenotype and these activated macrophages secrete a range
of pro-inflammatory molecules, that serve to initiate the inflammatory response and
recruit neutrophils and monocytes to the tissue [46]. Additionally, bacterial products
such as fMLF, complement components such as C3a and Cba, and a variety of CC
chemokines, signalling via specific surface expressed GPCRs, act as macrophage
chemoattractant factors to further aid macrophage tissue recruitment and to direct
these cells towards pathogens [47]. As with neutrophils, macrophages kill infectious
agents by phagocytosis and the generation of ROS, but also heavily rely on the
generation of nitric oxide and reactive nitrogen species, by nitric oxide synthase, for

bacterial killing [48,49].

After pathogen clearance, the inflammatory response needs to be terminated to
inhibit unwanted tissue damage and to return the local environment to homeostasis.
This is known as inflammation resolution and macrophages play a core role in orches-
trating this vital process [43]. If the containment and elimination of any infectious
agents present at a site of inflammation has been successful, then there is a switch
towards the local production of anti-inflammatory /pro-resoultion mediators, such as
the cytokines I1.-4, 11.-13, I1.-10 and TGF-£ and the lipid-derived lipoxins, resolvins,
maresins and protectins [5,50] (see section 1.7). Together, these serve to skew
macrophages towards the pro-resolution/tissue repair ‘M2’ phenotype [46]. These

alternatively activated macrophages then phagocytose dead and dying leukocytes



as well as tissue debris and also guide angiogenesis [51-53]. Furthermore, specific
deletion of macrophages during an in vivo skin wound model blocked correct healing
of the damaged area, demonstrating that M2 macrophages also play a crucial role in

tissue repair and remodelling [54].

1.2.4 Eosinophils

First identified in 1879, these cells received their name from the finding that they are
strongly stained by the acidic dye eosin [55]. They are part of the granulocyte family,
along with neutrophils and basophils, and develop in the bone marrow from HSCs
with the transcription factors PU.1, C/EBP and GATA-1 and the cytokines GM-CSF,
I1-3 and IL-5 essential for esoinophil specification [56]. Following their maturation
they exit briefly into the blood, where they have a half-life of around 18 hours, before
marginating into peripheral tissues such as the thymus and intestines [57]. They
are characterised by the presence of large specific granules enriched for eosinophil
peroxidase, major basic protein, eosinophil-derived neurotoxin and eosinophil cationic
protein [58]. However, they also have granules containing various cytokines and
enzymes, as well as leukotrienes, thromboxanes and prostaglandins [59,60]. Mature
eosinophils contain a large range of innate immune cell-associated surface proteins,
such as lipid and chemoattractant binding GPCRs, cytokine receptors, Fc receptors,
adhesion molecules and PRRs that act to activate and recruit these cells to sites of
infection [55]. However the most important surface receptors expressed by eosinophils
are arguably the IL-5 receptor, as IL-5 is a cytokine essential for differentiation,
proliferation and survival of mature eosinophils [61] and the chemokine receptor
CCR3, which binds eotaxin (also known as CCL11), and is central for eosinophil

tissue recruitment [62].

During times of inflammation, eosinophils leave the bone marrow and traffic
to inflammatory sites mainly via the actions of IL-5 and the eotaxins. These, as

well as various cytokines, stimulate eosinphil de-granulation, providing the main



mechanism of eosinophil-mediated pathogen killing [63]. Although evidence exists
that eosinophils contribute to viral and bacterial defence [64] (recent work has even
demonstrated that eosinophils can make NETSs in a fashion similar to neutrophils to
trap and kill bacteria [65]), historically they are considered to defend against helminth
infection [66]. Indeed eosinophil granule proteins have potent anti-parasitic activity
in vitro and eosinophil depleted mice fail to efficiently clear helminth infections [66].
However, it has also been discovered that eosinophil depletion has no effect on
Schistosoma mansoni containment [67] and some studies have even found that in
certain situations, eosinophils can actually promote helminth survival in vivo [68],
thereby demonstrating that the role of the eosinophil within helminth infection may

be more complex that currently thought.

Eosinophilia contributes to many different inflammatory pathologies, but is most
commonly associated with asthma; a chronic inflammatory disease of the airway.
Excessive eosinophil recruitment to the lungs and airways is commonly seen in
patients with asthma and a central role for these granulocytes in disease progression
is supported by a range of animal models of airway inflammation [55]. Importantly,
therapies that target eosinophils specifically, such as anti-IL-5 monoclonal antibodies,
are currently in clinical development for the treatment of eosinophil-associated

diseases [62].

1.2.5 Mast cells

Mast cells begin their life in the bone marrow, but are released into the circulation
and seeded into almost all tissues in an immature form (known simply as mast
cell precursors - MCps) characterised by the high expression of the stem cell factor
receptor (SCF) c-kit and the high-affinity IgE receptor FceRI [69]. Here they complete
their differentiation in response to locally produced SCF and various cytokines, of
which IL-3 is especially important [69]. Fully mature mast cells are characterised by

an abundance of cytoplasmic electron-dense vesicles that contain many pre-formed



inflammatory mediators, such as histamines, prostaglandins, serotonin, TNF-a and

proteases, including chymase and tryptase [70].

Due to their predominant localisation in tissues that are exposed to the external
environment, such as the lungs, skin and GI tract, these cells are ideally placed
to act as sentinel cells, monitoring for signs of tissue damage and infection [71].
Mast cells express a wide range of PRRs that allow their activation in response to
pathogens and damage molecules [72]. The main consequence of mast cell activation
is the rapid release of their granule contents into the extracellular environment, to
quickly initiate the acute inflammatory response. However, activation also stimulates
their de novo production of leukotrienes, prostaglandins, platelet-activating factor,
cytokines and chemokines that act to further strengthen the inflammatory response

and recruit innate immune cells to the site of infection or tissue damage [70,71].

Clearly mast cells play a critical role in host pathogen defence, but they have
also been implicated in many inflammatory diseases [72]. However, their major
pathological function is within allergic inflammation [73]. During an allergic reaction,
IgE produced by activated B cells binds to FceRI that is present at high levels on
the mast cell surface [74]. Subsequent antigen binding to the IgE Fab region results
in Fc receptor clustering and downstream signalling, ultimately leading to mast cell

degranulation and the initiation of an inflammatory response [73,74].

1.3 Sensing of infection or tissue damage by innate immune

cells

As briefly mentioned above, cells of the innate immune system can recognise and
respond to a wide range of PAMPs (the molecular signatures of pathogens) via
PRRs. These receptors can be grouped by their cellular location, with Toll-like
receptors (TLRs) and C-type lectin-receptors (CLRs) present on the cell surface for

extracellular pathogen detection [75], and Nod-like receptors (NLRs) and RIG-I-like



receptors (RLRs) present throughout the cytoplasm to monitor for intracellular

PAMPs [45].

1.3.1 Extracellular pathogen recognition

The TLRs were discovered in 1998 by Bruce Beutler with the identification of the
lipopolysaccharide (LPS) sensor TLR4 [76]. TLRs receive their name due to their
homology with the Drosophila melanogaster Toll protein and are transmembrane
glycoproteins containing extracellular leucine-rich repeat regions, central for ligand
binding, and an intracellular toll/interleukin-1 receptor (TIR) homology domain [75].
To date, 10 TLR family members have been discovered in humans and each recognises
a specific type or class of ligand, allowing specific immune responses to be mounted
against different stimuli. For example, TLR2 recognises (-glycans and zymosan,
TLR3 recognises dsRNA, TLR5 recognises bacterial flagellin and TLR9 recognises
unmethylated CpG DNA present in bacterial DNA [45]. Ligand binding causes
TLR oligomerisation via their intracellular TIR domains and the recruitment of
adaptor proteins such as MyD88 and/or TRIF [2]. These adaptor proteins mediate
the activation of various transcription factors, with NF-xB being the canonical
example, which results in the transcription of pro-inflammatory cytokines, interferons,

chemokines and the initiation of an inflammatory response [2].

1.3.2 Intracellular pathogen recognition

There are three intracelluar RLRs, RIG-I, MDA5 and LGP2, and all are central
for cytoplasmic RNA detection; a signature of viral infection [77]. The NLRs can
sense a wide range of intracellular PAMPs, mostly of a bacterial nature, and of the
23 and 34 members in humans and mice respectively, NOD-1 and NOD-2 are the
most widely studied [45]. For both RLRs and NLRs, PAMP binding to their C-
terminal domains leads to their cytoplasmic oligomerisation via interactions between

their N-terminal CARD domains. As with the TLRs, this ultimately leads to the
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activation of the NF-kB and MAPK pathways and the transcription of cytokines
and type I interferons [45,75,77]. However, the NLRs are also capable of forming
a large intracellular complex, known as the inflammasome, consisting of an NLR
family member (which defines the type and ligand specificity or the inflammasome),
AIM-2, ASC and pro-caspase 1 [78]. NLR-PAMP binding leads to the formation
of the inflammasome complex and the proteolytic activation of caspase-1. Active
caspase-1 then cleaves pro-1L-15 to yield the active IL-15, which is then secreted

from the cell to induce an inflammatory response [78].

1.3.3 Recognition of endogenous danger-associated molecules

However the immune system also responds during sterile injuries, such as tissue cuts,
wounds and ischaemia, via endogenous molecules known as DAMPs or Alarmins
[44]. Tmportantly, these are host-derived components normally absent from the
extracellular environment under homeostatic conditions. However during times
of cell stress or after necrosis, these are released from the cell and activate tissue
resident leukocytes, initiating an inflammatory response [3]. To date a large range
of DAMPs have been discovered, such as the heat shock and S100 proteins, uric acid
crystals and ATP [3,44], but the canonical alarmin is high mobility group box-1.
This DNA chaperone is released during necrosis, but not apoptosis [79], and binds
to multiple surface receptors, such as TLRs and RAGE, resulting in innate immune
cell activation and pro-inflammatory mediator production, predominantly via the

NF-xB pathway [3].

1.4 Mediators of the acute inflammatory response

1.4.1 Cytokines

Cytokines are small secreted proteins that are central for coordinating an inflamma-

tory response. There are over 100 genes encoding for cytokine members, and this fam-
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ily comprises of monokines (monocyte-derived cytokines) lymphokines (lymphocyte-
derived cytokines), chemokines (chemoattractant cytokines - see section 1.4.2), and
interleukins (ILs - cytokines made by, and acting on, leukocytes) [80,81]. In re-
sponse to infection or tissue damage, cytokines can be made by a range of cell
types, including mast cells, eosinophils and endothelial cells, but macrophages and
T helper cells are the main producers in vivo [82]. By binding to their specific cell
surface receptors, cytokines can act both locally and systemically, in an autocrine

and paracrine manner, to elicit changes in cell behaviour.

The cytokine tumor necrosis factor-a (TNF-«) plays a central role in regulating
many aspects of an inflammatory response, such as programmed cell death, the
generation of other pro-inflammatory mediators, inflammatory pain, the activation
of endothelial cells, and the recruitment of immune cells to sites of inflammation [83].
TNF-« has both a membrane tethered and a soluble form (with soluble TNF-«
generated from the transmembrane version via the activity of TNF-a-converting
enzyme [84]) and binds and activates to two structurally distinct cell surface receptors
known as TNF receptor 1 (TNFR1) and TNFR2 [81]. TNFRI1 is expressed by all cell
types (the only exception being erythrocytes) and ligation by both membrane bound
and soluble TNF-« results in the association of the TNF receptor-associated death
domain (TRADD) protein with the intracellular death domain of TNFR1. TRADD
can then cause apoptosis by activating fas-associated death domain (FADD) protein
and pro-inflammatory gene expression by stimulating TNF receptor-associated
factor 2 (TRAF2), which results in the activation both AP-1 and NF-xB-mediated
gene transcription [83,85]. In contrast, the expression of TNFR2 is restricted to
neurones, microglia, endothelial cells and innate and adaptive immune cells, and this
receptor is thought to be primarily activated by membrane tethered TNF-« [86].
Furthermore, TNFR2 signals exclusively via the TRAF2 pathway, due to the lack of
an intracellular death domain, and results in sustained NF-xB activation that can
occur independently of TNFR1 [85,86]. Clinically, inhibition of TNF-« signalling

with anti-TNF-a blocking antibodies is now used to successfully treat a wide range

12



of inflammatory autoimmune diseases, such as rheumatoid arthritis (RA), ankylosing
spondylitis and inflammatory bowel disease (IBD) [83]. The impact of the discovery
and development of anti-TNF-a biologicals is underscored by the fact that the top
selling drug of 2015 was Adalimumab (trade name: Humira), a TNF-a blocking,
fully humanised, monoclonal antibody that generated sales in excess of 14 billion US

dollars [87].

Alonside TNF«, the cytokines IL-1a and (3, IL-6, IL-8 and IFN-vy also have a
wide range of potent pro-inflammatory actions, including activating innate immune
and endothelial cells to promote a local inflammatory response [80-82]. However,
cytokines can also have anti-inflammatory properties, with 1L-4, 1L.-10, IL-13 and
TGF-p acting to inhibit pro-inflammatory mediator production, promote Th2 and
regulatory T cell generation and function, and polarise macrophages towards the

anti-inflammatory M2 phenotype [46, 88].

1.4.2 Chemokines - chemoattractant cytokines

Chemokines are a sub-family of cytokines that play a central role in regulating
leukocyte migration and tissue recruitment [89]. Some are homeostatic, regulating
immune cell tissue localisation and retention under basal conditions, whereas others
are pro-inflammatory, synthesised after the induction of an immune response to
recruit leukocytes to areas of tissue damage or infection [90]. In humans and
mice there are approximately 50 chemokines split into 4 classes: C, CC, CXC
and CX3C, based on the location and spacing of their conserved cysteine residues.
Unlike the other cytokines, chemokines act via G;/,-coupled GPCRs, of which
approximately 20 are currently known, and these receptors are named for the class
of chemokine they bind, i.e CCRs or CXCRs [89]. As a general rule, CC chemokines
are potent inflammatory monocyte recruitment factors (with CCL2 being the classic
example), but also stimulate the chemotaxis of T cells, NK cells and eosinophils [91],

whereas CXC chemokines, especially CXCL1 and 2, act to mobilise and recruit
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neutrophils [89,90]. Fractalkine (also known as CX3CL1) is the only member of
the CX3C family and is unique among the cytokines as it exists in a soluble and
plasma membrane tethered form, which allows it to act as a chemoattractant and an
adhesion molecule respectively [92]. CX3CL1 acts as a chemoattractant for NK and
T cells, but is particularly important in recruiting the patrolling Ly6C' monocytes

to inflamed tissues as these cells have high surface levels of CX3CR1 [92].

1.4.3 The complement system

Complement is an ancient and evolutionarily conserved system of more than 30
proteins present in high concentrations in the blood that provides a rapid first line
defence against infection [93]. At its core, the complement system is proteolytic
protein cleavage cascade, initiated following pathogen recognition, that activates
innate immune cells, coats pathogens with complement-derived opsonins and attemps
target cell lysis via the formation of a multi-protein, pore forming structure known
as the membrane attack complex (MAC) [94]. Complement is activated by one of
three pathways: classical, lectin and alternative. Initiation of the classical pathway
occurs via the recognition of antibody coated cells by the C1 complex, whereas
the lectin pathway is activated in an antibody-independent manner, instead relying
on pathogen recognition mainly via the mannose-binding lectin PRR [95]. The
alternative pathway utilises the spontaneous hydrolysis of the C3 complement protein,
which is amplified by the presence of an infectious agent [95]. All three pathways
converge on the generation of the C3 convertase complex that cleaves C3 into C3a
and C3b. C3b then drives the formation of the C5 convertase, which cleaves the C5
complement protein into Cha and Cbb. C5b then drives the formation of the MAC,
comprised of Cbb and C6-9, which then forms a membrane pore, leading to target
cell lysis [94-96]. Importantly, C3b acts as a potent opsonin, facilitating pathogen
phagocytosis, whereas C3a and Cba act as potent pro-inflammatory molecules and
leukocyte chemoattractants, stimulating the inflammatory response and recruiting

innate immune cells to sites of infection [93].
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1.4.4 pro-inflammatory eicosanoids

The eicosanoids are a group of lipid signalling molecules that act locally to regulate
both homeostatic and inflammatory processes. The two main classes that act as pro-
inflammatory mediators are the leukotrienes (LTs) and the prostaglandins (PGs) [97].
Both are derived from arachidonic acid (AA), which is itself generated after being
liberated from plasma membrane lipids by the actions of cytosolic phospholipase

A2 [08].

LT synthesis begins with the oxygenation of AA by 5-lipoxygenase, which gener-
ates the LTA4 intermediate [99]. This is then either hydrolysed to LTA4 hydrolase
to form LTB4, or acted on by LTC4 synthase to generate LTC4. LTC4 is the parent
compound for the cysteinyl LT (cysLT) sub-class, from which the other members
LTD4 and LTE4 can be made [99]. Interestingly, LTs are synthesised in a cell type
specific manner during an inflammatory response, with neutrophils and dendritic cells
primarily producing L'TB4, eosinophils and mast cells producing mainly cysLTs and
macrophages capable of producing both [100]. They mediate their effects via GPCR
ligation, and to date 4 LT receptors have been discovered; LTB4R1 and LTB4R2,
which bind LTB4, and CYSLTR1 and CYSLTR2, which bind the cysLTs [101]. LTB4
acts as a potent innate immune cell chemoattractant, helping recruit leukocytes to
sites of inflammation, and also facilitates neutrophil activation and de-granulation
and well as monocyte inflammatory mediator production [99,100]. The cysLTs act
to cause the contraction of airway smooth muscle cells and aid the inflammatory
response by increasing vascular permeability [99,100]. The importance of LTs for
host defence is highlighted in mice that lack 5-lipoxygenase, as these animals have

impaired survival and bacterial clearance in a pulmonary infection model [102].

Alongside their homeostatic roles, the PGs are critical for the generation of
an inflammatory response and are largely responsible for the cardinal signs of
inflammation: pain, swelling, heat and redness [103]. They are produced at low

levels under basal conditions, but their tissue production is rapidly and strongly
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up-regulated during an acute inflammatory response [101]. PGs can be made by
almost any cell type, but are predominantly produced by tissue resident mast cells
and macrophages [103]. There are 4 main PGs in vivo, PGEy, PGDy, PGI,; and
PGFy, [103] and their synthesis is dependent on the action of cyclooxygenase (COX)
1 and 2, with COX-1 being constitutively expressed in most cell types, and COX-2
strongly up-regulated during an inflammatory response [104]. COX-1/2 generates
the PGH, intermediate from AA, which is used as the substrate for the production
of the specific PGs via the activity of PGE, PGI or PGF synthase [104]. Like the
LTs, PGs act via GPCRs, of which 7 have been discovered. During inflammation,
the PGs regulate inflammatory pain alongside promoting blood vessel dilatation and
permeability, and regulate immune cell function, vascular adhesion and inflammatory
mediator production [103]. The importance of PGs within an inflammatory response
is highlighted by the fact that both COX-1 and 2 are the targets for a wide range
of non-steroidal anti-inflammatory drugs, commonly used to manage the clinical

symptoms of inflammation [101].

1.5 Neutrophil recruitment to sites of inflammation

Under homeostatic conditions the vast majority of mature neutrophils are retained
in the bone marrow, with only 2% existing in the circulation [105], by the CXCR4-
CXCL12 signalling axis. Mature neutrophils express low levels of the chemokine
receptor CXCR4, bone marrow stromal cells constitutively produce the ligand for
this GPCR, known as CXCL12, and this signalling system acts to keep neutrophils in
the bone marrow [106]. Indeed genetic deletion of CXCRA4, specifically in the myeloid
compartment, results in increased blood neutrophil numbers, and treatment of both
mice and humans with CXCR4 antagonists results in swift bone marrow neutrophil
mobilisation [106-108]. Additionally, patients with wart, hypogammaglobulinaemia,
infection and myelokathexis syndrome exhibit profound blood neutropenia, but

increased bone marrow neutrophil content, as they have a mutation in CXCR4 that
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makes the receptor more sensitive to CXCL12, therefore increasing the strength of

the retention signalling axis [109].

During an inflammatory response, neutrophils are mobilised from the bone
marrow and recruited to sites of infection or damage. Chemoattractants such as
LTB4 and Cba contribute to neutrophil moibilisation and tissue recruitment, as their
intravenous injection leads to blood neutrophilia [110], however the cytokine G-CSF
and the chemokines CXCL1 and CXCL2 are central for bone marrow neutrophil
release [106,110]. G-CSF production is up-regulated during an inflammatory response,
and its in vivo administration leads to increased bone marrow neutrophil mobilisation.
G-CSF achieves this by decreasing both neutrophil CXCR4 expression and bone
marrow stromal cell production of CXCL12, thereby disrupting the neutrophil bone
marrow retention signalling pathway [105,111]. Large amounts of CXCL1 and 2
are produced during the acute inflammatory response and mice lacking CXCR1
or CXCR2, the cognate receptors for these chemokines, have impaired neutrophil
recruitment to sites of inflammation [112]. Their central role in neutrophil bone
marrow mobilisation was demonstrated by Wengner et al who found that i.p injection
of CXCL1 or 2 led to increased blood neutrophil numbers and that pre-treatment
with CXCL1 or 2 blocking antibodies ablated bone marrow neutrophil mobilisation
in response to i.p thioglycollate injection [111]. Therefore it is currently believed
that G-CSF and CXCL1 and 2 work in concert to inhibit bone marrow retention
signals and stimulate neutrophil chemotaxis to cause their release from the bone

marrow [110].

Once the neutrophil has entered into the blood, it next has to exit the circulation
and enter into the inflamed tissue. To do this the neutrophil has to interact with,
and arrest on, the vessel wall and then move through the endothelial cell layer and
the basement membrane. This is commonly referred to as the neutrophil recruitment
cascade and comprises of 5 steps: tethering, rolling, adhesion, crawling and finally
transmigration. Importantly, the whole process relies on components expressed on

both neutrophils and endothelial cells.
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Due to the laminar flow of blood, neutrophils and other leukocytes are passively
transported in the centre of the major vessels [113]. However the blood flow in
postcapillary venules (the vessels closest to sites of inflammation) is greatly reduced
and this increases the chance that a neutrophil will come into contact with the
endothelial cells that line the vessel wall [113]. Concomitantly, and in response to the
local inflammatory mediators produced by activated tissue resident mast cells and
macrophages such as TNF-a, cytokines and histamine, endothelial cells up-regulate
their surface expression of selectin adhesion molecules. This begins with P-selectin,
as this is stored pre-formed inside intracellular Weibel-Palade bodies, and is followed
by E-selectin, which takes longer to peak as it is synthesised de novo [114]. Together
these adhesion molecules interact with their glycoprotein ligands expressed on the
neutrophil surface, of which the best characterised is P-selectin glycoprotein ligand 1
(PSGL1), and this beings the tethering process [115]. As the selectins have fast on
and off rates, this causes the neutrophil to roll along the vessel wall due to rapid

selectin-ligand binding and unbinding [115].

The purpose of rolling is to slow the neutrophil down and bring it into close
proximity with the vessel wall to allow further neutrophil activation by locally
produced pro-inflammatory mediators and chemokines [113]. In fact, chemokines are
transported across the endothelial layer and are displayed on the luminal cell wall
via their interaction with heparin sulphate [116]. For neutrophils, the chemokines
CXCL1, CXCL2 and CXCL5 are crucially important, activating both CXCR1 and
CXCR2, to facilitate neutrophil-endothelial cell adhesion [8]. The combined action of
local inflammatory mediators and chemokines serves to activate the neutrophil surface
integrins LFA-1 and MAC-1, allowing them to bind the endothelial-localised adhesion
molecules ICAM-1 and ICAM-2 [8]. This interaction is high affinity, essential for

firm adhesion, and serves to arrest the neutrophil on the vessel wall [115].

Next, the neutrophil migrates through the endothelial cell layer (2-5 minutes) and
then the basement membrane (5-15 minutes) to enter into the tissue, in a process

known as transendothelial migration (TEM) [115]. Interstingly, TEM does not have
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to occur at the point where the neutrophil arrests on the vessel wall. Instead the
neutrophil can crawl along the vessel, in a process dependent on MAC-1/ICAM-1
interactions, to find a point of entry [8]. The preferred route for neutrophils is at
an endothelial cell-cell junction (paracellular - 90% of all TEM [113]), but they
can also move through an endothelial cell (transcellular). However, this route is
less efficient, taking 20-30 minutes in vivo [117]. TEM relies on the homophilic
interactions between neutrophil and endothelial cell junctional adhesion molecules,
importantly PECAM-1, CD99 and JAM-A, that allow the neutrophil to squeeze
between or through the endothelial cell layer [118,119]. Once inside the tissue, local
chemoattractant gradients then guide the neutrophil towards the area of infection or

tissue damage.

1.6 Monocyte recruitment to sites of inflammation

As briefly mentioned in section 1.2.2, monocytes develop in the bone marrow and
can be mobilised to sites of tissue damage or infection. Inflammatory Ly6C"™
monocytes express high levels of CCR2, and this chemokine receptor is essential for
their bone marrow mobilisation, as in animals lacking CCR2, Ly6C" monocytes
accumulate in the bone marrow due to their impaired entry into the blood upon
infection with Listeria monocytogenes [31,32]. This CCR2-dependent mobilisation is
predominantly triggered by CCL2 and CCL7 as genetic deletion of either chemokine
results in impaired Ly6C" monocyte release from the bone marrow under basal and
inflammatory conditions [31,120]. Interestingly however, CCR2 does not seem to
be required for Ly6C" monocyte tissue recruitment as Cer2”/- Ly6C™ monocytes
are still able to efficiently enter sites of inflammation [32]. Instead, the chemokine
receptors CCR1 and CCR5 (responding to a range of CC chemokines including
CCL3 and CCL5) are essential for tissue recruitment of Ly6C" monocytes, as
animals lacking either receptor have impaired Ly6C" monocyte recruitment to sites

of inflammation in vivo [121]. For the non-classical Ly6C! monocyte population,
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CX3CL1 is important for their tissue recruitment, as this population expresses high

surface levels of CX3CR1 [36].

In a classic inflammatory response, Ly6C monocytes arrive at a site of inflamma-
tion after neutrophils, and it is now well established that the neutrophils themselves
are central for the subsequent tissue recruitment of monocytes. Several studies,
using different inflammatory animal models, have demonstrated that neutrophil
depletion results in impaired monocyte tissue recruitment [122]. Indeed, the neu-
trophil granule-derived components azurocidin and proteinase-3 cause the increased
endothelial expression of adhesion molecules, which facilitates firm monocyte adhe-
sion [123,124], and multiple granule proteins, including LI-37, azurocidin and CG all
act as monocyte chemoattractants [125]. Furthermore, neutrophil-derived proteinase-
3 promotes endothelial cell expression of CC chemokines, and neutrophils themselves
can generate a range of CC chemokines once activated [122]. Together these findings
demonstrate that neutrophils are essential for monocyte tissue recruitment and this
provides and elegant method for the step-wise recruitment of different leukocyte

populations, that perform distinct functions, during an inflammatory response.

The process of monocyte capture and TEM is largely the same as for neutrophils
(described in section 1.5), however there are a few subtle differences. During the
endothelial cell adhesion phase, monocyte expressed VLA-4 engages with VCAM-1,
localised on the endothelium, and this integrin-ligand interaction is essential for
monocyte firm adhesion to the vessel wall [113,115]. Additionally, rather than CXC
chemokines, monocytes heavily rely on CC chemokines for their recruitment to sites
of inflammation, with the chemokine receptors CCR1 and CCRb5 aiding in monocyte

endothelial recruitment and TEM [121].

1.7 The resolution of inflammation

The outcome of a successful inflammatory response is the return of the tissue to

homeostatic conditions. This process, known as the resolution of inflammation,
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is characterised by the removal of dead cells and tissue debris, the restoration of
normal vascular permeability and blood flow, tissue repair and recovery from fever
and pain [6]. For a long time it was considered that this return to normality was
a passive process, with local pro-inflammatory mediators naturally reducing over
time [5]. However, it has now been firmly established that, far from happening
passively, an active and co-ordinated system of anti-inflammatory and pro-resolution

mediators are responsible for restoring tissue homeostasis.

Perhaps the most well studied pro-resolution compounds are the specialised pro-
resolving mediators (SPMs); lipids consisting of the lipoxins (AA-derived), resolvins,
maresins and protectins (eicosapentaenoic and docosahexaenoic acid-derived) [126].
These share many common elements with the pro-inflammatory leukotrienes, with
all being synthesised by lipoxygenase family members and the lipoxins deriving from
AA [6], however towards the end of the acute inflammatory response there is a switch
in lipoxygenase expression that shifts away from leukotriene synthesis and towards
the production of the SPM family members [5,127]. Together these lipid mediators
promote the resolution of inflammation by blocking neutrophil migration, adhesion
and TEM, inhibiting local pro-inflammatory mediator production, neutrophil de-
granulation and ROS production, as well as promoting macrophage phagocytosis of
dead neutrophils and tissue debris [4-6,126-128]. The SPMs exert these effects by
activating leukocyte surface GPCRs, with lipoxin A, binding FPR2 (also known as
ALX), resolvin E1 binding ChemR23, resovin D1 binding GPR32 and resolvin D2
binding GPR18.

However these lipid mediators only form part of a greater resolution signalling
network [6]. For example, the anti-inflammatory cytokines TGF-£ and IL-10 promote
the polarisation of monocyte-derived and tissue resident macrophages towards the
M2 phenotype to promote tissue debris clearance and repair [129]. Additionally,
the glucocorticoid regulated protein annexin Al has been demonstrated to potently
direct the resolution of an inflammatory response by limiting tissue neutrophil influx

and local pro-inflammatory mediator production, as well as inducing neutrophil
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apoptosis and macrophage phagocytosis [130]. It is only by working in tandem that
these pathways result in the return to tissue homeostasis. Indeed there is a high
degree of overlap between these pathways, as annexin A1l binds and activates FPR2,
thereby explaining why the function of annexin Al strongly resembles that of the
lipoxins, resolvin E1 stimulates the production of lipoxin A4 and the lipoxins and
the resolvins promote macrophage IL-10 production to further increase their M2

polarisation [127].

1.8 The endocannabinoid system

Alongside the eicosanoids and the SPMs, the endocannabinoid system is also an
endogenous AA-dependent lipid signalling network that controls many fundamental
processes in the body, including the inflammatory response [131]. After more than six
decades of work, it is now established that the endocannabinoid system is comprised
of two GPCRs, cannabinoid receptor 1 (CB;) and cannabinoid receptor 2 (CB,),
the cognate ligands for these receptors, known as the endocannabinoids, and the
enzymes that synthesise and degrade these endogenous lipids [132,133]. I will now
introduce these components in more detail below, but will concentrate mainly on
CBs and the role this plays in health and disease, as this receptor forms the main

focus of my thesis.

1.8.1 The cannabinoid receptors

As its name suggests, CB; was the first of the cannabinoid receptors to be discovered.
Pioneering work throughout the late 80’s demonstrated that the pharmacological
actions of the cannabis-derived compound A9-tetrahydrocannabinol (A9-THC) and
its synthetic analogues were in fact mediated by a PTX-senstive GPCR found in
neuronal cell lines and brain tissue. [134-139]. Then in 1990, Matsuda et al cloned

an orphan GPCR, known as SKRG6, from a rat cerebral cortex cDNA library and
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demonstrated that this receptor binds and is activated by A9-THC [140]. As this

GPCR binds cannabis-derived compounds, it was christened cannabinoid receptor 1.

The second cannabinoid receptor, CBy, was discovered three years later in 1993
by Munro et al [141]. The authors of this study were attempting to uncover novel
GPCRs expressed in myeloid cells and found that a clone they isolated named
CX5 shared a high degree of sequence homology with the newly discovered CB;.
They then demonstrated that this receptor binds and is activated by cannabinoid
compounds in cells transfected with the CX5 clone, conclusively demonstrating that

this was a bona fide cannabinoid receptor and suggested it be called CBy [141].

CB; and CB, have an overall sequence homology of 44%, however this rises
to around 70% homology when only considering residues important for ligand
binding [141,142]. The cannabinoid receptors are highly conserved across species as
sequence homology between human, mouse and rat receptors is between 97 to 99% for
CB; [140,143-146] and around 80% for CB, [141,146-148]. Both CB; and CB, are
class A rhodopsin-like GPCRs, and are G;/,-coupled, as their activation results in the
inhibition of adenylyl cyclase and the lowering of intracellular cAMP levels [131,146].
Additionally, signalling via the G/, subunits downstream of CB; and CB, activation
also leads to intracellular Ca?* release and activation of ligand gated ion channels,
PI3K and the MAP kinase pathway [149]. Furthermore, like most GPCRs, their
activation causes the recruitment of S-arrestin to the intracellular face of the receptor,
which then mediates cannabinoid receptor internalisation and removal from the cell

surface [150-153].

1.8.2 Expression pattern of CB;

CB; is the most abundant GPCR expressed in the brain and is highly enriched in the
cortex, cerebellum, ventral striatum, hippocampus and the substantia nigra [154,155].
At the cellular level, CB; is primarily localised on presynaptic axon terminals [149],

where it functions to negatively regulate neurotransmitter release, acting as a signal
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gate to limit unwanted presynaptic activity. CB; activation has been demonstrated to
block the release of GABA, glutamate, dopamine, cholecytokinin and noradrenaline
due to its expression on the corresponding neuronal populations [156]. This expression
pattern and function means that CB; regulates a large range of brain functions,
such as mood, behaviour, memory, cognition, motor coordination, food intake and
pain [155,157-160], and also explains the effects of recreational inhalation of A9-THC.
Additionally it is now being discovered that, rather than being restricted to the
brain, CB; is expressed in a range of peripheral tissues including, the liver, heart,
adipose tissue, skeletal muscle, reproductive system and the intestinal tract [161],

showing that CB likely regulates a vast range of processes throughout the body.

1.8.3 Expression pattern of CB,

CB; is most abundantly expressed in cells of the immune system, with B cells, NK
cells and monocytes exhibiting the highest expression [162]. At the tissue level,
CBs is found at high levels in the spleen, tonsils, thymus and bone marrow [146,163],
all organs intimately involved with the immune system. The primary localisation of
CB, on cells of the immune system means that this receptor regulates many aspects of
immune cell function, such as B cell retention in the spleen and leukocyte migration,
and plays an important role in the control of an inflammatory response [163,164].
However, in a manner similar to CBy, others have found that CB, is expressed in
a wide range of tissues and cell types throughout the body. These include: the
gastrointestinal tract, the liver, the eye, skeletal muscle and the male and female
reproductive system as well as endothelial cells, keratinocytes, osteocytes, osteoclasts
and osteoblasts. Here, CB, acts to regulate many physiological and pathological

processes [161,165,166].

Initially it was considered that CBy was entirely absent from the brain, as a
large number of studies failed to find any expression of CBy throughout the central

nervous system [165]. However, recent work has demonstrated that CB, is expressed
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in a wide range of brain areas including the brainstem, hippocampus and the
amygdala, but in contrast to CBy, seems to be localised postsynaptically [155,165].
Additionally, multiple reports exist detailing the presence of CB, in peripheral
neuronal populations [165]. However, these findings are not without controversy as
some have suggested that CB; expressed by microglia and the techniques used to
examine CB, expression provide confounding factors, potentially leading to false
positive results [165]. Nevertheless, the current weight of evidence supports the

conclusion that CB, is expressed throughout the brain.

1.8.4 The endocannabinoids - synthesis and degradation

The endocannabinoids are the endogenous ligands for CB; and CB, and are syn-
thesised on-demand in a Ca*"-sensitive manner from plasma membrane lipids [167].
Currently there are 12 members of the endocannabinoid family that have been shown
to bind and activate either or both of the cannabinoid receptors; however the most well
characterised are N-arachidonoylethanolamine (AEA) and 2-arachidonoylglycerol
(2-AG) [168]. Both of these endocannabinoids are AA-containing lipids, but de-
spite this similarity the routes of synthesis and degradation for AEA and 2-AG are

completely distinct from one another.

AEA synthesis and degradation

AEA was the first endocannabinoid discovered, isolated from pig brain in 1992 and
shown to bind and activate CB; [169]. Since then it has been demonstrated that
AEA binds to both CB; and CB, and acts as a partial agonist at both receptors,
being slightly more efficacious at CB; [168]. Depending on the assay, the ECs5q value
for this ligand varies, but is commonly in the low nanomolar region for CB; and the

high nanomolar to micromolar region for CB, [131].

The most common route of AEA synthesis occurs in a two-step process. Firstly

an acyl chain, taken from any member of the membrane glycerophopholipid family, is
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Figure 1.1 The major routes of anandamide synthesis and degradation. Chemical
representation of the 4 main synthetic pathways for anandamide (each pathway is denoted by the
number in the gray circle) and the main routes of anandamide degradation. NAPE N-arachidonoyl-
phosphatidyl-ethanolamine, PLA, phospholipase A2, PLC phospholipase C, PLD phospholipase D,
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transferred onto phosphatidylethanolamine to generate N-arachidonoyl-phosphatidyl-
ethanolamine (NAPE). Subsequently, the enzyme NAPE-phospholipase D (NAPE-
PLD) catalyses the formation of AEA [170]. Surprisingly however, it was found
that NAPE-PLD"/" mice had little to no difference in brain levels of AEA, strongly
suggesting that other AEA synthetic pathways exist [171]. To date alongside
the canonical pathway, three other synthetic routes have been demonstrated to
exist: 1) NAPE can be firstly hydrolysed by phospholipase C, to generate phospho-
AEA, and secondly dephosphorylated by various phosphatases to form AEA [172].
2) Phospholipase A2 can act on NAPE to generate 2-lyso-NAPE, which is then
converted to AEA by lysophospholipase-PLD [173]. 3) NAPE or lyso-NAPE can be
hydrolysed by «/B-hydrolase domain-containing protein 4 to glycerophospho-AEA

which is then converted to AEA by the action of glycerophosphodiesterase 1 [174].

The degradation of AEA is primarily mediated by the serine hydrolase, fatty
acid amine hydrolase (FAAH) [170,175]. The importance of this enzyme in vivo for
AEA degradation has been conclusively demonstrated, as pharmacological inhibition
or genetic deletion of FAAH leads to the build up of AEA in tissues throughout
the body [176-178]. FAAH breaks AEA down into AA, providing a link between
endocannabinoid metabolism and the eicosanoid pathway, and is expressed in the
same brain regions as CB; [170]. However, recent work has demonstrated that
alongside FAAH, AEA can be degraded into various other breakdown products by
N-acylethanolamine acid amide hydrolase (NAAA) [179], COX-2 [180] and by 5 and
15-lipoxygenases [170]. A schematic diagram depicting the major routes of both

AFEA synthesis and degradation is shown in Figure 1.1.

2-AG synthesis and degradation

Three years after AEA, 2-AG was discovered as a second endocannabinoid. It was
found that 2-AG, purified from canine gut, could bind to CB; and CB, in receptor

transfected cells and brain membrane preparations and mimic the in vivo actions of
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A9-THC [181,182]. To date, multiple studies have demonstrated that 2-AG binds
and activates CB; and CB, with a similar potency but a higher degree of efficacy
than AEA [168].

The major synthetic route of 2-AG is the sequential hydrolysis of arachidonoyl-
containing membrane phosphoinositides, firstly by phospholipase C (PLC)S to
generate diacylglycerol (DAG) and secondly by DAG lipase (DAGL) to generate
2-AG [170,179]. There are two DAGL isoforms currently known, DAGL«a and
DAGLS [183], however studies using knockout animals have demonstrated that
DAGLa« is the most important for 2-AG synthesis in vivo [183-185]. Similarly to
AEA, 2-AG can also be synthesised by alternative pathways. It has been shown that
cleavage of arachidonoyl-containing membrane phosphoinositides by phospholipase
A1l generates 2-AG-lyso-phosphatidylinositol that can be further hydrolysed by
lyso-PLC to produce 2-AG [186,187]. Finally, 2-AG can be generated directly from
2-AG-lysophosphatidic acid [188].

The degradation of 2-AG is almost entirely mediated by monoacylglycerol lipase
(MAGL), with it estimated that MAGL is responsible for 85% of 2-AG degradation in
vivo as MAGL”/- animals have significantly increased tissue levels of 2-AG [189-191].
Mirroring AEA, this primary degredation pathway converts 2-AG into AA [170,
179]. The remaining 15% of 2-AG is mostly removed by ABHD6 and ABHD12,
however FAAH, COX-2 and 5-/15-lipoxygenases also have been found to catalyse
the degradation of 2-AG into various other breakdown products [180,191,192]. A
schematic diagram depicting the major routes of both 2-AG synthesis and degradation

is shown in Figure 1.2.

1.8.5 Phytocannabinoids

It is currently estimated that there are over 100 compounds present in the cannabis
plant that have cannabinoid-like properties [193,194]. These compounds, now termed

phytocannabinoids, receive their cannabinoid status not because they share a common
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mechanism of action, but because they are all structurally related. Unfortunately due
to the vast number present, the pharmacology of most of these phytocannabinoids
remains unknown, however the three best studied to date are A9-THC, cannabidiol

(CBD) and A9-tetrahydrocannabivarin (A9-THCV) [195].

The most abundant, and undoubtedly the most (in)famous, phytocannabinoid
present in cannabis is A9-THC; discovered in 1964 and almost entirely responsible for
the psychoactive effects seen when using marijuana [133,196]. In vivo administration
of A9-THC causes feelings of euphoria, impairment of memory and motor co-
ordination, hypothermia, increased appetite, reduced pain sensation as well as a wide
range of other physical effects [197]. Since its discovery, A9-THC has been extensively
studied and has been found to bind both CB; and CB, with high affinity and act
as a partial agonist at both receptors [131,146]. Clinically, A9-THC (marketed as
dronabinol and nabilone) is currently used as an anti-emetic for patients undergoing

chemotherapy [198] and as an appetite stimulant for HIV/AIDs patients [199].

Discovered in the 1960s, CBD is the second most abundant cannabis-derived
cannabinoid and is synthesised from the same precursor as A9-THC [200, 201].
Despite this similarity however, it does not have any psychotropic effects in vivo
making it of great clinical interest [202]. Furthermore, it displays markedly different
pharmacological properties, having weak affinity for both CB; and CB, and little to
no activity at either receptor in various functional assays [202,203]. Nevertheless,
recent work has demonstrated that CBD can potently inhibit the binding of other
cannabinoid receptor agonists [204] and has also been found to inhibit the cellular
uptake of AEA and its degradation by FAAH [200,205]. Additionally, CBD has
been found to have multiple effects at various other targets in vitro and in vivo
(discussed in more detail in section 4.1.4). Currently, CBD in a 1:1 mixture with
A9-THC (marketed as Sativex) is used to treat pain for patients suffering with
multiple sclerosis [206]. It is believed that CBD acts to limit unwanted side effects of
A9-THC by inhibiting its metabolism into a more active form and also by limiting

its activity at CB; [207].
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A9-THCYV is structurally similar to A9-THC, being its n-propyl analogue, and
binds to both CB; and CBy with high affinity [202]. However, in contrast to A9-THC,
A9-THCV acts as an antagonist at both receptors, blocking the binding of other
cannabinoid receptor ligands [208]. Additionally, A9-THCV has been demonstrated
to block the activity of A9-THC and endocannabinoids in vivo, as administration of
A9-THCV inhibits A9-THC-induced anti-nociception and hypothermia [209] and
causes decreased food intake and body weight in both normal and obese mice [202].
Importantly, A9-THCV acts as a neutral CB; antagonist rather than an inverse
agonist [202]. As the unwanted side effects that led to the withdrawal of rimonabant
(a CBy inverse agonist formerly licensed to treat obesity - see section 1.8.7) may be
due to its inverse agonism of CB; [210], A9-THCV has received clinical interest as
a potential cannabinoid-based therapy for obesity that may have reduced adverse

effects.

1.8.6 Synthetic cannabinoid receptor agonists

The discovery and structural elucidation of A9-THC prompted many efforts to
generate small molecule ligands active at the cannabinoid receptors. This was further
bolstered by the discovery of CB; and CBs in the early 90s, and as a consequence
a vast array of synthetic cannabinoid receptor ligands now exist. These vary from
being mixed cannabinoid receptor agonists to being extremely receptor selective and
have undoubtedly proved vital to our current understanding of the pharmacology

and in vivo role of the cannabinoid receptors.

The synthetic cannabinoid agonists are split into four separate groups based
on their core structures and these are: 1) The classical cannabinoids 2) The non-
classical cannabinoids 3) The aminoalkyindoles and 4) Other chemical classes. I will
now briefly introduce the synthetic cannabinoids from each class that I have used

throughout my thesis, with their chemical structures displayed in figure 1.3.
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The classical cannabinoids

The classical cannabinoids are structurally related to the phytocannabinoid A9-THC,
with all members belonging to the tricyclic dibenzopyran chemical class. Interestingly
however, it was found that by making minor chemical modifications to A9-THC
that the selectivity for CBy over CB; could be greatly enhanced [146]. Perhaps the
prototypical synthetic classical cannabinoid is JWH133. First synthesised in 1999
and named after its discoverer John W Huffmann, this compound displays 200-fold
selectivity for CBy over CB; with K; values of 3.4 and 667 nM respectively, and is
now one of the ligands most widely used to examine the effects of CB, activation in
vitro and in vivo [131]. Around the same time L-759,633 and L-759,656, two sister
compounds, were discovered by the pharmaceutical company Merck Frosst [146]. Both
have identical pharmacology, being highly selective for CB,, with K; values of 20 nM
for CBy and >10uM for CB; [211]. Furthermore, both compounds potently inhibit
forskolin-induced cAMP production in CHO cells transfected with CBs, displaying

ECs values of 8.1 and 3.1 nM for 1.-759,633 and L-759,656 respectively [211].

The non-classical cannabinoids

The non-classical cannabinoids are so named because, despite being based on its
structure, they lack the dihydropyran ring found in A9-THC. This class of synthetic
cannabinoid was originally discovered by Pzifer in 1984 and is typified by the
compound designated CP55,940 [212]. This compound was synthesised before the
identification of the cannabinoid receptors and played a crucial role in the discovery
of CB; [140]. CP55,940 binds to CB; and CBs with equal affinity (K; = 2 nM) and
acts as a full agonist at both receptors in a range of functional assays [152,213,214].
Additionally, it is 10-50 times more potent than A9-THC in vivo when examining the
classical signs of cannabinoid administration in mice [146]. However, non-classical
compounds can also show cannabinoid receptor selectivity as HU308, discovered

in 1999, binds to CBy with a K; of 23 nM but does not bind to CB;, making it
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one of the most CBy selective agonists currently available [215,216]. Furthermore,
HU308 potently inhibits forskolin-induced cAMP accumulation in CBy, but not CBy,

expressing CHO cells [215].

The aminoalkylindoles

Until the mid-90s, all of the synthetic cannabinoids identified were based on A9-
THC. However, the discovery of WINbH5,212-2 by the pharmaceutical company
Sterling Winthrop provided the first cannabinoid receptor ligand with a different
chemical class; the aminoalklyindole [146,217,218]. WIN55,212-2 binds to both
cannabinoid receptors with nanomolar affinity, but has a slight preference for CB,. It
is thought to be a full agonist at both receptors [146], however recent work has found
that in contrast to CP55,950, WINbH5,212-2 does not cause (-arrestin recruitment
at CBy [152], thereby highlighting that the term agonist needs to be carefully
used when discussing the actions of cannabinoids, and indeed small molecules in
general. Nevertheless, when used in vivo WIN55,212-2 mimics the physical effects
of A9-THC [219,220]. Since the discovery of WIN55,212-2, multiple members of
the aminoalkylindole family have been found, including JWHO015, GW405833 and
AM1241. These three compounds all show selectivity towards CB,, with K; values
in the low nanomolar range and 28, 82 and 1200 fold selectivity for CB, over CB; for
JWHO015, AM1241 and GW405833 respectively [221-224].

Other chemical classes

There are currently many cannabinoid receptor ligands belonging to chemical classes
other than those mentioned above. In the interests of brevity however, I will only
introduce the ligands that I have used in this study. GP1la is a tricyclic pyrazole
and was discovered in 2006. With a K; value of 3.7 pM at CB,, it is the highest
affinity CBsy ligand discovered to date [225]. Furthermore, it is highly selective for
CB; over CB;. CB65 and SER601 both belong to the quinolone-3-carboxamide class
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and are high affinity, highly selective CB; agonists with K; values of 3.3 and 6.3 nM

at CB, respectively, and no appreciable binding at CB; [226-228].

Finally, the CB5 agonist DIAS2 is a member of the triazinoindole class and was
discovered in our laboratory by ligand-directed virtual screening, using HU308 as
the bait compound [229]. Functional testing of highly ranked compounds uncovered
DIAS2 as a highly selective CBy agonist with a K; value of 355 nM at CBy and an ECxq
of 112 nM for inhibition of forskolin-induced cAMP production in CB, transfected

CHO cells [229]. DIAS2 has no appreicable binding or functional activity at CB; [229)].

1.8.7 Cannabinoid receptor inverse agonists

Alongside cannabinoid receptor agonists, compounds that antagonise CB; and
CBs have been of vital importance for understanding the endocannabinoid system.
To date there are multiple cannabinoid receptor antagonists/inverse agonists available
[131], but perhaps the most widely used are the diarylpyrazoles discovered by Sanofi-
Aventis; SR144528 and SR141716A [230,231]. SR144528 targets only CBy [231],
whereas SR141716A targets only CB; [230], with both compounds binding to their
respective cannabinoid receptor with high affinity, displaying K; values in the low
nanomolar range. Alongside antagonising the binding of receptor agonists, both
compounds also inhibit the constitutive activity of their respective cannabinoid

receptor, and are therefore classed as inverse agonists [146].

Due to the role of CB; in stimulating appetite, early animal experiments found
that SR141716A acted as an appetite suppressant and facilitated weight loss [232].
Therefore, under the name rimonabant, SR141716A went into the phase 3 Rimona-
bant in Obesity trial to evaluate the efficacy of SR141716A as a weight loss therapy.
The result of the trial was positive and found that SR141716A caused significant
weight loss in comparison to placebo control and subsequently led to SR141716A
being approved for weight loss in 2006 [233-235]. Currently, SR141716A is the only

synthetic cannabinoid receptor ligand that has been clinically licensed. However,
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SR141716A also caused multiple adverse psychiatric events, including anxiety, de-
spression, suicidal thoughts and even suicide itself [236,237]. Due to these side effects,

SR141716A was withdrawn from sale by both the FDA and the EMA by 2008 [237].

1.8.8 CB; knockout mice

Alongside the synthetic cannabinoids detailed above, animals genetically deleted
for CBy have proved instrumental in understanding the role that CBs plays during
health and disease. Currently, there are two different strains available where the
CBg gene has been disrupted, with the first reported by Buckley et al in 2000 [238].
This knockout line was generated using homologous recombination, whereby the last
341 bp of the CB, coding exon was replaced with a neomycin resistance cassette.
This translates into the deletion of most of intracellular loop three, transmembrane
regions 6 and 7, extracellular loop 3 and the remaining C terminus of CB;y. The
authors demonstrated that macrophages derived from these CB,”/" animals are not
responsive to A9-THC, proving functional deletion of CBy [238]. To date this is the
most commonly used CB,”/~ strain and it has been used to elucidate the role that

CBa plays in a range of physiological and pathological settings (reviewed in [239]).

The second CB,”/~ strain available was generated by Deltagen (designated
B6.129P2-Cnr2t™iPsen /J) - also using homologous recombination to disrupt CBa,
and this is the line that I have used for my studies. Insertion of the Neob55T
construct into the CB, coding exon resulted in a 334 bp deletion that translates into
the removal of transmembrane regions 1, 2 and 3, as well as extracellular loop 1,
intracellular loop 1 and part of intracellular loop 2 [240,241]. Overall CBy~/~ animals
have no overt phenotype, except from a reduction in the number of splenic marginal

zone B cells [238,242,243].
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1.9 The role of CB; in inflammatory disease

Due to its wide ranging expression pattern, CB; has been demonstrated to play
a role in a very large number of physiological and pathological settings, and it is
generally considered that CBy activation and signalling results in protective/positive
outcomes [244]. For example, CBs has been found to regulate bone development
and turnover, fertility in males and females and skeletal muscle formation and
function [161]. Furthermore, it acts to limit pain, modulates behaviour and has been
implicated in psychiatric disorders such as schizophrenia, anxiety and depression
as well as in neurodegenerative disorders such as Alzheimer’s, Parkinson’s and
Huntington’s disease [245-248]. A detailed introduction of the role of CB; in these
processes is outside the scope of my thesis and has already been covered in detail
in a variety of excellent reviews [161, 244, 249], however this summary serves to

demonstrate the vast array of settings impacted upon by CBs.

Instead I will focus on the role of CBy in inflammation and inflammatory disease.
Due to its predominant expression on cells of the immune system, it is perhaps
not surprising that CBy acts as an immunomodulatory receptor. Indeed its major
1 vivo role seems to be the regulation of immune cell function and inflammation
and for this reason CBj has been demonstrated to play a crucial role in multiple

inflammatory diseases (reviwewed in [163]).

1.9.1 The role of CB; in intestinal inflammation and inflammatory

bowel disease

The intestinal inflammatory conditions Crohn’s disease (CD) and ulcerative colitis
(UC) together comprise the dominant forms of IBD [250]. They are both chronic
inflammatory pathologies of the gastrointestinal tract, but differ in their localisation
(UC: restricted to the colon - CD: any area of the GI tract) and extent of inflammation

(UC: inflammation in the mucosa only - CD: inflammation present throughout the
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intestinal wall) [251].

Currently, multiple studies have been published demonstrating that activation of
CB; has beneficial outcomes in murine models of intestinal inflammation [251]. In
2006, Kimball et al found that treatment of mice with JWH133 significantly reduced
overall weight loss, colon shrinkage, inflammatory damage score and other histological
makers of disease, as well as colonic inflammatory cell infiltration, in the oil of mustard
and the dextran sulphate sodium (DSS) models of colitis [252]. This protective effect
of JWH133 has been confirmed in subsequent studies as Singh et al also found that
treatment of mice with JWH133 reverses signs of intestinal inflammatory disease in
the DSS colitis model and in IL-107/~ animals that spontaneously develop colitis [253].
Importantly, the protective effect of JWH133 in the DSS colitis model could be

reversed by co-administration of a CBy antagonist.

Alongside these results, JWH133 and AM1241 have been shown to reverse
colon shrinkage, ulcer formation and other inflammatory and histological disease
markers in the 2,4,6-Trinitrobenzene sulfonic acid (TNBS)-induced colitis model [254].
Treatment with these CBy agonists also caused a reduction in inflammatory cell
recruitment and MPO activity in the colon, strongly indicating that activation of
CB; blocks colonic neutrophil recruitment during colitis. The authors detailed that
administration of a CB, antagonist blocked the beneficial effect of both JWH133
and AM1241, even resulting in worse disease pathology, but interestingly found that

CB, "/~ animals did not exhibit exacerbated colonic inflammation [254].

This result contradicts that reported by Engel et al, who showed that animals
genetically deleted for CBy have increased colon weight, decreased colon length,
increased histopathological disease scores and increased inflammatory cell infiltration
into the colon in comparison to WT animals [255]. Furthermore, CB,”/* animals
also had increased colonic mRNA levels of TNF-«a and IL-15. The reason for this
discrepancy is currently unclear. Both studies used the same CB,7/~ strain and the

same method for inducing colitis. One potential explanation could be differences in
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the microbiotia of the experimental animals used as this has been shown to impact

the results seen in colitis models [256,257].

Alongside using synthetic CB, agonists, other studies have shown that small
molecule inhibition of the enzymes that degrade the endocannabinoids results in
beneficial outcomes in colitis models of intestinal inflammation. Inhibition of MAGL
by JZL184 or FAAH by URB597 or PF-3845 causes increased endogenous levels
of 2-AG or AEA respectively and results in better disease outcomes in the TNBS-
induced colitis model [258-260]. Furthermore, FAAH"/~ mice have increased resistance
towards developing colitis [261]. Interestingly, it is likely that CB; and CB, are
both mechanistically involved, as co-administration of a CB; or CB, antagonist or
the usage of mice genetically null for either receptor reverses the beneficial effect of

MAGL or FAAH inhibition [254,259].

Taken together these data demonstrate that activation of CBs by small molecule
drugs or by increasing the levels of endogenous cannabinoids may provide a thera-
peutic avenue for the treatment of IBD. Indeed, it has been shown that in humans
CB, and other members of the endocannabinoid system are present throughout the
GI tract [251] and that the intestinal levels of CBsy are increased in patients with
IBD [262]. Furthermore, multiple reports examining the cannabis usage of patients
with IBD have found that a significant number self-medicate as a way to control the

symptoms associated with both CD and UC [263,264].

1.9.2 The role of CB; in sepsis and endotoxic shock

Sepsis comprises a complex series of inflammatory events that occur when a bacterial
infection is not successfully contained by the host. The failure to contain the
infection leads to an overwhelming systemic inflammatory response, culminating in
tissue damage, organ failure and eventually death, with mortality rates reaching
47% [265]. Despite being an inflammatory disease, therapeutic intervention with anti-

inflammatory compounds has to date been largely unsuccessful, leaving a currently
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unmet clinical need [266]. Therefore, as CB;y regulates the immune system, it has

received attention as a target within sepsis.

However, its role within this complex inflammatory pathology remains unclear,
as the first reports examining CBs in sepsis, both published in 2009, presented
opposite results. Both studies used the cecal ligation and puncture (CLP) model of
sepsis, which involves the ligation and puncture of the caecum to allow the leakage
of faeces into the peritoneal cavity and the generation of a polymicrobial immune
response [267]. Tschop et al found that after CLP, CB,”/- animals had a higher
mortality rate, which correlated with elevated serum levels of IL-6 and increased
bacterial load in the blood in comparison to WT animals [268]. Furthermore, CB,
-/~ mice had increased numbers of neutophils in the lung and increased lung tissue
damage, alongside higher lung bacterial load. Finally, they found that treatment of
WT mice with the CB; agonist GP1la improved sepsis outcome, with treated mice
displaying a reduction in mortality, serum IL-6 levels, blood bacterial load and lung
neutrophil recruitment and tissue damage [268]. Therefore this would suggest that
CBs acts to limit bacterial infection by enhancing bacterial killing. Nonetheless,
data published by Csdéka et al provide entirely contradictory results. They found
that after CLP, CB,”/~ animals had a lower mortality rate, lower levels of IL-6 and
CXCL2 in the serum and lower bacterial load in the blood and the peritoneum,
compared to WT mice [269]. Additionally, CB,”/- animals had lower levels of LDH,
a general marker of tissue damage, and muscle and kidney damage markers in the

blood [269].

To date these are the only two studies that have used the CLP model to study
the role of CB, in sepsis and it is unclear why the results are contradictory. In
comparison to Tschop et al who only made one puncture, Cséka et al punctured the
caecum twice. This would have resulted in a more robust inflammatory response,
as higher amounts of faecal material would have been exposed to the peritoneum,
potentially underlying the difference between the two models. Furthermore as the

CLP model relies on the bacterial flora of the gut, differences in animal microbiota
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could also impact on the results obtained.

The only other studies examining CB, in sepsis have used injection of LPS to
induce a rapid and systemic immune response, known as endotoxic shock [270,271],
and imply that CB, plays a protective role. CB,”/" animals have an increased
mortality rate, which correlates with higher serum levels of I1L-6 and TNF-«, in
comparison to WT animals, after intraperitoneal injection of LPS. Furthermore, pre-
treatment of mice with the CBy agonist GW405833 results in a reduction in mortality
and serum levels of pro-inflammatory mediators after high dose injection of LPS
into WT animals [272]. Additionally, LPS-induced leukocyte-endothelial interactions
are blunted in mice by HU308 and in rats by WIN55,212-2 in a CBsy-dependent

manner [273,274].

1.9.3 The role of CB, in multiple sclerosis

Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous
system (CNS), characterised by immune cell infiltration into the CNS, neuronal
demyelination and axonal damage and loss, which causes multiple neurological
defects [275]. In animals, MS can be modelled using experimental autoimmune
encephalomyelitis (EAE), which is induced by the immunisation of experimental
animals with homogenates of CNS tissue or specific myelin-derived antigens, such
as proteolipid protein, myelin basic protein or myelin oligodendrocyte protein, in
combination with complete Freund’s adjuvant. This leads to a rapid onset of
disease, typically within 9-15 days, that is reproducible and recapitulates many of

the pathological features of human MS [276].

Indication that the cannabinoid receptors might be an interesting target within
the EAE model came from the findings that rats treated with WIN55,212-2, A9-THC,
or its more stable and less psychoactive analogue A8-THC, had reduced clinical
symptoms and CNS inflammation after EAE induction [277-279]. Initial evidence

suggesting that CBy was responsible for this beneficial effect was provided by Baker et
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al, who found that, alongside WIN55,212-2 and CP55,940, the CB; selective agonist
JWH133 decreased both hind leg tremor and spasticity in a mouse EAE model [280].
Since then, others have also shown that specific activation of CB, has beneficial
outcomes in the EAE model, as treatment of mice with WIN55,212-2 decreases
EAE-induced leukocyte-endothelial interactions in the cerebral microvasculature and
improves clinical outcome in a CB, antagonist-sensitive manner [281]. Furthermore,
HU308 has been shown to improve EAE clinical score and inhibit T cell and myeloid
cell infiltration into the CNS and reduce axonal loss [282,283]. Importantly, these
benefical outcomes were absent in CB,”/~ animals [283]. Conversely, treatment of

mice with SR144528 increases EAE disease severity and body weight loss [284].

Alongside small molecule modulation, multiple studies have demonstrated that
when used in EAE models, CB,”/~ animals have increased disease severity, increased
T cell and mononuclear cell CNS infiltration, as well as increased demyelination and
axonal loss [283,285,286]. This therefore strengthens the hypothesis that CB, has a
protective role within EAE. However, the mechanism behind this beneficial effect
remains unclear. Currently, decreased leukocyte-endothelial interactions [281] and
increased T cell apoptosis [279] following CBs activation and decreased T cell
apoptosis, increased T cell proliferation (specifically Th17 cells) and inflammatory
mediator production [284,286], increased CNS levels of CX3CL1 [284] as well as
increased myeloid cell expression of chemokines and chemokine receptors [283] in

CB,/~ animals have all been proposed to explain the positive action of CB, in EAE.

Additional complexity surrounding the role of CBs in EAE has recently been
provided by Sisay et al who found that the genetic background of experimental mice
used determines whether deletion of CBj results in increased EAE disease severity.
They show that when performing the EAE model using C57BL/6J animals, CB,
-/~ mice have worse disease manifestation, but when crossed onto the ABH strain,
CB, /- animals display no difference in EAE disease severity in comparison to WT
mice [285]. Instead they found that in the ABH background, it is CB; and not

CB, that is responsible for the beneficial effects seen when animals are treated with
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A9-THC [285]. Interestingly, this mirrors the previous findings that it is CB;, and
not CB,, that is responsible for decreased EAE clinical score, CNS inflammatory
cell infiltration and axonal damage following treatment of mice with non-selective
cannabinoid receptor agonists [287,288|. This therefore demonstrates that the role
CBs plays within EAE is complex and dependent on multiple parameters, and in
some situations it may not impact on disease progression at all. Clearly future work
is needed to address these discrepancies and determine whether CB, may be a viable

therapeutic target within MS.

1.9.4 The role of CB, in rheumatoid arthritis

RA is caused by the chronic inflammation of a synovial joint and is clinically
characterised by joint swelling, pain, stiffness and bone and cartilage destruction [289].
Cells lining the joint, as well as macrophages and T cells are important for disease
initiation and progression, as they contribute to inflammatory mediator production
and joint damage. There are multiple animal models available to study RA, such as
collagen-induced arthritis (CIA), collagen-antibody-induced arthritis and the K/BxN
serum transfer model (reviewed in [290]). One of the most important inflammatory
mediators present in RA is TNF-a and great success have been achieved by treating
RA patients with TNF-a blocking antibodies [291]. However around 30% of RA
patients do not respond well to anti-TNF-« treatment [292] and therefore there is

still a clinical need to uncover novel therapeutic avenues for the treatment of RA.

It has only recently become apparent that the endocannabinoid system may
play a role in RA. The first indication came from Richardson et al who found
that the endocannabinoids AEA and 2-AG were present in the synovial fluid from
RA patients, but entirely absent in fluid from healthy donors, and that CBy was
highly expressed on RA-derived synovial tissue [293]. However since then only a
handful of studies have examined the role of CB, within RA. The first report was

provided by Kinsey et al who found that FAAH/- animals are protected from RA,
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displaying a lower arthritis score, less joint inflammation as well as reduced joint
catrilage and bone damage in comparison to WT animals in the CIA model [294].
Importantly, the beneficial phenotype seen in FAAH”" animals was reversed by
a CBy antagonist. Alongside, two studies also using the CIA model, found that
treatment of mice with either JWH133 or HU308 results in decreased arthritis score,
paw thickness, neutrophil and mononuclear cell infiltration and joint cartilage and
bone damage [295,296]. However, for both of these studies, the absolute reliance on

CBs5 was not demonstrated.

The mechanism behind this beneficial effect is currently unclear. Multiple studies
have isolated fibroblast-like synoviocytes (FLS) from RA patients and found that
treatment with WINS55,212-2, CP55,940, JWH133 or HU308 inhibits the production
of pro-inflammatory cytokines and chemokines by inflammed FLS [295,297-299].
However, it was also found that CB; or CB, antagonists were unable to block
these anti-inflammatory actions, strongly implying that they occur via a CB;/CBy-
independent mechanism [297,298]. Indeed, Lowin et al found that, in contrast to
cannabinoid receptor antagonists, transient receptor potential (TRP) V1 and TRPA1
(membrane ion channels responsible for many off-target effects of cannabinoid ligands
- see section 4.1.6) antagonists were able to reverse the anti-inflammatory action
of WIN55,212-2 on inflammatory mediator production by inflamed FLS [297]. To
date no study has used CB,”~ animals in a model of RA to examine its role in this
inflammatory disease. This leaves an obvious area of study to fully elucidate the

role that CBs plays, if any, in RA.

1.9.5 The role of CB; in ischaemia reperfusion injury

As its name suggests, ischaemia reperfusion (IR) injury refers to the damage caused
to tissues when blood flow is re-established following a period of ischaemia, resulting
from a disrupted or absent blood supply [300]. Upon restoration of blood flow,

local generation of reactive free radical species causes immediate tissue damage and
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elicits an inflammatory response resulting in a large tissue influx of neutrophils and
monocytes that contribute to further tissue damage. Ultimately, IR injury can lead
to organ failure and even death, and is the predominant mechanism underlying organ
damage in both heart attack and stroke [301,302]. In experimental animals, IR
injury can be induced in multiple organs by the ligation of the vessel(s) supplying
the tissue, followed by removal of the ligature to restore blood flow. In the heart
the left descending coronary artery is ligated [303], in the brain the middle cerebral
artery [304], in the kidney the main arterial supply [305] and in the liver the hepatic

portal vein and artery [306].

There are now a vast array of studies demonstrating that CB, has a protective
role during IR injury in multiple tissues [307]. Activation of CBy by a range of
synthetic agonists has been shown to reduce infarct size and tissue damage/function
following IR in the kidney [308], liver [309-312], brain [313-316] and heart [317-323].
Importantly, for the majority of these above studies, the reliance on CB; for this
beneficial effect has been confirmed by using either a CBy antagonist [309-312,317,
320,321,323 or CB,”/- animals [310,316,319]. Conversely, animals lacking CB, have
been shown to have increased infarct areas and tissue damage following IR in the

liver [310], heart [319,324,325] and brain [315].

The predominant mechanism responsible for this protective role seems to be the
negative regulation of tissue neutrophil recruitment by CB,, as neutrophils are a
major contributor to tissue damage following IR [326]. Specific activation of CBy by
multiple agonists has been demonstrated to inhibit neutrophil infiltration, whereas
CB, 7" animals have higher tissue neutrophil recruitment after IR injury, in the
liver [309-312], brain [313,315,316] and heart [317-319]. Exactly how CB, inhibits
neutrophil tissue infiltration remains understudied, however it has been proposed that
activation of CBjy specifically on the neutrophils themselves inhibits their chemotaxis

and endothelial cell adhesion.

In a detailed study by Murikinati et al, it was found that JWH133 treatment
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resulted in decreased brain infarct area following IR in CBy”/ animals reconstituted
with WT bone marrow, whereas JWH133 had no effect in WT animals reconstituted
with CB,™/~ bone marrow, demonstrating that CB, in the bone marrow derived cells
themselves is responsible for the beneficial actions of CBy activation in IR-induced
brain injury [316]. Furthermore, the ability of JWH133 to inhibit neutrophil chemo-
taxis towards CXCL2 and neutrophil-endothelial cell interaction was lost when using
CB,”/~ neutrophils [316]. This therefore implies that activation of CB, specifically
on neutrophils results in their reduced tissue migration and infiltration following IR,

resulting in decreased tissue damage and improved outcomes following IR injury.

1.9.6 The role of CB,; in the development of atherosclerosis

Atherosclerosis is a chronic inflammatory disorder characterised by progressive accu-
mulation of immune cells and lipids within the arterial intima [327]. Atherosclerotic
lesions predominantly occur at sites of turbulent blood flow, where retention of
modified lipids within the arterial intima results in endothelial dysfunction and the
recruitment of blood-borne monocytes [328,329]. These monocytes then differentiate
into macrophages and ingest modified lipoproteins eventually becoming lipid-engorged
foam cells, which leads to the formation of an atherosclerotic plaque [330]. Eventual
rupture of these fatty lesions results in pathological thrombus formation, making
atherosclerosis the primary cause of both myocardial infarction and stroke [331].
Current therapeutic intervention with lipid-lowering statin treatment has helped
reduce disease incidence [332]; however atherosclerosis remains the primary cause of
mortality worldwide, clearly highlighting a currently unmet clinical need for new

classes of anti-atherogenic drugs [333].

A breakthrough study published in 2005 by Steffens et al provided the first indi-
cation that activation of CBy has beneficial effects within atherosclerosis. Low dose
(Img/kg/day) administration of A9-THC decreased both the size and macrophage

content of atherosclerotic lesions in ApoE”/~ mice in a CBy-dependent manner [334].
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Two studies published in 2010 confirmed this finding, demonstrating that the
synthetic cannabinoid WINb55,212-2 reduced lesion size, macrophage content and
expression of the pro-inflammatory markers TNF-«, IL-6 and CCL2 within these
atherosclerotic plaques in ApoE~/~ animals [335,336]. Importantly, pharmacolog-
ical inhibition of CBy reversed these anti-inflammatory and atheroprotective ef-
fects [335,336]. A joint limitation of these initial studies is that they only implicate

CB; using non-selective agonists combined with pharmacological blockade.

Direct evidence of the protective effects of CBs in atherosclerosis came in 2010
where LDL receptor/CB; receptor double knockout mice (Ldlr/- CBy”- displayed
decreased lesional collagen content and significantly higher levels of matrix metallo-
proteinase 9 (MMP-9) levels, compared to Ldlr/ mice, indicating an unstable plaque
phenotype. Furthermore, Ldlr/~ CB,”/~ mice were found to have increased lesional
macrophage content [337,338]. Interestingly, a more recent study found irradiated
Ldlr/- mice reconstituted with CB,”/~ bone marrow developed significantly larger
aortic valve plaques compared to Ldlr”/~ mice receiving WT bone marrow, implying
that it is CBy expression in bone marrow derived cells that is important for the
atheroprotective effects of CB,. These findings have been replicated using ApoE /-
CB, /" mice, as these animals display significantly increased lesional macrophage
content compared to ApoE”/" animals and irradiated ApoE”" mice reconstituted
with CB,”/~ bone marrow have increased plaque macrophages compared to ApoE”/-
mice receiving WT transplantation [339]. Furthermore, this study also found that
atherosclerotic lesion size and macrophage content of ApoE~", but not ApoE”/~ CB,

-/~ | was significantly decreased after treatment with JWH133 [339)].

However, Willecke et al found that JWH133 did not have any effect on macrophage
content or plaque area in Ldlr/- animals [338]. The source of this conflict is currently
unknown, but could due to differences in compound dosing regimes, experimental
model used (Ldlr”/~ vs ApoE”~ in this case) and also time point chosen for atheroscle-
rosis quantification. Further controversy about the role of CB; in atherosclerosis

was recently provided by Netherland-Van Dyke et al who found that although
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WIN55,212-2 reduced plaque macrophage content in Ldlr/~ mice, mirroring previous
results, it also had the same effect in Ldlr/~ CB,”/" animals implying that this occurs

independently of CB, [340].

Nevertheless, when taken together these pharmacological and genetic studies
demonstrate that CBy endogenously inhibits macrophage infiltration and inflam-
mation in murine atherosclerotic lesions. However, the mechanism underlying this
beneficial effect still remains unclear. In the seminal paper by Steffens et al it was
demonstrated that treatment of macrophages with A9-THC reduced their migration
towards CC chemokines and this was suggested as a potential mechanism for reduced
plaque macrophage content [334]. Further support of this hypothesis comes from a
number of studies that demonstrate activation of CB, blocks macrophage chemotaxis
towards CC chemokines (see chapter 3 for a more detailed discussion) and the
findings of Delsing and Hoyer that lack of CB5 in bone marrow derived cells leads to

increased lesional macrophages [339,341].

Additionally, CB, expression in the vasculature itself has also been proposed to
mediate the beneficial effects of CB, activation, as treatment of ApoE”/" mice with
WIN55,212-2 causes reduced aortic expression of the adhesion molecules ICAM-1,
VCAM-1 and P-selectin. Furthermore, the treatment of HUVECs with WIN55,212-2
blocks monocyte endothelial cell adhesion by downregulating these same adhesion
molecules [335]. Additionally, JWH133 and HU308 have been demonstrated to
inhibit monocyte ICAM-1, VCAM-1 and CCL2 expression and arterial endothelial
cell adhesion both in vitro and in vivo [342]. Importantly both studies found that
this could be blocked by treatment with a CBy antagonist [335,342]. Clearly further
work is needed to clarify the exact mechanistic basis behind the anti-atherogenic
function of CB,y. Nevertheless, these above studies demonstrate that pharmacological
activation of CBy may provide a potential therapeutic avenue to inhibit atherosclerosis

progression.
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1.10 Original hypothesis for this thesis

Clearly the current literature demonstrates that the activation of CBs has a ben-
eficial and/or protective outcome in a range of inflammatory diseases. However
the mechanistic basis underlying this effect remains poorly defined, although some
preliminary experiments suggests that the inhibition of leukocyte chemotaxis and
tissue recruitment by CBs; may be responsible. With this in mind the original

hypothesis for this thesis is as follows:

Ho = Activation of CB5y does not regulate immune cell chemotaxis or recruitment

during an inflammatory response.

H; = Activation of CBy blocks innate immune cell recruitment to sites of inflamma-
tion n vivo by inhibiting their chemotaxis towards classical innate immune

cell chemoattractants.

1.11 Experimental aims

At the start of my graduate studies in 2012, I set myself the following experimental

alms:

e To use real-time chemotaxis analysis to assess whether CB, acts as a chemoat-

tractant receptor in primary macrophages.

e To use real-time chemotaxis analysis to discover whether CB, activation blocks

primary macrophage chemotaxis towards CC chemokines.

e To use the dorsal air pouch acute inflammation model, combined with ani-
mals lacking CB,, to investigate whether CB, regulates innate immune cell

recruitment to sites on inflammation in wvivo.
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Chapter 2

Materials and Methods

2.1 Reagents

Cannabinoids and cannabinoid receptor inverse agonists, as well as lipid GPCR
ligands, were purchased from Tocris (Bristol, UK). Murine CCL5 was purchased
from Peprotech (London, UK). Murine chemerin and murine CCL2 were obtained
from R & D systems (Abingdon, UK). Pertussis toxin (PTX) was purchased from
Merck Millipore (Feltham, UK). Bio-gel polyacrylamide beads (P-100 fine 45-90 pm)
were purchased from Biorad (Hertfordshire, UK). cOmplete, EDTA free protease
inhibitor cocktail tablets were purchased from Roche (Burgess Hill, UK). Rabbit anti-
phospho-ERK1/2, rabbit anti-phospho-Akt and total ERK1/2 were purchased from
Cell Signalling Technologies (Danvers, MA, USA). HRP-conjugated Goat anti-rabbit
secondary was purchased from Biorad. CIM-16 and 96 well E-plates plates were
purchased from Cambridge bioscience (Cambridge, UK). All cell culture media were
obtained from PAA systems (Yeovil, UK). Phosphatase inhibitor cocktail 2, Zymosan-
A (Z4250) and all other laboratory chemicals were purchased from Sigma Aldrich
(Dorset, UK). DIAS2 (3-((2’-cyanobenzyl)thio)-5H-[1,2,4]triazino[5,6blindole) [229]

was synthesized by Dr. Angela Russell (University of Oxford, UK).
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2.2 Animals

C57BL/6J mice were obtained from Harlan Laboratories (Oxfordshire, UK) or
directly from the in-house colony maintained in our animal facility (also referred
to as wild type (WT) animals). B6.SJL animals were obtained from our in-house
colony. Cannabinoid receptor 2 knockout mice (officially designated B6.129P2-
Cnr2t™P9en /T and herein referred to as CB,”/~ mice) were purchased from the
Jackson Laboratories (Bar harbour, ME, USA). These mice were originally produced
by Deltagen (San Mateo, CA, USA) and have been backcrossed at least 5 generations
onto the C57BL/6J background. All animal studies were conducted with ethical
approval from the Dunn School of Pathology Local Ethical Review Committee and
in accordance with the UK Home Office regulations (Guidance on the Operation
of Animals (Scientific Procedures Act) 1986). When designing experiments using
animals, the principles of the 3Rs were taken into consideration at every stage.
This involved trying to replace animal experimentation with in vitro alternatives,
to reduce the number of animals used to complete any study and to refine the

experimental method(s) to improve animal welfare and minimise suffering.

2.3 Bio-gel and thioglycollate elicitation of peritoneal exu-

date cells

Male C57BL/6J mice or male and female CB,”/~ mice were injected intraperitoneally
with either 1 ml of sterile 2% bio-gel polyacrylamide beads (P100 fine, 45-90 puM;
either from our lab stock or from a separate batch obtained from a collaborator)
suspended in phosphate buffered saline (PBS) or 1 ml of 4% thioglycollate (brewer
thioglycollate media, Sigma-Aldrich). After four days, mice were sacrificed and the
elicited cells collected by peritoneal lavage with 10 ml ice cold PBS containing 2
mM EDTA. The cellular composition of both populations was determined by flow

cytometry as described in section 2.7.
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2.4 Bio-gel macrophage enrichment

Following peritoneal lavage bio-gel elicited PECs were pelleted by centrifugation at
200 xg for 5 min at 4°C and then re-suspended in 10 ml chemotaxis buffer (RPMI
1640 supplemented with 0.5% BSA and 25 mM HEPES) before being transferred into
10 cm petri dishes (one per mouse; non-tissue culture treated) and left for 2 hours at
37°C, 5% COgy. After three washes with 10 ml PBS to remove any non-adherent cells,
the medium was replaced with 10 ml chemotaxis buffer and dishes left overnight
at 37°C, 5% CO,. Adherent macrophages were collected by the addition of PBS,
containing 10 mM EDTA, and gentle agitation. Macrophages were then pelleted
by centrifugation at 200 xg for 5 min at 4°C, resuspended in chemotaxis buffer,
counted and then adjusted to the desired cell concentration. Macrophage purity was

determined by flow cytometry as described in section 2.7.

2.5 ACEA xCELLigence real-time chemotaxis assay

Real-time chemotaxis analysis was conducted as previously described [343]. Vehicle
(0.3% DMSO in chemotaxis buffer) cannabinoid, chemerin or chemokine (160 pul)
at the desired final concentration was added to the lower chamber of a CIM-16
plate. The upper chamber was subsequently attached and 50 ul of pre-warmed
chemotaxis buffer added to each of the upper chambers. Following equilibration at
RT for 30 min, the plate was transferred into the RTCA-DP system for background
analysis. Bio-gel elicited PECs (50 yul - 4 x 10° cells/well), enriched macrophages,
thioglycollate elicited macrophages or bone marrow neutrophils (50 pl - 2 x 10°
cells/well) in chemotaxis buffer were then added to all upper wells and plate replaced
into the RTCA-DP system. Cell Index (CI) measurements were then taken every 5
seconds over the 3-4 hour assay period. CI is a dimensionless unit that represents

the background corrected electrical resistance at a given time point for each well. It
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is derived using the following equation:

(Qtn - QtO)

Cell Index = 50

Where: €);,, = Resistance at time point being measured

and ;9 = Resistance at time point zero

For inhibitor studies, bio-gel elicited PECs were incubated at 37°C, 5% CO, with
wortmannin (200 nM for 60 min), PTX (200 ng/ml for 90 min), SR144528 or
SR141716A (1 uM for 30 min) prior to being placed into the upper chamber of the
CIM-16 chemotaxis plate. For the experiments using SR144528 and SR141716A,
these inverse agonists were also present in the lower chamber alongside the indicated
cannabinoid. For receptor cross-talk experiments, ligands were either added alone
or in combination into the lower chamber of a CIM-16 chemotaxis plate. Gradient
formation and chemotaxis was then conducted as described above. Chemotaxis traces
are either displayed as the raw CI values. Data were analysed by calculating the
maximum CI reached minus the minimum CI signal and pooled data are displayed

as a fold change relative to cells migrating towards vehicle alone (referred to as A

Cell Index (Fold change)).

2.6 ACEA 96 well ECIS cell spreading assay

Following peritoneal lavage, bio-gel elicited PECs were pelleted by centrifugation at
200 xg for 5 min at 4°C and then re-suspended at a cell density of 1 x 10° cells/ml
in chemotaxis buffer pre-warmed to 37°C. Chemotaxis buffer (50 pl) was then added
into all wells of a 96 well E-plate and a background measurement taken. Afterwards,
50 pl of cell suspension was added to all wells (50,000 cells/well) and cells were then
left at 37°C, 5% CO, for 2-3 hours to adhere until the CI had reached a stable plateau.

Cells were then stimulated with either vehicle (0.3% DMSO) or cannabinoid at the
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indicated concentration and CI measurements taken every 5 s for 1-2 hours after
agonist addition. Data are displayed as the raw CI values. The response observed
was then calculated as maximum CI minus CI at point of agonist addition (referred
to as ACell Index). For experiments using 1Y294002, after the plateau phase was
reached, cells were incubated with vehicle, 10, 3 or 1 M LY294002 (10 ul/well)
for 1 hour at 37 °C, 5% CO,. Following treatment, 10 uM JWH133 or HU308 was
added (10 pl/well) and CI measurements taken every 5 s for 1-2 hours after agonist
addition. For the receptor transfection studies, 50 ul of Ham’s F12 with 2% FCS was
added to each well of a 96 well E-plate and a background reading taken. Afterwards,
GPCR transfected CHO cells were added to their corresponding wells (50 ul; 25,000
cells/well) in Ham’s F12 with 2% FCS and left overnight at 37°C, 5% CO, to reach
a stable baseline and allow tagged GPCR expression. After stimulation with vehicle
(0.3% DMSO) or ligand (Cannabinoid 10 uM or C5a 10 nM), CI measurements were
taken every 5 s for 1-2 hours after agonist addition. Response was calculated as: CI
immediately before agonist addition minus CI at the time point corresponding to

Cbha peak in ChaR1 transfected cells.

2.7 Flow cytometry

Cells (5 x 10°) or 300 ul of pouch or peritoneal lavage fluid was placed into polypropy-
lene tubes and pelleted by centrifugation at 200 xg for 5 mins at 4°C. These were
then resuspended in 50 ul of FACS buffer (PBS containing 2% FCS, 25 mM HEPES
and 5 mM EDTA) supplemented with mouse IgG (116 ug/ml) and mouse SeroBlock
FcR® (6.6 pg/ml AbD Serotec, Oxford, UK) and left on ice for 30 min to allow
Fc receptor blocking. For studies using CHO cells, the cell pellet was resuspended
in FACS buffer alone. Specific staining was conducted by the addition of 50 ul
antibody cocktail in FACS buffer for 1 hour on ice. The antibodies used throughout
this thesis are listed in table 2.1, and positive staining was determined using the

appropriate isotype controls. Cells were then washed with 1 ml FACS buffer before

o4



being resuspended in 1% PFA and analysed using a Dako Cyan ADP flow cytometer
(Beckman Coulter Ltd, High Wycombe, UK) and FlowJo software (V10, Tree Star,
Ashland, USA). For whole blood staining, 50 ul of blood was placed into polypropy-
lene tubes containing 50 pl blocking solution as detailed above, and left on ice for
30 min. Antibody staining was then conducted by the addition of 50 ul antibody
cocktail and incubation for 1 hour on ice. Next 3 ml BD FACS" lysing solution
was added to each sample and tubes left for 15 min at RT to allow red blood cell
lysis. Cells were then pelleted by centrifugation at 200 xg for 5 min, washed twice
with 1 ml FACS buffer and then resuspended in 1% PFA for analysis. The antibody
staining definitions I have used to identify all of the different cell populations that

appear in my thesis can be found in table 2.2.

Antigen Isotype Clone Fluorophore
B220 RA3-6B2 Rat IgG2a APC
c-myc | SH1-26E7.1.3 Mouse IgG1 FITC
CD11b M1/70 Rat IgG2b PerCP
CD19 6D5 Rat IgG2a Brilliant violet 421
CD115 AFS98 Rat 1gG2a PE
CD3 17A2 Rat IgG2b PE
CD45 30-F11 Rat IgG2b APC/Cy7
CD45.1 A20 Mouse IgG2a APC/Cy7
CD45.2 104 Mouse IgG2a PE
F4/80 CL:A3-1 Rat IgG2b FITC
F4/80 CIL:A3-1 Rat IgG2b Alexa Fluor 647
FceRla MAR-1 Armenian hamster IgG PE
FLAG L5 Rat IgG2a PE
HA GGS8-1F3.3.1 Mouse 1gG1 APC
Continued on next page
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Table 2.1 — continued from previous page

Antigen Isotype Clone Fluorophore
Ly6C HK1.4 Rat IgG2c APC
Ly6C HK1.4 Rat IgG2c FITC

Ly6B.2 7/4 Rat IgG2a Alexa Fluor 647
Ly6G 1A8 Rat IgG2a PE
Ly6G 1A8 Rat IgG2a Pacific blue
Siglec-F E50-2440 Rat IgG2a Alexa Fluor 647

Table 2.1 Antibodies used throughout this thesis.

Cell Type

Surface Markers Used

Neutrophils
Ly6C" monocytes
Ly6C"™ monocytes

Macrophages

Eosinophils

Mast cells

T cells
B cells
B-1 cells
CHO CBy, cells
CHO GPRb55 cells
CHO GPRI18 cells
CHO CbhaR1 cells

CD45, CD11b, Ly6G, Ly6C, 7/4
CD45, CD11b, CD115, Ly6C
CD45, CD11b, CD115, Ly6C"

CD45, CD11b, F4/80, 7/4 negative
CD45, CD11b, F4/80™, Siglec-F
CD45, CD11b, Siglec-F, FceRla
CD45, CD3
CD45, CD19, B220
CD45, CD19, B220 negative
FLAG positive
c-myc positive

HA positive

HA positive

Table 2.2 Surface markers used for cell identification.
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2.8 Cell counting using flow cytometry

For elicited cells (peritoneal for the zymosan peritonitis model, pouch for the dorsal
air pouch model), 50 ul of CountBright” Absolute Counting Beads (ThermoFisher
Scientific, Paisley, UK) were added to 300 ul of lavage fluid and samples analysed by
flow cytometry gating separately on beads (which have high side scatter) and cells,
and then calculating the number of events in each gate. For the blood, 50 pl of whole
blood was subjected to red blood cell lysis using 3 ml of BD FACS" lysing solution
for 15 min at RT. Cells were then washed twice using 3 ml FACS buffer, resuspended
in 300 pl of FACS buffer and supplemented with 50 ul of counting beads before being

analysed by flow cytometry. The number of cells per ml of sample was then calculated

Bead events Volume in sample

using the following equation: Cells/ml = (( Cell events ) (Bead CO““"“”““)) * 1000.
For cells recruited in the peritonitis and dorsal air pouch models, the resulting
number was multiplied by 5 and 3 respectively to calculate the absolute number of
cells recruited to each cavity, as this factor represents the lavage volume in ml used

in either model.

2.9 Discoverx intracellular cAMP assay

Intracellular cAMP levels were measured using Discoversx cAMP Hunter" eXpress
kits (Discoverx, Birmingham, UK) following the manufacturer’s protocol. Briefly,
CHO-KI1 cells overexpressing the human CB; receptor were plated into a 1/2 area
96 well plate (15,000 cells/well) and incubated at 37°C, 5% COy for 24 hours. The
media was then removed and replaced with 22.5 ul of assay buffer containing a
cAMP capture antibody. Cells were then stimulated for 30 min at 37°C, 5% CO,
with either vehicle (4.8% DMSO with 80 uM forskolin) or cannabinoid at 4x the
final desired concentration (Final concentrations were 1.2% DMSO and 20 pM
forskolin). Following stimulation, cell lysis and cAMP detection were performed as

per the manufacturer’s protocol. Luminescence measurements were taken using a
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PHERAstar microplate reader (BMG Labtech, Aylesbury, UK).

2.10 Discoverx [-arrestin recruitment assay

Recruitment of g-Arrestin to murine CB, was measured using the Discoverx Path-
Hunter® eXpress B-Arrestin GPCR Assay following the manufacturer’s protocol.
Briefly, CHO-K1 cells stably expressing murine CBy were seeded into /2 area 96 well
plates (15,000 cells/well) and incubated at 37°C, 5% CO. for 48 hours. Cells were
then stimulated with vehicle (0.3% DMSO in Cell assay reagent) or cannabinoid at
the indicated concentration for 90 min at 37°C, 5% CO,. Cell lysis and detection
of total recruited S-arrestin was determined following the manufacturer’s protocol.

Luminescence measurements were taken using a PHER Astar microplate reader.

2.11 Discoverx f-arrestin GPCR screen

Recruitment of [-Arrestin to 241 human GPCRs after stimulation with 10 pM
JWH133 was measured using the Discoverx PathHunter® eXpress -Arrestin GPCR
Assay. Briefly, cells were seeded into white walled, 384 well microplates and incubated
at 37°C for the appropriate time period prior to testing. JWH133 or vehicle (1%
DMSO) was then added to the corresponding wells and the plate incubated at
either RT or 37°C for 90 or 180 min, depending on the GPCRs being tested.
Cell lysis and detection reagents were subsequently added and one hour later,
luminescence measurement taken using a PerkinElmer Envision microplate reader.
For the GPCRMax panel, % Agonist activity is calculated as 100% x (mean of test
sample — mean of vehicle control) / (mean of control ligand — mean of vehicle
control). For the OrphanMax panel, % Agonist activity is calculated as 100% x

(mean of test sample — mean of vehicle control) / (mean of vehicle control).
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2.12 Cannabinoid stimulation of bio-gel elicited murine

macrophages

Following peritoneal lavage, bio-gel elicited PECs were pelleted by centrifugation at
200 xg for 5 min at 4°C and then re-suspended at a cell density of 1 x 10° cells/ml in
chemotaxis buffer pre-warmed to 37°C. PECs (2 x 10° cells/well) were then seeded in
6 well plates and allowed to adhere for 2 hours at 37°C, 5% CO,. After three washes
with pre-warmed PBS to remove non-adherent cells and enrich for macrophages,
2 ml of chemotaxis buffer was added to each well and the plates left for 1 hour
at 37°C, 5% CO,. The media was then replaced with 1 ml warmed chemotaxis
buffer and left for a further hour at 37°C, 5% CO,, after which 200 pl of vehicle or
cannabinoid was added to the corresponding wells (yielding a final concentration of
10 uM at 0.3% DMSO). Plates were then incubated for 30 min at 37°C, 5% COx.
For experiments using SR144528, 100 ul of either vehicle or SR144528 was added to
the corresponding wells and plates incubated for 30 min at 37°C, 5% CO, (yielding
a final concentration of 1 uM SR144528 at 0.3% DMSO). Following inverse agonist
pre-treatment, wells received 100 ul of either vehicle or cannabinoid (yielding final
concentrations of 10 uM cannabinoid and 0.6% DMSO) and plates incubated for 30
min at 37°C, 5% CO,. After stimulation, the media was rapidly removed and the
plates placed at —80°C. Cell lysates were prepared by the addition to each well of
180 pul cell lysis buffer (150 mM NaCl, 0.8 mM MgCl,, 5 mM EGTA, 50 mM HEPES,
1% IGEPAL CA-630) supplemented with protease and phosphatase inhibitors. Cells
were then manually disrupted and supernatant centrifuged at 16,000 xg for 10 min
at 4°C. Protein concentration of debris free supernatant was determined using a
BCA protein assay kit (Thermo Fisher scientific, Loughborough, UK) following the
manufacturer’s protocol. Samples were then diluted 3:1 with 4x laemmli buffer
(250 mM Tris-HCI, pH 6.8, 8% SDS, 40% glycerol, 0.004% bromophenol blue, 20%
f-mercaptoethanol), heated at 95°C for 5 min and either loaded directly onto an
SDS-PAGE gel or placed at —80°C.
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2.13 Western blotting

Samples (30 pg total protein) were separated using a 10% SDS-PAGE gel (120
V for 90 minutes) and transferred (200 mA for 110 minutes) onto Hybond ECL
nitrocellulose (GE healthcare, Buckinghamshire, UK). Membranes were blocked
with 5% BSA in Tris-buffered saline supplemented with 0.1% tween (TBS-T) for 2
hours at RT or overnight at 4°C. After blocking, membranes were incubated with
rabbit anti-phospho-ERK1/2 or rabbit anti-phospho-Akt (both 1:1000) diluted in
5% BSA/TBS-T for 2 hours at RT or overnight at 4°C. Membranes were then
incubated with a HRP-conjugated anti-rabbit secondary antibody (1:20,000) for
1 hour at RT. Protein bands were visualised by incubating the membranes for 5
min with Amersham” ECL prime and subsequent exposure to x-ray film over a
range of exposure times. To confirm equal protein loading between samples, bound
antibodies were removed by incubating the nitrocellulose membranes in stripping
buffer (60 mM Tris-HCI pH 6.8, 2% SDS, 0.8% [-mercaptoethanol) for 30 min at
50°C. Membranes were then blocked with 5% BSA in TBS-T for 2 hours at RT and
then incubated with rabbit anti-ERK1/2 (1:1000) diluted in 5% BSA/TBS-T for
2 hours. Protein detection was then conducted as detailed above. Densitometric
analysis was conducted using Image Studio Lite (LI-COR Biosciences, Cambridge,
UK) with data displayed as fold change compared to vehicle of the phosphorylated

protein band density divided by the density of the loading control.

2.14 ELISA

The concentration of murine IL-6, TNF-o, CCL2, CCL3, CXCL1, CXCL2 and
CXCL5 in fibroblast cell culture supernatants, air pouch explant culture supernatant

and air pouch and peritoneal lavage supernantants was determined using DuoSet®
sandwich ELISA assays (R & D systems). To begin, a 96 well MAXISORP plate

(Thermo Scientific) was coated with capture antibody by the addition of 100 ul
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per well of the corresponding capture antibody, diluted to the desired working
concentration in PBS, and incubation overnight at RT. The plate was then washed
by completely filling each well with wash buffer (PBS containing 0.05% tween),
followed by aspiration, four times. Plates were then blocked by the addition of
300 ul of reagent diluent (PBS containing 1% BSA) per well and incubation for
1 hour at RT. The plates were then washed four times with wash buffer and 100
pl of sample or protein standard diluted in reagent diluent was added per well
and the plate incubated for 2 hours at RT. Following another wash step, 100 ul of
detection antibody diluted in reagent diluent was added to each well and the plate
incubated for 2 hours at RT. The plates were subjected to another wash step and
then 100 ul of streptavidin-HRP was added to each well and the plate incubated
for 20 min at RT. The plates then had one final round of washing after which 55
pl of 1-Step™ Ultra TMB-ELISA solution was added to each well and the plates
incubated for 20 min at RT in the dark. Finally, 55 ul of 2N Hy,SO, was added to
each well to stop the HRP reaction and the absorbance at 450 nm for each well was
determined using a PHERAstar plate reader. The obtained values were corrected
for optical imperfections in the plate plastic by subtracting absorbance at 570 nm
from absorbance at 450 nm for each well. The amount of each analyte was then
determined by interpolation from the protein standard curve, taking into account
the dilution factor of each sample. If no analyte was detectable in a sample, then
a value equal to the lower limit of detection for the kit, multiplied by the dilution
factor was used for that sample, as this will at least slightly overestimate the amount
of analyte present but means that samples which had detectable levels of analyte

will not inappropriately skew the mean of the pooled results.

2.15 Luminex® inflammatory mediator screening

The concentration of murine IL-6, TNF-«, CCL2, CCL3, CCL4, CXCL1, CXCL2,
CXCL5, CXCL10, IL-15 and matrix metalloproteinase 9 (MMP-9) in air pouch
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lavage supernatants was determined using the bead based Luminex® Screening
Assay ELISA. To begin, the air pouch lavage supernatants were diluted 2-fold using
calibrator diluent RD6-52 and the 96 well microplate was washed by adding and
then removing 100 pl per well of the provided wash buffer. Next 50 ul of the bead
cocktail and 50 ul of protein standard or diluted lavage supernatant was added
into the corresponding wells and the plate incubated for 2 hours at RT with orbital
shaking (500 rpm). Each well was then washed three times with 100 pl of wash
buffer, after which all liquid was removed and 50 ul of biotin antibody cocktail was
added to each well. The plate was then incubated for 1 hour at RT with orbital
shaking. The plate was then washed three times using 100 ul per well of wash buffer,
all liquid removed and 50 ul of streptavidin-PE added to all wells. After incubation
for 30 min at RT with orbital shaking, the plate was washed three times using 100
1l per well of wash buffer. The beads were then resuspended in 100 pl of wash buffer
and samples analysed using a Bio-Rad analyser. The amount of each analyte was
determined from the protein standard curve, taking into account the original 2-fold

dilution.

2.16 Generation of N-terminal tagged GPCR constructs

All tagged GPCR constructs were purchased from Life Technologies, using their
GeneArt® Gene Synthesis service. Briefly, the protein coding regions for murine
ChaR1 (Transcript variant 1, NM_007577.4), CBy (NM_009924.3), GPR55 (NM_0010-
33290.2), GPR18 (NM_182806.1), Lysophosphatidic acid receptor 1 (LPAR1 —
Transcript variant 1, NM_010336.2), Lysophosphatidic acid receptor 5 (LPAR5 -
Transcript variant 1, NM_001163268.1), Cysteinyl leukotriene receptor 1 (CYSLTR1
- transcript variant 1, NM_021476.5), Cysteinyl leukotriene receptor 2 (CYSLTR2
- transcript variant 1, NM_133720.3) and G protein-coupled estrogen receptor 1
(GPER1 - NM_029771.3) were modified by the removal of the endogenous start codon

and the addition of an N-terminal EcoRI restriction site, a Kozak consensus sequence,
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an epitope tag (C5aR1, GPR18, LPAR1&5, CYSLTR1&2, LTB4R1, SIPR1 and
GPER - hemagglutinin (HA); CB, - FLAG; GPR55 - c-myc) and a C-terminal Notl
restriction site. The sequences were cloned into pcDNA3.1(+4) and all constructs
100% sequence verified. Vectors were propagated by transformation into DHb5«
chemically competent cells (Life Technologies) following the manufacturer’s protocol.
After being spread on LB agar plates containing 50 pg/ml ampicillin and incubated
overnight at 37°C, single colonies were placed into 7 ml of LB medium containing
50 pg/ml ampicillin and incubated for 10 hours at 37°C with constant shaking (300
rpm). Next 150 pl of this culture was added to 150 ml LB medium containing 50
pg/ml ampicillin and incubated for 20 hours at 37°C with constant shaking (300 rpm).
The cells were then pelleted and plasmid DNA extracted using the Qiagen HiSpeed
plasmid midi kit following the manufacturer’s instructions. DNA concentration and
purity was determined using a NanoDrop ND-1000 spectrophotometer (Thermo
Scientific). All vectors were then sent for Sanger sequencing to confirm sequence

identity.

2.17 CHO cell GPCR transfections

CHO cells were cultured in Ham’s F12 medium containing 2% FCS until 80-90%
confluent. After washing twice with 15 ml PBS, cells were detached by incubation
with TrypLE" Express (5 ml - T75 flask, 10 ml - T175 flask, Life technologies, Paisley,
UK) for 3 min at 37°C, 5% CO,. After being collected into 25 ml Ham’s F12 with
2% FCS and pelleted by centrifugation at 200 xg at 4°C, cells were resuspended in
Ham'’s F12 with 2% FCS, counted and cell density adjusted to 1 x 10° cells/ml. For
receptor transfections, the Amaxa® cell line nucleofector® kit T was used following
the manufacturer’s recommended protocol for CHO cells. Briefly, 1 x 10° cells were
pelleted by centrifugation at 200 xg for 10 min at RT and then resuspended in 100
pl nucleofector® solution T. After addition of Plasmid DNA (2 ug - either tagged

GPCR or empty vector) the suspension was transferred into a provided cuvette,
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placed into the nucleofector® device and transfected using program U-023. Cells
were then diluted to a final volume of 2 ml using Ham’s F12 with 2% FCS and plated
into a 96 well E-plate (see section 2.6 for details). The remaining cells were added
into a 6 well dish containing 2 ml Ham’s F12 with 2% FCS and left overnight at
37°C, 5% CO,. The cells were detached by incubation with 500 ul TrypLE" Express
per well for 3 min at 37°C, 5% CO5 and collected into 5 ml Ham’s F12 with 2%
FCS. The cells were then pelleted, counted and used for flow cytometric analysis of

transfection efficiency as detailed in section 2.7.

2.18 Bone marrow neutrophil isolation

Isolation of murine bone marrow neutrophils was conducted as previously described
[344]. Briefly, the femur and tibia were isolated from male C57BL/6J mice with the
surrounding tissue carefully removed. The bones were then flushed through with
RPMI containing 10% FCS and 2 mM EDTA. The bone marrow cells were then
gently resuspended using a pasteur pipette, passed through a 70 um cell strainer to
remove any remaining tissue or cell clumps and pelleted by centrifugation at 250 xg
for 5 min at 4°C. Red blood cells were then lysed by hypotonic lysis (20 ml 0.2%
NaCl followed by 20 ml 1.6% NaCl) and the remaining cells pelleted by centrifugation
at 250 xg for 5 min at 4°C. After washing with RPMI containing 10% FCS and 2
mM EDTA, cells were resuspended in 1 ml PBS and layered onto a Histopaque®
gradient consisting of Histopaque® 1077 (3ml) on top of Histopaque® 1119 (3 ml)
and centrifuged at 400 xg for 30 min at RT. Neutrophils were then collected from the
interface of the Histopaque® layers using a pasteur pipette, pelleted by centrifugation
at 250 xg for 5 min at 4°C and then resuspended in 1 ml chemotaxis buffer and
counted. Cell density was then adjusted to 4 x 10 cells/ml with chemotaxis buffer
and 50 ul added to the upper chamber of the CIM-16 chemotaxis plate (2 x 10°
cells/well). Neutrophil purity was determined by flow cytometry as described in

section 2.7.
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2.19 RNA extraction and cDNA synthesis

RNA extraction of enriched bio-gel macrophages, cultured air pouch fibroblasts
and air pouch tissue explants was conducted using the RNeasy® Mini Kit (Qiagen,
Manchester, UK). Briefly, cells and tissue were lysed by addition of 500 ul of
buffer RLT and manual disruption, and then total RNA extracted following the
manufacturer’s instructions. RNA concentration and quality was determined using
a NanoDrop" ND-1000 spectrophotometer. cDNA was produced from the purified
RNA using the QuantiTect® Reverse Transcription kit (Qiagen) following the

manufacturer’s protocol.

2.20 Real-time PCR

Expression of actin, CBy, vimentin, TLR-2 and/or Dectin-1 in enriched bio-gel
macrophages or cultured air pouch fibroblasts was determined using the following
primers (5">3"): Actin Fwd CCAACAGCAGACTTCCAGGATT, Actin Rev CTG-
GCAAGAAGGAGTGGTAACTG, CBy Fwd GGTCCTCTCAGCATTGATTTC,
CBy Rev GCCCAGTAGGTAGTCGTTAG, Vimentin Fwd TGAAGGAAGAGATG-
GCTCGT, Vimentin Rev GGAAGAAAAGGTTGGCAGAG, TLR2 Fwd CTCC-
CACTTCAGGCTCTTTG, TLR2 Rev GCCACTCCAGGTAGGTCTTG, Dectin-1
Fwd CAGGGAGAAATCCAGAGGAG, Dectin-1 Rev TAGGAAGGCAAGGCTGA-
GAA and SYBR Select PCR master mix (Life Technologies). 500 ng of cDNA was
used per reaction with the following thermal profile: 95°C for 5 min, 40 cycles of
95°C for 30 s, 60°C for 20 s, 72°C for 30 s and a final step of 72°C for 5 min using
a StepOnePlus” thermal cycler (Applied biosystems). The StepOne’ software was
used for data analysis, with the cycle threshold (Ct) set in the linear phase of the

amplification plot.
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2.21 Murine Tagman GPCR expression array

cDNA synthesis from bio-gel enriched macrophage RNA was conducted as described
above. c¢cDNA was mixed with an equal volume of 2X qPCR mastermix plus
(Eurogentec: containing ANTP/dUTP, HotGoldStar Taq DNA polymerase, UNG,
MgCly and the ROX passive reference dye) and 1000 ug of cDNA was loaded per lane
into a 384 well TagMan Mouse GPCR, array (Applied Biosystems) by centrifugation
of the plate at 331 xg for 2 consecutive runs of 1 min. The plate was then sealed and
the PCR reaction conducted using an Applied Biosystems 7900HT Fast Real-Time
PCR System with the following thermal profile: 50°for 2 min (UNG activation),
95°for 10 min (polymerase activation) and 40 cycles of 95°for 15 s and 60°for 1 min.
Data analysis was conducted using SDS software version 2.1 (Applied Biosystems)
with the cycle threshold (Ct) value set in the linear phase of the amplification plot.

A Ct value of 32 was set as a cutoff, above which genes were deemed not expressed.

2.22 Ligand-directed virtual screening

The ligand-directed virtual screen was conducted by Rebecca Hancock from the
Department of Chemistry. A virtual representation of the chemistry in-house
compound library, containing approximately 25,000 members, was created using
OMEGA (OpenEye Scientific, Santa Fe, NM) and used as the screening library.
JWH133, HU308, L-759,656 and SER601 were drawn using ChemBioDraw (Perkin
Elmer, Massachusetts), converted to an energy minimised three dimensional structure
using the MM2 function and used as the reference ligands in four separate virtual
screens. The virtual screening was performed using ROCS (OpenEye Scientific)
using the simple screen settings, comparing each reference ligand to each compound
library member. Compounds were than ranked from high to low based on their
combo score (A composite measure of how similar the test compound is to the

reference ligand in both three dimensional shape and overall charge distribution.
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The higher the combo score, the more similar the test compound is to the reference).
From each of the four screens, the top 20 were considered for screening plus any
compounds that were present in the top 100 of at least 2 screens. Compounds were
then grouped into classes (compounds with a common backbone or substructure) and
classes with three or more members were prioritised for biological testing. Finally,
any compounds found at this stage that resembled the DIAS scaffold [343] were

excluded from biological testing.

2.23 Zymosan-induced peritonitis

Female WT C57BL/6J or CB, 7/~ mice were injected intraperitoneally with 100 pg
of zymosan A from Saccharomyces cerevisiae (Sigma Aldrich). Four hours later,
mice were sacrificed and elicited cells collected by peritoneal lavage with 5 ml PBS
containing 2 mM EDTA. The total number of cells recruited to the peritoneal cavity
was calculated using CountBright” Absolute Counting Beads (Life technologies) as
detailed in section 2.8. Cell populations present in the peritoneum were identified

using flow cytometry as described in section 2.7.

2.24 Dorsal air pouch inflammation model

Male or Female WT C57BL/6J or CB,”- mice were anaesthetised using isoflurane
and then air pouches created by the dorsal subcutaneous injection of 2.5 ml sterile
air on day 0 and day 3 to fully establish the dorsal air pouch. On day 6 the mice
were again anaesthetised using isoflurane and each pouch injected with 100 ug of
zymosan A (500 ul per pouch). The mice were then culled 2, 6, 16 or 48 hours after
zymosan injection and the pouches lavaged with 3 ml PBS containing 2 mM EDTA.
For baseline analysis, on day 6 mice were culled directly and pouches lavaged with
3 ml PBS containing 2 mM EDTA. After pouch lavage, blood was collected from

the hepatic portal vein using a 21 G needle and placed into EDTA containing blood
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tubes. Cell counts and populations present were determined by flow cytometry as
described in sections 2.7 and 2.8. To collect cells lining the pouch, day 6 pouches
were injected with 3 ml TrypLE" Express pre-warmed to 37°C and left for 15 min
before collection into 6 ml DMEM containing 10% FCS. Cell culture and in vitro
zymosan stimulation was then conducted as described in section 2.26. For pouch
explant studies, mice were culled on day 6 after pouch establishment and the pouch
exposed by carefully removing the overlying skin. The pouch was then removed and
cut into equal pieces before being placed into 6 well dishes containing 500 ul vehicle
(DMEM containing 10% FCS) or zymosan (10 ug/ml). The tissue explants were
then left for 3 hours before culture supernatants were collected and then stored at
—80°C. Inflammatory mediator production was then measured by ELISA as detailed
in section 2.14. The remaining pouch tissue was placed into RLT buffer, homogenised

and RNA extraction and cDNA synthesis conducted as described in section 2.19.

2.25 Generation of mixed bone marrow chimeric animals

Bone marrow cells were isolated from 8-10 week old female WT B6.SJL animals that
have the CD45.1 surface antigen and CB,”/~ animals that have the CD45.2 surface
antigen. Red blood cell lysis was conducted by the addition of 10 ml of ACK lysis
buffer (155 mM ammonium chloride, 10 mM potassium bicarbonate and 100 pM
EDTA) for 5 min. Cells were then pelleted by centrifugation at 250 xg for 5 min.
The remaining cells were resuspended in PBS; counted, and then CD45.1 and CD45.2
cells mixed equally to give a final concentration of 2.5 x 107 cells/ml. Alongside, 8-10
week old female WT C57BL/6J or CB,”/~ animals were lethally irradiated with two
doses of 5 Gy separated by a three hour gap. Afterwards, the animals were injected
intravenously with 200 ul of the bone marrow cell suspension (5 x 10° cells/mouse)
and monitored closely for he next week to ensure bone marrow transplantation was
successful. Eight to ten weeks after bone marrow reconstitution, blood was taken

from the tail vein of each animal and the proportion of CD45.1 to CD45.2 cells in
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the blood was determined by flow cytometry. One week later dorsal air pouches
were established, and then each pouch subsequently injected with 100 ug of zymosan.
The mice were then culled 6 hours later and pouch and blood leukocyte analysis was

conducted as detailed in sections 2.24 and 2.7.

2.26 Culture and stimulation of air pouch fibroblasts

After collection of the cells lining the dorsal air pouch (see section 2.24 for details), the
cells were passed through a 0.45 pum cell strainer and then pelleted by centrifugation
at 200 xg for 5 min. The cells were then resuspended in 3 ml DMEM containing 10%
FCS and seeded into one well of a 6 well dish (one well per mouse). The medium
was then replaced every 2 days until the cells were approximately 90% confluent.
The cells were then lifted by incubation with 500 ul TrypLE" Express for 5 min at
37°C and then placed into 5 ml DMEM containing 10% FCS. Fibroblasts were then
pelleted by centrifugation, resuspended in 1 ml of DMEM containing 10% FCS and
counted using trypan blue exclusion. The cells were then adjusted to a concentration
of 2 x 10% cells/ml, 1 ml added to each well of a 12 well plate and then left overnight
at 37°C, 5% COy. The cells were then stimulated with vehicle or zymosan (10 pg/ml)
for 6 hours before cell culture supernatants were collected for ELISA analysis (see
section 2.14) and cells lysed by the addition of 300 ul RLT buffer in preparation for

RNA extraction and ¢cDNA synthesis (see section 2.19).

2.27 Data and statistical analysis

All data presented in this thesis were analysed using GraphPad Prism (Version 7,
La Jolla, CA). All data are expressed as mean + or + SEM, as detailed in each
figure legend. For comparisons between two groups only, a Student’s t-test was
applied. For multiple comparisons with only a single variable, a one-way ANOVA

with Dunnett’s multiple comparisons correction was applied. For comparisons with
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two variables, a two-way ANOVA with Sidak’s multiple comparisons correction was
applied. The test used for each individual data set is specified in the corresponding

figure legend. A P value of <0.05 was taken to be statistically significant.
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Chapter 3

Cannabinoid receptor 2 and

macrophage chemotaxis

3.1 Introduction

3.1.1 Chemotaxis - Directional cellular migration towards a

chemoattractant

Chemotaxis, defined as the directional movement of cells towards a chemoattrac-
tant source, is a cellular phenomenon that is fundamental for many physiological
processes in the body. It plays crucial a role in the development of the brain, re-
production, wound healing, angio- and vasculogensis and importantly in immune
cell mobilisation and recruitment to sites of tissue damage or infection. The process
of chemotaxis follows a defined series of events, beginning with the sensing of an
external chemoattractant gradient by cell surface receptors. This external gradient
is then reproduced and amplified internally resulting in the polarisation of the cell
into a front (known as the leading edge) and a back (known as the uropod). Finally,
F-actin and actin-myosin polymerisation and contraction allow extension of the cell
front and movement of the cell body respectively, resulting in the net movement of

the cell towards the chemoattractant.
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A large amount of the knowledge gathered surrounding the process of chemotaxis
has come from studying the amoeba Dictyostelium discoideum. These normally single
celled organisms will migrate towards cAMP released by others during periods of
starvation to aggregate into a single bodied colony [345]. Whilst it cannot be argued
that the discoveries made studying these single celled amoebas are not of merit, there
are large differences between the pathways and signalling mechanisms employed by
Dictyostelium discoideum and mammalian leukocytes [346,347]. Therefore for the
rest of this introduction I will purposefully focus on studies that specifically examine

the process of leukocyte chemotaxis.

3.1.2 Chemotactic receptor signalling

In leukocytes, the receptors responsible for sensing of chemoattractants are G;,-
coupled GPCRs. Their absolute requirement for the initiation of chemotaxis is
demonstrated by the finding that treating cells with pertussis toxin (which irreversibly
locks the Gay; protein in the inactive GDP bound state) completely blocks leukocyte
chemotaxis [347]. It has long been thought that the Ga subunit itself is not required
for initiating chemotaxis [348], however recent work has demonstrated that members
of the G, family play a role in the regulation of leukocyte chemotaxis. Ga;s has been
demonstrated to recruit effector proteins to the leading edge of the cell that help to
regulate cell polarisation, actin polymerisation and chemotaxis [349,350] and genetic
deletion of Gayy in neutrophils inhibits their recruitment in a thioglycollate-induced
peritonitis model [351]. Furthermore, it is well established that the Gayy /13 proteins
are key for establishing the ’backness’ signalling pathway [352] (See section 3.1.5).
Nonetheless, the G+ subunit plays the dominant role in the initiation of downstream
chemotaxis signalling pathways [353,354]. GPCR activation causes the release of the
G~ subunit from the inhibitory effects of the Ga subunit, allowing it to activate a
multitude of downstream effectors, such as cytosolic phospholipase A2 and protein
kinase C( [347,355]. However, the most important downstream effector activated

after GPCR stimulation is phosphoinositide 3-kinase (PI3K) [356].
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3.1.3 PI3K signalling and leading edge formation

As chemoattractant GPCRs remain uniformly distributed throughout the plasma
membrane during chemotaxis [357], this cannot account for the front/back polar-
isation seen in migrating cells. Instead the external chemoattractant gradient is
translated into an internal gradient by the activity of PI3K. This is responsible
for the formation of the leading edge. PI3K accumulates at the front of the cell,
where it is directly activated by the Gf~ subunit [357,358], and catalyses the con-
version of phosphatidylinositol 4,5-bisphosphate (PIP3) into phosphatidylinositol
3,4,5-triphosphate (PIPj3), causing the asymmetric enrichment of PIP3 at the leading
edge. In leukocytes, the PI3K~ isoform is the most critical for directed migration,
as neutrophils isolated from mice lacking PI3K~ do not chemotax or produce PIP3
when stimulated with the chemoattractants Cha, IL-8 or fMLF [359-361]. How-
ever the PI3K( and § isoforms also help to regulate leukocyte migration [362,363].
The asymmetric distribution of PIPj is further reinforced by the actions of two
PIP3 phosphatases, PTEN and SHIP-1, which catalyse the breakdown of PIP3 into
PIP, [364]. These proteins are believed to localise towards the rear of the cell and
act to keep levels of PIP3 low, thereby inhibiting frontness behaviour at this cellular
location. In leukocytes, SHIP-1 appears to be the dominant phosphatase responsible
for controlling PIP3 levels, as neutrophils genetically deleted for SHIP-1 cannot
correctly polarise and have severe migratory defects [365]. Taken together, this
demonstrates the critical importance of the asymmetric generation of PIP3 at the

leading edge for directional migration.

3.1.4 Control of actin dynamics at the leading edge

The purpose of generating PIP3 at the front of the cell is to recruit proteins to
the leading edge, via their PIP3 binding pleckstrin homology (PH) domains, that
regulate F-actin polymerisation. Using a construct containing the PH domain from

Akt tagged with GFP, multiple studies have shown enrichment of this PH domain
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at the leading edge of migrating neutrophils [365,366]. Indeed Akt is a classical
downstream target of PI3K [367] and acts to regulate chemotaxis [368], but many
other PH domain containing proteins are also recruited to the cell front during
migration (see [355]). Perhaps the most important PH domain containing proteins
recruited to the leading edge are the Rac guanine nucleotide exchange factors (GEFs),
such as the DOCK and Asef families, PIXa and Tiam1 [369]. Once localised, these
activate the small GTPases, Rac and Cdc42, which are crucial for regulating actin
dynamics at the leading edge. The importance of these GEFs is highlighted in mice
which are deficient for the exchange factor DOCK2, as neutrophils isolated from
these animals have impaired Racl/2 activation and fail to polarise when stimulated

with a chemoattractant [370].

Active Rac and Cdc42 localise to the leading edge of migrating cells [371,372], due
to the distribution of their GEF's as detailed above, and provide the link between the
chemotaxis signalling machinery and F-actin polymerisation. Rac initiates F-actin
polymerisation by localising and activating the actin nucleation promoting factors
(NPFs) WAVE, Spire and formins, causing the formation of F-actin filaments that
result in membrane protrusion [373,374]. Furthermore Rac, acting in a positive
feedback loop, is absolutely required to strengthen and maintain PI3K activation, as
inhibition or genetic deletion of Rac ablates PIP3 accumulation at the leading edge

and blocks cell migration in response to chemoattratant stimulation [375,376].

(Cdc4?2 is crucial for maintaining the stability of the leading edge in migrating
leukocytes and is seen as a primary regulator of F-actin polymerisation at the cell
front [377]. It is activated by the GEF PIXa and p2l-activated kinase 1, which in
turn allows Cdc42 to bind and activate the NPF WASP at the leading edge. WASP
then recruits and activates the Arp2/3 protein complex that catalyses the formation
of branched F-actin structures, resulting in plasma membrane protrusion [355].
Genetic deletion of either Cdc42 or WASP leads to impaired leukocyte migration in
vitro and in vivo [378,379].
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3.1.5 Signalling and actin-myosin dynamics at the rear of the cell

Alongside the events at the front of the cell that allow membrane movement toward
the chemoattractant, an orchestrated set of events happen at the rear of the cell
to allow translocation of the main cell body. As briefly mentioned above, the
Gag/13 proteins regulate what has been termed the "backness’ signalling pathway
[352]. These regulate the activity of the Rho GEFs, including PDZRhoGEF and
pl115RhoGEF [369,380], which result in the accumulation of activated RhoA towards
the rear of the cell [352,381]. RhoA itself then activates Rho-kinase which in turn
activates myosin II by phosphorylating Ser19 on the regulatory light chain [382].
This then results in co-ordinated actin-myosin contraction, generating movement
of the rear of the cell towards the front [347]. Furthermore, the front signalling
pathway also enforces organisation of the cell rear. Cdc42 helps to promote RhoA
activity at the back of the cell, therefore ensuring that the polarity of the cell is
maintained and ’frontness’ bahaviour is restricted to the leading edge [383]. This
acto-myosin contraction at the rear of the cell, together with the forward membrane
protrusions and anchoring at the leading edge, allows the cell to move towards a

chemoattractant source in a controlled manner.

3.1.6 The role of CB; within immune cell chemotaxis

As CBj is not expressed on cells of the immune system, it cannot regulate their
migration. However, this does not mean that it plays no role in regulating the
migration of other cell types. Indeed a body of literature exisis demonstrating that
CB; helps to orchestrate neuronal migration in the developing brain [384], and
that HEK293 cells transfected with human CB; will migrate towards cannbinoids
in a PTX sensitive manner [385]. However, as CB; is predominantly expressed
on cells of the immune system, this led to the hypothesis that CB; acts as an
immunomodulatory receptor. Indeed, CB; has been demonstrated to modulate

multiple multiple inflammatory diseases and immune cell functions [164, 386, 387],
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including directed migration or chemotaxis [388]. Activation of CBy has been
demonstrated to elicit leukocyte chemotaxis in vitro as the synthetic and highly
potent CBy agonists JWHO015 and JWH133 cause human monocyte migration [389]
and the endocannabinoid 2-AG induces the directed migration of B lymphocytes [390],
natural killer cells [391], eosinophils [392], the myeloid HL-60 cell line [393], the BV-2
microglial cell line [394,395] and human monocytes [393]. In all cases SR144528 (a
CBs inverse agonist) inhibited 2-AG-induced chemotaxis, demonstrating dependence
on CB, signalling. Activation of CBy has also been demonstrated to elicit leukocyte
recruitment ¢n vivo, as intraperitoneal dosing of the synthetic CBy agonist HU210
caused significant cell recruitment into the peritoneal cavity of female B6D2/F1
mice [396]. However, to date, no study has directly examined whether CB, agonists

can elicit the directed migration of primary macrophages.

Nonetheless, it is becoming increasingly apparent that CBy plays a complex
role in the modulation of leukocyte chemotaxis, as above studies demonstrating
that 2-AG acts as a chemoattractant also detailed that other cannabinoids did
not elicit directed migration. Jorda et al found that, in contrast to 2-AG, the
mixed CB;/CB; agonists WIN,55212-2, CP55,940 and the phytocannabinoid A9-
THC failed to cause the chemotaxis of a myeloid cell line expressing CBy [390, 397].
Furthermore, Kishimoto et al also found that WIN55,212-2 and CP55,940 did not
elicit the chemotaxis of the myeloid HL-60 cell line [393]. Taken together, this
data demonstrates that simple activation of CBy may not always cause the directed
migration of immune cells. Furthermore, it hints that functional selectivity may
impact CBs-mediated chemotaxis. This phenomenon, also known as biased agonism,
is defined as the ability of different ligands at the same receptor to activate distinct
downstream signalling pathways [398], and has already been documented for ligands
acting at CBy [152,399]. Therefore, a situation may exist where only a subset
of CBy agonists are able to activate the downstream pathway(s) needed to cause
chemotaxis. However as previous chemotaxis studies only use and compare a limited

range of CBy agonists, and rarely examine the signalling pathways activated, the
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extent and importance of functional selectivity within CBs-mediated chemotaxis
remains unknown. Additionally, cell type specific differences in CBy expression and
downstream coupling/signalling may also impact on the role CBy plays within cell
migration as a recent report by Tanikawa et al found that WIN55,212-2 was able to
induce the directed migration of murine splenic lymphocytes [400]. This therefore
adds even further complexity to the role that CB, plays in regulating immune
cell chemotaxis and demonstrates that caution should be used when attempting to

extrapolate results from one cell type onto another.

3.1.7 Cannabinoids inhibiting chemotaxis elicited by other

chemoattractants

Alongside CB, acting as a chemoattractant receptor in its own right, a significant
body of literature exists showing that activation of CBy negatively regulates chemo-
taxis induced by other chemoattractants. 2-AG, JWHO015 and CP55,940 inhibit
human neutrophil migration towards the chemoattractant peptide fMLF [401,402]
and CP55,940, alongside the phytocannabinoid cannabidiol, inhibit fMLF-induced
chemotaxis of rat macrophages [403,404]. Furthermore, CP55,940 and A9-THC
have been demonstrated to blunt microglial and macrophage chemotaxis towards
the HIV secreted tat protein [405,406]. In all of these studies, the inhibitory effects

of CBy agonists was blocked by the CB; inverse agonist SR144528.

This negative regulation also extends to chemokine-induced chemotaxis. Chemo-
kines are small molecular weight proteins that play a critical role in the trafficking
of leukocytes under normal and pathological conditions [91] and therefore pathways
that can modifiy their function are of great clinical interest. 2-AG, AEA, JWHO015,
JWH133, CP55,940 and WIN55,212-2 have all been shown to inhibit human T cell
chemotaxis towards CXCL12 [407-409] and Steffens et al demonstrated that A9-THC
treatment of murine macrophages inhibits their chemotaxis towards CCL2 [334].

Corroborating this discovery, Raborn et al found that A9-THC and CP55,940
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both inhibit macrophage migration towards CCL5 [410]. These data are of impor-
tance, as they may explain the multiple observations that activation of CBy acts to
limit atherosclerotic plaque size and macrophage content [334-337,339,341], as CC
chemokines are essential for monocyte and macrophage recruitment and dynamics

during atherogenesis [327,330, 331].

Nonetheless, as detailed in section 3.1.6, both cell type differences and functional
selectivity may impact on the ability of CBy agonists to block immune cell chemotaxis
towards other chemoattractants. In a recent study, treatment of murine bone marrow
derived dendpritic cells with the CBy agonist GP1a for 24 or 48 hours had no effect on
CCL19-induced chemotaxis [411]. Furthermore, two studies exist demonstrating that
A9-THC is unable to inhibit human neutrophil chemotaxis towards fMLF [402,412].
Not only is this in contrast to the previously mentioned findings that fMLF-induced
chemotaxis can be blocked by CB, activation, it also conflicts with the finding that
A9-THC can inhibit chemotaxis induced by other chemoattractants. However, as
almost all of these studies vary by at least one variable (cell type used, CB, agonist
used, chemoattractant used) it is difficult to determine whether cell type differences,
functional selectivity or another factor is responsible for these documented disparities.
Finally, a study by Lunn et al found that a CB, inverse agonist was able to block
CC chemokine-induced cell migration in vivo [396]. They developed their own
novel CBs inverse agonist named Sch.336, and found that oral administration of the
compound blocked CCL2-induced immune cell recruitment to the peritoneal cavity
in female B6D2F /1 mice. This is the only study demonstrating that inhibition of
CB, blocks immune cell chemotaxis towards CC chemokines and adds even further

complexity to the role of CBs in the regulation of cell migration.
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3.2 Rationale for the experiments presented in this chapter

As macrophages play a core role within the induction and continuation of an
inflammatory response, and are central to many chronic inflammatory diseases [7,413],
understanding the mechanisms that regulate macrophage migration are of great
clinical interest. However to date, no study has examined whether CB, acts as a
chemoattractant receptor in macrophages and, as detailed above, it is unwise to

extrapolate results obtained from other leukocyte populations onto macrophages.

Furthermore, it has been proposed that activation of CBs inhibits macrophage
chemotaxis towards CC chemokines, explaining the beneficial role of CB, within
atherosclerosis. However the exact role regulatory role that CBs plays in modulating
macrophage chemotaxis towards CC chemokines and other chemoattractants remains
understudied. Finally, as all previous reports only use a limited range of CB5 agonists
to explore how CB, impacts immune cell migration, comparisons between their
results is not possible and the extent and importance of functional selectivity within

CBs-mediated chemotaxis remains unknown.

Therefore, the experimental aims of this chapter are to:

e Use a wide panel of commercially available and chemically diverse CB, agonists
to elucidate whether CB; is a chemoattractant receptor in primary murine

macrophages
e Determine whether functional selectivity at CBs plays any role in this process

e Discover whether activation of CBy inhibits CC chemokine-induced macrophage

chemotaxis
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3.3 Results

Before the results of my thesis begin, it is important to note that some of the
data presented in chapters 3 and 4 have been published in an article entitled:
"Primary Macrophage Chemotaxis Induced by Cannabinoid Receptor 2 Agonists
Occurs Independently of the CBy, Receptor’ in the journal Scientific Reports, of
which I am the first author [414]. This work is covered by a Creative Commons
Attribution 4.0 International License, which permits its reproduction in this thesis.
I wish to state that I am the person responsible for the creation of any material, be

it text or figure, reproduced throughout this thesis.

3.3.1 The CB;, selective agonists JWH133 and HU308 are chemoattrac-

tants for bio-gel elicited PECs

To date, all studies that have examined whether the endocannabinoid system regulates
chemotaxis have used single time point chemotaxis assays, the mainstay being the
modified Boyden chamber [415]. As a chemotaxis methodology the modified Boyden
chamber has a number of limitations, chief among these being the ability to only
measure migration at a single time point. To overcome this issue, I employed a novel
chemotaxis technology that allows cellular migration to be followed in real-time. This
is achieved by measuring electrical impedance across a gold electrode that covers
the underside of a Boyden chamber-style filter. This impedance is converted into a
parameter known as Cell Index (CI; see section 2.5 for details), with increasing CI

equating to higher numbers of migrated cells [343].

Real-time chemotaxis analysis found that the widely used, potent and selective
CB, agonists JWH133 and HU308 (10 M) acted as chemoattractants for murine
bio-gel elicited PECs, with both cannabinoids eliciting approximately a 2.5 fold
increase in CI versus vehicle alone and reaching peak CI after approximately 1.5

hours (Fig 3.1A). Compared to the chemokine CCL5 (5 nM), both JWH133 and
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Figure 3.1 The CB, selective agonists JWH133, HU308 and DIAS2 differ in their
ability to induce the directed migration of murine PECs. (A-F) Bio-gel elicited murine
PECs (4 x 10°) were placed into the upper chamber of a CIM-16 plate and allowed to migrate to
the compound indicated for 3-4 hours at 37°C, 5% COs. Real-time chemotaxis analysis found that
JWH133 and HU308 (A), but not DIAS2 (B) (all 10 pM), elicit PEC chemotaxis. Chemokinetic
analysis, comparing all combinations of vehicle or cannabinoid (10 zM) in the top (T) and bottom
(B) chambers, demonstrated that (C) JWH133 and (D) HU308 both induced true chemotaxis.
Data are mean real-time traces from one experiment with 4 technical replicates per condition, and
are representative of 2 independent biological replicates. (E and F) Concentration response analysis
found that both JWH133 and HU308 elicit PEC chemotaxis in a concentration-dependent manner.
Data are meand+ SEM, n = 4 biological replicates with 3-4 technical replicates per condition.
Statistical analysis was conducted by one-way ANOVA with Dunnett’s multiple comparisons
correction. * P <0.05, ** P <0.01 *** P <0.001, comparing all samples to vehicle control.
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HU308 displayed similar chemotaxis kinetics and maximal responses, albeit with
reduced potency (Fig 3.1A). Interestingly however, in comparison to JWH133 and
HU308, DIAS2 (a selective and potent CBs agonist developed in our lab [229]) was

unable to elicit murine PEC chemotaxis (Fig 3.1B).

Further analysis of both ligands demonstrated that JWH133 and HU308 did
not induce fugetaxis (migration away from a soluble ligand - top chamber: 10 pM
cannabinoid, bottom chamber: vehicle) or chemokinesis (non-directional migration
stimulated by a soluble ligand - 10 pM cannabinoid in top and bottom chamber),
as migration kinetics under these conditions closely mimicked vehicle alone (Fig
3.1C and D, respectively). Moreover, JWH133 and HU308 induced chemotaxis in a
concentration-dependent manner (Fig 3.1E and F, respectively). Taken together,
these experiments demonstrate that JWH133 and HU308 are true chemoattractants

for primary murine PECs, whereas our novel CB, agonist, DIAS2, is not.

3.3.2 Macrophages are the dominant population in bio-gel elicited PECs

that are being measured in real-time chemotaxis

We initially selected bio-gel as our eliciting agent as the literature suggests that this
method allows recovery of large cell numbers with 50-60% macrophage purity [416].
However, when analysing the cell composition of bio-gel elicited PECs by flow
cytometry, I consistently found that macrophages (defined as F4/80%, 7/47) only
comprised around 20% of the cellular composition of bio-gel elicited PECs (Fig 3.2A).
The predominant population was F4/80~ and 7/4% (Fig 3.2A; approximately 50%
of all cells), which comprised mostly of neutrophils (Fig 3.2B; defined as Ly6G™,
7/4%). Interestingly, when I used a second independent batch of bio-gel for cell
elicitation, I found that this had no effect on the composition of the bio-gel PECs,
with macrophages and neutrophils still comprising around 20% and 40% respectively

of the cells present (Fig 3.2C and D).

I next decided to examine whether the facility where the animals were housed
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Figure 3.2 The bio-gel batch or the animal housing facility used have no effect on
the cellular composition of bio-gel elicited murine PECs. Flow cytometry analysis of the
macrophage (defined as F4/80", 7/47 cells), monocyte (Ly6G~, 7/4™") and neutrophil (F4/80,
7/4% or Ly6G™T, 7/4™) content of PECs from male C57BL/6J mice injected with (A and B) our
original bio-gel batch or (C and D) a different secondary bio-gel batch. Flow cytometry analysis of
the macrophage and neutrophil content of PECs from a male C57BL/6J mouse (E) housed in the
BMS animal facility (where all of our animal colonies are housed) or male C57BL/6J mice (F and
G) housed in the FGF animal unit. Data are representative flow cytometry plots from independent

animals.
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had an effect on the composition of bio-gel elicited PECs, as it has been shown that
C57BL/6J animals housed in different facilities can have significant differences in
the composition of their gut microbiota and that the specific composition of the gut
flora can impact on the inflammatory response [417]. Analysis of the composition
of bio-gel elicited PECs from a mouse housed in our animal unit (BMS unit: Fig
3.2E) and two animals housed in a second independent unit (FGF unit: Fig 3.2F
and G) found that in all cases, neutrophils formed the predominant cell population.
Macrophage content was very similar between all animals, with these cells comprising
around 20% of bio-gel elicited PECs. Therefore, this data demonstrates that bio-gel
elicitation yields mostly neutrophils and not macrophages as previously thought,
and that this neutrophil population occurs regardless of what facility the animals

are housed in or which batch of bio-gel beads is used for peritoneal cell elicitation.

In light of this result, I next wanted to examine which cells present in bio-gel
elicited PECs were contributing to the CI signal in the real-time chemotaxis assay.
I began by enriching macrophages from bio-gel elicited PECs using an overnight
adherence selection process. Bio-gel elicited PECs before selection contained mostly
neutrophils (Fig 3.3A), but after selection contained no neutrophils (<1%) and were
strongly enriched for macrophages (Fig 3.3B; ~80%). Real-time chemotaxis analysis
of macrophages enriched from bio-gel PECs demonstrated that both JWH133 and
HU308 (10 M) robustly induced their directed migration, with a large CI signal
observed (Fig 3.3C). CCL5 (5 nM) was used as a positive control (Fig 3.3C). To
further probe the ability of macrophages to migrate towards JWH133 and HU308,
I next used intraperitoneal injection of thioglycollate to elicit a large macrophage
population (~70%) with minimal neutrophils (Fig 3.3D). Real-time chemotaxis
analysis found that JWH133 and HU308 significantly induced thioglycollate elicited

macrophage chemotaxis (Fig 3.3E and F).

Initial attempts at isolating bio-gel elicited neutrophils proved difficult, so instead
I used murine bone marrow neutrophils to examine neutrophil migration in the real-

time chemotaxis assay. My isolation protocol resulted in a highly pure population
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Figure 3.3 Macrophages are the dominant cell population in bio-gel elicited PECs that
migrate toward CB, agonists. (A) Flow cytometry analysis demonstrated that neutrophils
are the major cell population within bio-gel elicited PECs, whereas macrophages and monocytes
form only a minor population. (B) Macrophages were enriched from bio-gel elicited PECs using
overnight adherence. Flow cytometry analysis demonstrated that this process strongly enriched
macrophages and removed neutrophils. (C) Enriched macrophages (2 x 10°) were placed into the
upper chamber of a CIM-16 plate and allowed to migrate for 4 hours at 37°C, 5% CO, toward
vehicle (0.3% DMSO), 5 nM chemokine or 10 yM cannabinoid. Data show mean trace of 3-4
technical replicates per condition. (D) Flow cytometry analysis demonstrated that macrophages
are the main cell population elicited by intraperitoneal injection of 4% thioglycollate. (E and F)
Thioglycollate elicited macrophages (2 x 10°) were placed into the upper chamber of a CIM-16
plate and allowed to migrate for 4 hours at 37°C, 5% COz toward vehicle (0.3% DMSO) or 10 uM
cannabinoid. (E) Representative chemotaxis trace of thioglycollate elicited macrophage migration
towards JWH133, HU308 or vehicle. Data show mean trace of 3-4 technical replicates per condition.
(F) Quantification demonstrated that JWH133 and HU308 significantly induced thioglycollate
elicited macrophage chemotaxis. Data are mean+ SEM, n = 4-6 biological replicates with 3-4
technical replicates per condition. (G and H) Neutrophils were isolated from murine bone marrow
and (I) were placed into the upper chamber of a CIM-16 plate (2 x 105 cells/well) and allowed
to migrate for 4 hours at 37°C, 5% COs toward vehicle (0.3% DMSO), 10 nM Cba or 10 uM
cannabinoid. Data show mean trace of 3-4 technical replicates per condition. Statistical analysis
was conducted by one-way ANOVA with Dunnett’s multiple comparisons correction. * P <0.05, **
P <0.01, comparing all samples to vehicle control.
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of neutrophils (Fig 3.3G and H; >95%), however when these cells were used in
the real-time chemotaxis system, the CI signal seen with JWH133, HU308 or the
anaphylatoxin Cba, a well known neutrophil chemoattractant, did not exceed 0.1
(Fig 3.31). Therefore, I believe that neutrophils do not score highly in the real-time
chemotaxis system, and are unlikely to contribute to the observed CI signal when
using bio-gel PECs. It is important to note that this does not mean neutrophils
do not migrate towards the cannabinoids, it simply means that these cells are not
measured by the real-time system and can therefore be discounted as a population
that contributes to the CI observed. Instead, I believe that these data demonstrate
that macrophages can migrate towards JWH133 and HU308 and these are the
predominant population in bio-gel elicited PECs that are being measured in real-

time chemotaxis analysis.

3.3.3 Only a subset of CB, agonists act as chemoattractants for murine

macrophages

In order to examine the generality of CBy agonist-induced chemotaxis, I expanded my
list of ligands to include a range of widely used and commercially available compounds
active at CBs, and their structures can be seen in figure 1.3. Based on results obtained
with JWH133 and HU308, I selected 10 M as the initial screening concentration, as
this caused robust and reproducible macrophage chemotaxis. As shown in figure 3.4,
CB; agonists fall into two distinct classes, with the majority (9/14 ligands tested)
unable to induce chemotaxis. Nonetheless, alongside JWH133 and HU308, which
significantly induced chemotaxis by 2 and 2.3 fold respectively, I discovered that
1-759,633, L-759,656 and SER601 also acted as macrophage chemoattractants (Fig
3.4A). As shown in the representative traces, L-759,656, SER601 (10 and 1 M) and
L-759,633 (10 uM) gave robust increases in CI versus cells migrating towards vehicle
alone (Fig 3.4B, C and D). Whereas SER601 mirrored the chemotactic response
of JWH133 and HU308, L-759,633 and L-759,656 differed kinetically eliciting a

slower chemotactic response, with peak CI reached between 2-2.5 hours, and were
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Figure 3.4 Only a subset of CB, agonists are macrophage chemoattractants. (A-G)
Bio-gel elicited murine PECs (4 x 10°) were placed into the upper chamber of a CIM-16 plate
and allowed to migrate towards vehicle (0.3% DMSO), 5 nM CCL5 or cannabinoid (all 10 or 1
uM, except 2-AG which was used at 15 uM) for 3-4 hours at 37°C, 5% CO2. (A) Only CCLS5,
JWH133, HU308, L-759,633, L-759,656 and SER601 acted as macrophage chemoattractants. Data
are mean+ SEM, n = 3-26 biological replicates with 3-4 technical replicates per condition. (B-G)
Representative traces of chemotaxis positive and chemotaxis negative CBy agonists. Data show
mean trace of 3-4 technical replicates per condition. Statistical analysis was conducted by one-way
ANOVA with Dunnett’s multiple comparisons correction. ns P >0.05, *** P <0.001, comparing all
samples to vehicle control.
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slightly less efficacious, inducing chemotaxis 1.7 fold versus vehicle (Fig 3.4A). The
aminoalkylindoles, (WIN55,212-2, JWHO015, AM1241 and GW405833; Fig 3.4C and
G), the non-classical cannabinoid CP55,940 (Fig 3.4F), the tricyclic pyrazole GPla
(Fig 3.4A), the quinolone-3-carboxamide CB65 (Fig 3.4D), the endocannabinoid
2-AG (Fig 3.4E) and our novel CBy agonist DIAS2 were all found to be negative for

chemotaxis (Fig 3.4A).

To corroborate these findings, I employed another impedance based assay that
monitors cytoskeletal rearrangements which occur downstream of receptor activation
in real-time [418-420], thereby providing an independent, but complementary, func-
tional readout to chemotaxis. The representative traces shown in figures 3.5A and
B demonstrate the kinetics and concentration dependence of JWH133 and HU308-
elicited macrophage cell spreading. Concentration response analysis determined
ECso values of 5.3 and 1.6 uM for JWH133 and HU308, respectively (Fig 3.5C) and
found that L-759,656 and SER601 also induced concentration-dependent macrophage
cytoskeletal rearrangement with ECjyq values of 7.3 and 2.4 uM respectively (Fig
3.5D). The chemotaxis negative CB, ligands DIAS2 (Fig 3.5C), CB65 (Fig 3.5D),
GPla, GW405833 (Fig 3.5E), AM1241 and CP55,940 (Fig 3.5F) were unable to

induce macrophage spreading at any concentration.

In summary, using real-time analysis I have shown that only a subset of CB, agon-
ists act as primary murine macrophage chemoattractants and that only chemotaxis

positive compounds are capable of inducing changes in macrophage morphology.

3.3.4 PI3K signalling is essential for CB, agonist-induced macrophage

chemotaxis

As PI3K is critical for chemotaxis [421], I wanted to examine whether CB, agonist-
induced macrophage chemotaxis relied on the PI3K signalling pathway. Both JWH133
and HU308 (10 uM) caused a significant increase in the levels of phosphorylated Akt,

a surrogate marker for PI3K activity, in bio-gel enriched macrophages (Fig 3.6A and
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Figure 3.5 Chemotaxis positive CB; agonists induce concentration-dependent cy-
toskeletal rearrangements in primary murine macrophages. (A-F) Bio-gel elicited PECs
(5 x 10%) were placed into a 96 well E-plate allowed to adhere for 2-3 hours at 37°C, 5% COx.
Afterwards, cells were stimulated with either vehicle (0.3% DMSO) or cannabinoid at the indicated
concentration. Representative raw traces showing cell responses to (A) JWH133 and (B) HU308
(30, 10, 3 and 1 uM). Data are mean traces from one experiment with 2-3 technical replicates
per condition. Concentration response quantification demonstrated that (C) JWH133, HU308,
(D) L-759,656 and SER601 caused macrophage cytoskeletal rearrangement in a concentration-
dependent manner, with EC5q values of 5.3, 1.6, 7.3 and 2.4 uM respectively. In contrast, (C)
DIAS2, (D) CB65, (E) GPla, GW405833, (F) AM1241 and CP55,940 failed to elicit a response
at any concentration (JWHI133 curve is shown for comparison). Data are mean+ SEM, n = 3
biological replicates with 2-3 technical replicates per condition. A 4-parameter non-linear regression
model was fitted to each data set using GraphPad Prism.

89



A s B C
> = HUWH133 10 uM B JWH133 + WMN
N o 4+ 04- 1@ HU308 10 uM m HU308 + WMN
o g ; * m Vehicle
-_é’ ‘]_: 8 ~ T 034 ™ Vehicle + WMN
) = ) = 3
- E g E |
58 kDa 85 2- * = i
£ 7 8
Phospho-Akt (Ser473) -~ © 1 e
=L | - 0.0- ,
46 kDa < M=
- -0.1 )
30 kDa 0 T T T T T T 1
Total ERK1/2 4 oP P 0 1 2 3
Aéf\\o g?‘\ Q\\)(b Time (Hours)
D
D E F
0.6 m JWH133 10 uM 0.5 - 0.207
m +10 UM LY294 I
H +3uMLY294 0.4
049 41 umLv204 :F 0.15+
3 w Vehicle % ns ns
e < 0.34 -+
= 0.27 <
= = 0.10 ns
o O 0.21 T R
0.0 e <
01- 0.05-
-0.2- |-{_| T |*|
I T T 1 OO T T T T ﬁ 000 T T T T T
0.0 0.5 1.0 1.5 -\c}e \rb'b +1 +3 +10 A\c}QJ er(b +1 +3 +10
Time (Hours) AT LY204 (M) (T LY294 (M)

Figure 3.6 PI3K signalling is essential for JWH133 and HU308-induced murine
macrophage chemotaxis. Bio-gel elicited enriched macrophages were stimulated with either
vehicle (0.3% DMSO), JWH133 or HU308 (both 10 uM) for 30 min at 37°C, 5% CO;. (A) Rel-
ative levels of phosphorylated Akt and total ERK1/2 were determined by western blotting. (B)
Densitometric analysis of JWH133 and HU308-induced Akt phosphorylation (Normalised to total
ERK1/2 levels). Data are meant+ SEM, n = 5 biological replicates. (C) Bio-gel elicited PECs were
treated with either vehicle (1% DMSO) or 200 nM wortmannin (WMN) for 1 hour at 37°C, 5%
CO;, prior to being placed into the upper chamber of a CIM-16 plate. Cells were then allowed to
migrate towards vehicle (0.3% DMSO), JWH133 or HU308 (both 10 M) for 3-4 hours at 37°C,
5% COs. Data are mean of one independent experiment and are representative of n = 3 biological
replicates. (D-F) Bio-gel elicited PECs were placed into a 96 well E-plate allowed to adhere for
2-3 hours at 37°C, 5% CQO,. Afterwards, cells were treated with either vehicle or LY294002 at
the indicated concentration prior to stimulation with vehicle (0.3% DMSO), JWH133 or HU308
(both 10 pM). (D) Representative trace showing the effect of LY294002 on JWH133-induced
cytoskeletal rearrangements. Quantification demonstrated that LY294002 inhibited (E) JWH133
and (F) HU308-induced cell spreading in a concentration-dependent manner. Data are mean+
SEM, n = 3 biological replicates with 3-4 technical replicates per condition. Statistical analysis
was conducted by one-way ANOVA with Dunnett’s multiple comparisons correction. * P <0.05, **
P <0.01, *** P <0.001, comparing all samples to their vehicle control. ns P >0.05, T P <0.05, { Tt
P <0.001, compared to cannabinoid alone.
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B). Additionally, when bio-gel elicited PECs were treated with 200 nM wortmannin
(a broad spectrum, irreversible PI3K inhibitor) their migration towards JWH133
or HU308 was fully inhibited (Fig 3.6C). Furthermore LY294002, another PI3K
inhibitor, blocked both JWH133 (Fig 3.6D and E) and HU308 (Fig 3.6F) induced
macrophage cytoskeletal rearrangement in a concentration-dependent manner. Taken
together, these data demonstrate that CBy agonist-induced macrophage cytoskeletal

rearrangement and chemotaxis absolutely relies on PI3K signalling.

3.3.5 Screening for activity of the CB, ligand panel reveals functional

selectivity at CB,

As it has been previously reported that ligands active at CB, display functional
selectivity, defined as the ability of different ligands at the same receptor to each
activate distinctive downstream signalling pathways [398], I wanted to examine
whether this phenomenon explained why only a subset of CBy agonists were able to
act as macrophage chemoattractants. To begin, I tested the ability of the CB, ligands
to reduce the levels of intracellular cAMP in CHO cells expressing human CBs; the
hallmark of G;/,-coupled GPCR activation. JWH133, HU308, L-759,633, L-759,656,
JWHO15, AM1241 and DIAS2 all acted as full CB, agonists, causing concentration-
dependent reductions in forskolin-induced intracellular cAMP levels (Fig 3.7A, B
and C). The non-selective, CB; /CB, agonists CP55,940 and WIN55,212-2 also acted
as full agonists, eliciting concentration-dependent inhibition of cAMP production
(Fig 3.7B). GW405833, previously reported as a partial CBy agonist, had no effect
on intracellular cAMP levels at any concentration tested (Fig 3.7C). Interestingly,
the supposed CB; agonists GP1la, CB65 and SER601 acted as inverse agonists in
this assay system, with CB65 being almost as efficacious as the CBs inverse agonist

SR144528 (Fig 3.7D).

Next I examined the ability of the CB, ligands to cause [-arrestin recruitment

specifically to CBy using CHO cells expressing murine CB,. CP55,940 was the only
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Figure 3.7 Measurement of intracellular cAMP levels demonstrates activity of the
cannabinoid ligands at CBs. Intracellular cAMP levels were measured using Discoverx cAMP
Hunter " eXpress kits. CHO-K1 cells expressing human CB, were stimulated with either vehicle
(1.2% DMSO with 20 M forskolin) or cannabinoid at the indicted concentration for 30 min at
37°C, 5% CO,. Concentration response analysis demonstrated that (A) JWH133, HU308, L-759,633
and L-759,656 all acted as CB4 agonists with ICgg values of 17, 10, 1.5 and 1.5 nM respectively.
Furthermore, (B) CP55,940, WIN55,212-2, JWHO015, (C) DIAS2 and AM1241 also acted as full
CBs agonists with ICsq values of 7, 3, 8, 24 and 57 nM respectively, whereas GW405833 had no
effect on cAMP levels. (D) SR144528, GP1la and CB65 all acted as CBy inverse agonists, causing
an increase in intracellular cAMP production with EC5q values of 180, 260 and 530 nM respectively.
SERG601 acted as a partial inverse agonist with an ECsq value of 100 nM. Data are mean+ SEM,
n = 2 independent experiments with 2-3 technical replicates per concentration. A 3-parameter
non-linear regression model was fitted to each data set using GraphPad Prism.
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Figure 3.8 CB; ligands display marked variation in their ability to recruit S-arrestin
to CB,. [-arrestin recruitment to CB; was measured using Discoverx PathHunter' eXpress
B-arrestin assay kits. CHO-K1 cells expressing murine CBs were stimulated with either vehicle (1%
DMSO) or cannabinoid at the indicated concentration for 30 min at 37°C, 5% CO,. (A) CP55,940
acted as a full agonist for S-arrestin recruitment to CBs, with an ECs¢ of 5 nM, whereas JWH133,
HU308, L-759,656 and 1.-759,633, (B) JWH-015, (C) DIAS2, WIN55,212-2 and (D) 2-AG all acted
as partial agonists, with EC5( values of 33, 100, 240, 560, 51, 74, 4.7 and 2800 nM respectively.
(B) SER601, CB65, (C) AM1241, GW405833, (D) AEA, GPla and SR144528 all had no effect on
[B-arrestin recruitment to CBy. Data are meand+ SEM, n = 2 independent experiments with 2-3
technical replicates per concentration. A 3-parameter non-linear regression model was fitted to
each data set using GraphPad Prism.
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ligand to act as a full agonist, eliciting marked concentration-dependent [-arrestin
recruitment (Fig 3.8A). JWH133, HU308, L-759,633, L-759,656 (Fig 3.8A), JWHO015
(Fig 3.8B), WIN55,212-2, DIAS2 (Fig 3.8C) and 2-AG (Fig 3.8D) all acted as
partial agonists with varying degrees of efficacy. SER601, CB65 (Fig 3.8B), AM1241,
GW405833 (Fig 3.8C), GPla, AEA, and SR144528 (Fig 3.8D) all had no effect on
[-arrestin recruitment to CBy. This therefore demonstrates that there is functional
selectivity amongst this agonist population, however no obvious grouping containing

only the chemotaxis positive compounds emerged from this functional screening.

3.3.6 CB; selective agonists induce primary macrophage chemotaxis

independently of CB,

To examine the reliance of CB, agonist-induced migration on G/, protein activation,
bio-gel elicited PECs were incubated with 200 ng/ml PTX for 90 min prior to real-
time chemotaxis analysis. Following PTX treatment, migration towards JWH133,
HU308, L-759,656 and SER601 (all 10 M) was significantly inhibited (Fig 3.9A),
demonstrating that macrophage chemotaxis towards CBs agonists absolutely requires
Gay/, activation. Chemerin (5 nM), a chemoattractant protein that acts via the
GPCR ChemR23 [422], was used as a PTX control (Fig 3.9A). I next used SR144528
to pharmacologically probe chemotaxis reliance on CB, signalling. Surprisingly,
pre-treatment with 1 uM SR144428 had no effect on macrophage chemotaxis towards
JWH133 and HU308 (Fig 3.9B). However, SR144528 did cause a significant 30%
increase in PEC migration toward 5 nM CCL5 (Fig 3.9B). To rule out inactivity at
CBa,, I tested the ability of SR144528 to antagonise JWH133 and HU308-induced
CB; activation by measuring cAMP levels in CHO cells expressing CBs. JWH133
and HU308 acted as agonists at all concentrations, whereas SR144528 alone (1 uM)
acted as an inverse agonist, significantly increasing forskolin-induced cAMP levels
(Fig 3.9C and D). Pre-incubation with SR144528 for 30 min prior to agonist addition
significantly reversed JWH133 and HU308-induced CB, activation at 10, 3 and 1
uM (Fig 3.9C and D).
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Figure 3.9 Macrophage chemotaxis towards CB; selective agonists is blocked by per-
tussis toxin, but not by CB; or CB; inverse agonists. Bio-gel elicited PECs were incubated
with either vehicle, (A) 200 ng/ml pertussis toxin (PTX) for 90 min or (B) 1 pM SR144528 for 30
min at 37°C, 5% CO,. Following treatment, cells were allowed to migrate for 3-4 hours at 37°C,
5% COs toward vehicle, chemerin, CCL5 (5 nM) or 10 gM cannabinoid. Data are mean+ SEM,
n = 3-11 biological replicates with 3-4 technical replicates per condition. (C and D) CHO-K1
cells expressing human CBy were incubated for 30 min at 3°C, 5% CO, with either vehicle or
SR144528 (1 uM). Following treatment, vehicle, JWH133 (C) or HU308 (D) was added in assay
buffer containing forskolin (FSK - 20 M) and cells incubated for 30 min at 37°C, 5% COg before
the addition of the detection reagents. Data are mean+ SEM, n = 6. (E) Bio-gel elicited enriched
macrophages were stimulated with either vehicle, or 10 M cannabinoid + 1 uM SR144528. Relative
levels of phosphorylated Akt, ERK1/2 and total ERK1/2 were determined by western blotting.
Blot is representative of n = 3 independent biological replicates. (F') Bio-gel elicited murine PECs
were incubated with either vehicle or 1 uM SR141716A for 30 min at 37°C, 5% CO,. Following
treatment, cells were allowed to migrate for 3-4 hours at 37°C, 5% CO, toward vehicle or 10
uM cannabinoid. Data are mean+ SEM, n = 4 biological replicates with 3-4 technical replicates
per condition. For all data, statistical analysis was conducted by two-way ANOVA with Sidak’s
multiple comparisons correction. ns P >0.05, * P <0.05, ** P <0.01, *** P <0.001, for indicated
comparisons. 17T P <0.001, compared to vehicle + FSK alone.
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To further study the ability of SR144528 to antagonise JWH133 and HU308-
induced signalling I examined Akt and ERK1/2 phosphorylation in bio-gel elicited
enriched macrophages, as CBy agonism has been previously reported to activate these
kinase pathways [149]. JWH133 and HU308 (10 uM) both caused substantial Akt and
ERK1/2 phosphorylation in comparison to vehicle alone. However, SR144528 (1 uM)
pre-treatment had no effect on the activation of either pathway (Fig 3.9E). SR144528
alone gave no increase in the levels of phospho-Akt or ERK1/2 and total ERK1/2
levels confirmed equal protein loading across all samples (Fig 3.9E). Although bio-gel
elicited macrophages do not express CB; mRNA, I wanted to confirm that CB; was
not responsible for CBy agonist-induced macrophage chemotaxis, as some of these
ligands can activate CB; at high concentrations [131,423]. Pre-treatment with 1
pM SR141716A (a CB; receptor inverse agonist [230]) for 30 min prior to real-
time chemotaxis analysis had no effect on JWH133 or HU308-induced macrophage

chemotaxis and SR141716A alone did not affect migration (Fig 3.9F).

To conclusively establish whether CB, agonist-induced macrophage chemotaxis
occurs independently of CB,, real-time chemotaxis analysis was conducted using
bio-gel elicited PECs isolated from CBy null mice (B6.129P2-Cnr2t™P9¢m /J mice
from Jackson laboratories). Remarkably, 10 uM JWH133, HU308, L-759,656 and
SER601 significantly induced CB,~/~ macrophage chemotaxis (Fig 3.10A and B). As
demonstrated by the real-time traces in figure 3.10A, JWH133 and HU308 retained
similar kinetic chemotaxis profiles compared to WT cells. Pre-treatment of CB,
-/~ PECs with PTX significantly inhibited macrophage chemotaxis towards both
JWH133 and HU308 (Fig 3.10C).

Following this result, I wanted to examine whether JWH133 and HU308 could
still activate intracellular signalling in the absence of CB,. Stimulation of bio-gel
elicited enriched CB,”/~ macrophages with 10 M JWH133 or HU308 resulted in a
significant increase in the levels of phosphorylated ERK1/2 (Fig 3.10D). Chemotaxis
positive CBy agonists retained their ability to induce cytoskeletal rearrangements in

CB,”/~ macrophages, whereas chemotaxis negative agonists had no effect, replicating
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Figure 3.10 JWH133, HU308 and L-759,656 are chemoattractants for CB,™/~ primary
macrophages. CBy”/~ bio-gel elicited PECs were allowed to migrate for 3-4 hours towards vehicle
(0.3% DMSO), 5 nM CCL5 or 10 pM cannabinoid. (A) Representative real-time chemotaxis trace.
(B) Quantification demonstrated that CCL5, JWH133, HU308 and L-759,656 significantly induced
CB,"/~ macrophage chemotaxis. Data are mean+ SEM, n = 5-15 biological replicates with 3-4
technical replicates per condition. (C) Treatment of CBy™/~ bio-gel elicited PECs with PTX (200
ng/ml for 90 min) significantly reduced JWH133 and HU308-induced macrophage chemotaxis
(both 10 pM). Data are meant+ SEM, n = 3 biological replicates with 2-3 technical replicates per
condition. (D) Bio-gel elicited enriched CB, /- macrophages were stimulated with either vehicle
(0.3% DMSO) or 10 M cannabinoid. Western blotting and densitometric analysis confirmed that
JWH133 and HU308 significantly elicited ERK1/2 phosphorylation. Data are mean+ SEM, n = 6
biological replicates. (E and F) Bio-gel elicited CBy™/~ PECs were placed into a 96 well E-plate
and allowed to adhere for 2 hours before being stimulated with either vehicle (0.3% DMSO) or
cannabinoid (10 uM). (E) Representative real-time trace. (F) Quantification demonstrated that
JWH133 and HU308 significantly elicited cell spreading in CBs~/~ macrophages. Data are mean+
SEM, n = 4-5 biological replicates with 3-4 technical replicates per condition. Statistical analysis
was conducted by one-way ANOVA with Dunnett’s multiple comparisons correction (B, D and F)
or by two-way ANOVA with Sidak’s multiple comparisons correction (C). * P <0.05, ** P <0.01,
% P <0.001, comparing all samples to vehicle control.

97



the WT results (Fig 3.10E). Quantification of JWH133 and HU308 activity at 10 uM
is shown in figure 3.10F. Taken together, these results demonstrate that JWH133
and HU308 activate at least one G;/,-coupled GPCR, which is not CB; or CBj, to

elicit macrophage cytoskeletal rearrangement and directed migration.

3.3.7 JWH133 and HU308 enhance chemokine-induced macrophage

chemotaxis in a CB, independent manner

Previous work has shown that activation of CB, inhibits chemokine-induced chemo-
taxis [334,410]. Therefore, in light of the finding that JWH133 and HU308 are
macrophage chemoattractants, I set out to discover whether they affect chemokine-
induced macrophage chemotaxis. Interestingly, the presence of 10 uM JWH133
alongside 5 nM CCL2 (Fig 3.11A) or CCL5 (Fig 3.11B) in the lower chamber of
the chemotaxis plate (gold line) resulted in a marked increase in peak CI compared
to either CCL2, CCL5 (red line) or JWH133 (blue line) alone. Quantification of
chemotaxis affirmed that whilst CCL2, CCL5 and JWH133 alone significantly in-
duced macrophage migration, the combination of chemokine and JWH133 elicited
a macrophage chemotactic response significantly larger than either chemokine or
cannabinoid alone (Fig 3.11C and D). HU308 (10 uM) also caused a similar enhance-
ment, when added alongside CCL5 (5 nM) (Gold line - Fig 3.11E and F).

I next assessed CBy dependency by conducting the same combinatorial chemotaxis
experiments using bio-gel elicited PECs isolated from CB,”/~ mice. Genetic deletion
of CBy had no effect on the ability of JWH133 to enhance chemokine-induced
macrophage chemotaxis, as when added alongside CCL2 (Fig 3.12A) or CCL5 (Fig
3.12B) the peak CI reached by CB,”/- macrophages was significantly greater than
that reached when exposed to chemokine or JWH133 alone (Fig 3.12C and D).
Furthermore, HU308 (10 uM) also enhanced 5 nM CCL2 (Fig 3.12E) and 5 nM
CCL5 (Fig 3.12F)-induced CB,”/- macrophage chemotaxis, resulting in a substantial

increase in peak CI compared to chemokine or HU308 alone.
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Figure 3.11 JWH133 and HU308 enhance chemokine-induced murine macrophage
chemotaxis. Bio-gel elicited murine PECs (4 x 10°) were placed into the upper chamber of a
CIM-16 plate and allowed to migrate for 4 hours at 37°C, 5% CO towards vehicle (0.3% DMSO),
chemokine alone, cannabinoid alone or chemokine plus cannabinoid. JWH133 (10 uM) significantly
enhanced (A and C) 5 nM CCL2 and (B and D) 5 nM CCL5-induced macrophage chemotaxis. (E
and F) HU308 (10 uM) also significantly enhanced 5 nM CCL5-induced macrophage chemotaxis.
Data are mean+ SEM, (C and D) n = 4, (F) n = 3 biological replicates with 3-4 technical replicates
per condition. Statistical analysis was conducted by one-way ANOVA with Dunnett’s multiple
comparisons correction. * P <0.05, ** P <0.01, *** P <0.001, comparing all samples to vehicle
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Figure 3.12 JWH133 and HU308 enhance chemokine-induced chemotaxis of CB;
-/~ macrophages Biogel-clicited murine PECs from CB,”/~ mice (4 x 10°) were placed into
the upper chamber of a CIM-16 plate and allowed to migrate for 3 hours at 37°C, 5% CO- towards
vehicle (0.3% DMSO), chemokine alone, cannabinoid alone or chemokine plus cannabinoid. JWH133
(10 pM) significantly enhanced (A and C) 5 nM CCL2 and (B and D) 5 nM CCL5-induced CB,
-/~ macrophage chemotaxis. Data are mean+ SEM, n = 3-18 biological replicates with 3-4 technical
replicates per condition. Statistical analysis was conducted by one-way ANOVA with Dunnett’s
multiple comparisons correction. *** P <0.001, comparing all samples to vehicle control. { P
<0.05, T T P <0.001, comparing all samples to chemokine plus cannabinoid. (E and F) HU308
(10 uM) also potentiated 5 nM CCL2 and 5 nM CCL5-induced CB,~/- macrophage chemotaxis.
Data are representative traces from one experiment with 3-4 technical replicates per condition.
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3.3.8 JWH133 and HU308 enhance Cb5a-induced macrophage

chemotaxis

I was interested to discover if JWH133 and HU308 are generally able to enhance
chemotaxis, or whether this effect is specific to CC chemokines. To address this, 1
used Cbha as the chemoattractant; a short peptide generated from activation of the
complement cascade that is a potent macrophage chemoattractant. When used alone
Cbha induced robust macrophage chemotaxis (Fig 3.13A and B), however when in
the presence of JWH133 or HU308, macrophage chemotaxis was significantly greater
than that caused by Cba alone (Fig 3.13A and B).

As both JWH133 and HU308 are chemoattractants in their own right, I wanted
to examine whether the same enhanced chemotaxis would be seen if two different
macrophage chemoattractants were placed together in the lower chamber of the
chemotaxis plate. For this I selected CCL2 and CCL5, as I had been using these
throughout my study. As expected, both CCL2 and CCL5 (10 nM) acted as
chemoattractants, but when combined together macrophage chemotaxis was clearly

enhanced (Fig 3.13C).

3.3.9 The CB; inverse agonist SR144528 acts as a macrophage

chemoattractant

In figure 3.9B, I found that the CBy inverse agonist SR144528 significantly increased
CCL5-induced macrophage chemotaxis, and a representative trace from those experi-
ments is shown in figure 3.14A. As I have demonstrated that the chemotaxis positive
ligands JWH133 and HU308 also increased chemokine-induced macrophage chemo-
taxis, I hypothesised that SR144528 might also act as a macrophage chemoattractant,
thereby explaining why SR144528 enhanced CCL5-induced chemotaxis. When used
at a concentration of 10 uM, the same as that of JWH133 and HU308, SR144528

induced thioglycollate elicited macrophage chemotaxis (Fig 3.14B). Furthermore,
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Figure 3.13 JWH133 and HU308 enhance C5a-induced chemotaxis. (A) Bio-gel elicited
PECs (4 x 10°) were placed into the upper chamber of a CIM-16 plate and allowed to migrate for
3-4 hours at towards vehicle (0.3% DMSO), Cbha alone (10 nM), or Cba plus JWH133 or HU308
(both 10 uM). (B) Quantification demonstrated that, in comparison to Cha alone, macrophage
chemotaxis is significantly increased when Cba is in the presence of JWH133 or HU308. Data are
mean+ SEM, n = 4 biological replicates with 3-4 technical replicates per condition. (C) Bio-gel
elicited PECs were placed into the upper chamber of a CIM-16 plate and allowed to migrate for 3-4
hours at towards vehicle, CCL2 or CCL5 alone (both 10 nM), or CCL2 and CCL5. Data are the
mean of 3-4 technical replicates per condition. Statistical analysis was conducted using one-way
ANOVA with Sidak’s multiple comparisons correction. * P <0.05, ** P <0.01, for indicated
comparisons.
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Figure 3.14 The CB; inverse agonist SR144528 acts as a macrophage chemoattractant.
(A) Bio-gel elicited PECs were treated with either vehicle or 1 M SR144528 for 30 min at 37°C,
5% CO,. Following treatment, cells were allowed to migrate for 3-4 hours at 37°C, 5% CO, toward
vehicle or 5 nM CCL5. SR144528 (1 uM) was also added in the lower chamber alongside the
indicated chemoattractant in the respective wells. Data are the mean of 3-4 technical replicates per
condition. (B) Thioglycollate elicited macrophages were placed into the upper chamber of a CIM-16
plate and were allowed to migrate for 3-4 hours at 37°C, 5% COs towards vehicle, CCL2 (10 nM),
HU308 or SR144528 (both 10 uM). Bio-gel elicited PECs from (C) WT or (D) CBy”/" mice were
placed into a 96 well E-plate allowed to adhere for 2-3 hours at 37°C, 5% CQO,. Afterwards, cells
were stimulated with either vehicle (0.3% DMSO) or SR144528 at the indicated concentration.
Data are mean traces from one experiment with 3-6 technical replicates per condition.
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SR144528 induced concentration-dependent macrophage cytoskeletal rearrangement,
as determined by electrical impedance, in WT (Fig 3.14C) and CBy”/~ (Fig 3.14D)
macrophages. Taken together, this data demonstrate that the CB, inverse ago-
nist SR144528 is capable of inducing macrophage spreading and chemotaxis, in a

CB, independent manner.

3.3.10 CP55,940 and DIAS2 do not negatively regulate chemokine-

induced macrophage chemotaxis

Given that JWH133 and HU308 clearly activate a G;/,-coupled receptor that is not
CB,, this makes it difficult to evaluate whether specific activation of CB, negatively
regulates chemokine-induced macrophage chemotaxis. To overcome this issue, I used
the potent, but importantly chemotaxis negative, CBy agonists CP55,940 and DIAS2
to further probe how CB, agonism affects CC chemokine mediated macrophage
migration. The addition of 1 ©M DIAS2 alongside either 5 nM CCL2 or CCL5 had
no effect on chemokine-induced macrophage chemotaxis (Fig 3.15A). Furthermore, 1
uM CP55,940 alongside 5 nM CCL5 also had no effect on macrophage migration
(Fif 3.15B - White bars). As CP55,940 is a mixed CB;/CB; agonist, the experiment
was repeated using bio-gel elicited PECs isolated from CB,”" mice. Again, 1 uM
CP55,940 had no effect on CCL5-induced macrophage chemotaxis (Fig 3.15B - Grey
bars). Potentially, these negative results could be ascribed to using an insufficient
concentration of DIAS2 and CP55,940. Therefore, real-time chemotaxis experiments
were conducted using 10 uM agonist alongside 5 nM CCL5. However, even at this
concentration, both DIAS2 (Fig 3.15C) and CP55,940 (Fig 3.15D) had no effect
on CCL5-induced macrophage migration, as the kinetic profiles in the presence of
each compound closely mirrored that of CCL5 alone. Therefore, these data do not
support the hypothesis that CBy activation negatively regulates chemokine-induced

macrophage chemotaxis.
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Figure 3.15 CP55,940 and DIAS2 do not negatively regulate chemokine-induced
murine macrophage chemotaxis. Biogel-elicited murine PECs (4 x 10°) were placed into
the upper chamber of a CIM-16 plate and allowed to migrate for 4 at 37°C, 5% COy hours
toward vehicle (0.3% DMSO), chemokine alone, cannabinoid alone or chemokine plus cannabi-
noid. (A) DIAS2 (1 M) did not inhibit 5 nM CCL2 and CCL5-induced macrophage chemotaxis.
(B) CP55,940 (1 M) did not inhibit 5 nM CCL5-induced chemotaxis in WT or CB,™/~ murine
macrophages. Data are meant SEM, (A) n = 3, (B) n = 4 biological replicates with 3-4 technical
replicates per condition. Statistical analysis was conducted by two-way ANOVA with Sidak’s
multiple comparisons correction. ns P >0.05. (C and D) Neither 10 pgM DIAS2 nor 10 pM CP55,940
inhibited CCL5-induced (5 nM) macrophage chemotaxis. Data are mean real-time traces from one
experiment, representative of 2 independent biological replicates with 3-4 technical replicates per
condition.
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3.4 Discussion

I began this results chapter with two aims; firstly to discover whether CB, acts as a
chemoattractant receptor in primary murine macrophages and secondly to examine

whether activation of CBs inhibits macrophage chemotaxis towards CC chemokines.

With respect to the first aim, I believe that this is the first study to ad-
dress whether activation of CBy causes the directed migration of primary murine
macrophages. By using real-time measurements of both cell morphology and migra-
tion, I have found that only a subset of CB, agonists act as chemoattractants for
primary murine macrophages. Furthermore, I demonstrated that functional selectiv-
ity was present within the agonist cohort, but could not explain why only certain
CB, agonists acted as macrophage chemoattractants. Instead, I found that although
CB, agonist-induced chemotaxis was PTX sensitive, pharmacological inhibition or
genetic ablation of CBy had no effect on cellular signalling or macrophage migra-
tion. Therefore, this provides the first evidence that the widely used CB, agonists
JWH133, HU308, L-759,633, L-759,656 and SER601 have off-target effects at a
non-CB; /CB; G;/,-coupled GPCR, a finding that has wide ranging implications
for the entire cannabinoid field, and conclusively demonstrates that CBs is not a

macrophage chemoattractant receptor.

With respect to my second aim, I found no evidence that activation of CBy nega-
tively regulates CC chemokine-induced macrophage chemotaxis. When adding
JWH133 or HU308 alongside a CC chemokine, an increase in chemotaxis was
observed as opposed to a reduction. This is perhaps expected as both of these
agonists are macrophage chemoattractants. However, addition of the chemotaxis
negative CBy agoinsts DIAS2 or CP55,940 alongside a CC chemokine, also had no
effect on the chemotactic response observed. Therefore, I conclude that immediate
activation of CBy does not inhibit CC chemokine-induced primary macrophage

chemotaxis.
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[ am confident that throughout this study I am specifically measuring macrophage
chemotaxis, despite the fact that the bio-gel elicited PECs were comprised mostly
of neutrophils. Without enrichment 4 x 10° bio-gel elicited PECs were used per
chemotaxis well and CI signals for JWH133 and HU308 peaked at approximately
0.4. After macrophage enrichment of bio-gel elicited PECs, 2 x 10° cells were
used per well, half that of bio-gel elicited PECs, yet JWH133 and HU308 reached
peak Cls of approximately 0.8, double that of bio-gel elicited PECs, and retained
similar kinetic chemotaxis profiles. Therefore as macrophages comprise 20-25% of
bio-gel elicited PECs and 100% of enriched macrophages, the CI signal per cell
between the two populations is almost identical (approximately 5 x 107% CT/cell),
strongly implying that macrophages are the primary contributor to the observed
CI. Furthermore, thioglycollate elicited macrophages used at 2 x 10° cells per well
displayed chemotaxis kinetics and peak CI signals similar to the enriched macrophages.
Importantly, the thioglycollate elicited peritoneal macrophage preparations did not

contain neutrophils.

Concomitantly, murine neutrophils isolated from bone marrow only elicited a
weak CI signal that never exceeded 0.1, when migrating towards the potent neutrophil
chemoattractant Cha. This data mirrors those obtained by Cano et al who found that
neutrophil chemotaxis towards IL-8 could not be measured using the same real-time
chemotaxis system, unless the underside of the wells were coated with the extracellular
matrix component fibronectin [424]. As I only used uncoated chemotaxis plates, I
believe that bio-gel elicited neutrophils only contribute a negligible component to
the observed CI signal as they cannot efficiently adhere to the underside electrode.
It is important to note that this does not mean that neutrophils do not migrate
towards the CBy agonists, just that their migration cannot be measured using the
xCELLigence real-time chemotaxis system. Taken together, I am confident that
macrophages, and not neutrophils, are the dominant population in bio-gel elicited

PECs that are being measured in the real-time chemotaxis assay.
Multiple lines of evidence support the hypothesis that CBsy agonist induced
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macrophage migration is indeed bona fide chemotaxis that relies on GPCR signalling,
rather than a non-specific off-target effect of these ligands. JWH133 and HU308 both
elicit macrophage migration in a concentration-dependent manner and checkerboard
analysis demonstrates that they do not cause fugitaxis or chemokinesis. Instead
macrophages move towards the compound in a directional manner, the definition
of chemotaxis. Additionally, all chemotaxis positive compounds elict concentration-
dependent macrophage cytoskeletal rearrangement, a process fundamental to directed
migration. Further evidence that these CBy agonists elicit true chemotaxis comes
from the finding that JWH133 and HU308 cause Akt phosphorylation (a marker
for PI3K activity) and that inhibition of PI3K blocks JWH133 and HU308-induced
cytoskeletal rearrangement and migration. Therefore, these CB, agonists activate
and rely on PI3K, a signalling pathway critical for the control of directed cellular
migration (see section 3.1.3). Finally, when JWH133 or HU308 were added alongside
CCL2, CCL5 or Cha, increased macrophage chemotaxis was observed in comparison
to any of the chemoattractants alone. Addition of both CCL2 and CCL5 in the lower
chamber of the chemotaxis assay also resulted in a similar increase in macrophage
chemotaxis, therefore the additive effect of JWH133 and HU308 alongside other
chemoattractants likely reflects the fact that these compounds elicit chemotaxis in

their own right.

Initially I assumed that the ability of only a subset of CB, agonists to induce
macrophage chemotaxis was due to functional selectivity at CBy. This phenomenon,
where different ligands at the same receptor can activate distinct downstream sig-
nalling pathways, is well documented for agonists acting at CBy and previous
studies demonstrating that 2-AG acts as a chemoattractant, also found that that
the synthetic CB, agonists WINSH5,212-2 and CP55,940 failed to elicit any migra-
tory response [390,393,397]. When examining signalling pathways downstream
of CBs activated by the agonists in this study, functional selectivity was evident
in the ligand cohort, as they varied in their ability to recruit S-arrestin to the

receptor. Corroborating previous results, CP55,940 caused the greatest recruitment
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of B-arrestin and JWH133, HU308, L-759,633 and L-759,656 all acted as partial
agonists. However, SER601 caused no recruitment at any concentration and the
chemotaxis negative JWHO015 caused [-arrestin recruitment to levels comparable to
chemotaxis positive ligands. Therefore, ability to recruit S-arrestin did not correlate

with ability to cause macrophage chemotaxis.

Evidence that functional selectivity, and indeed CB, itself, might not be respon-
sible for why only a subset of CB, agonists act as macrophage chemoattractants
came from the discovery that SER601 did not act as a CBy agonist in any of the
signalling assays used, despite being able to elicit macrophage chemotaxis. Fur-
thermore, as the CB, inverse agonist SR144528 also caused macrophage migration,
this provided further doubt that activation of CB, was responsible for the observed
chemotaxis. Confirmation that CBs; was not needed came from the finding that
CB, agonist-induced macrophage chemotaxis was unaffected by pharmacological
inhibition or genetic deletion of CB,. Instead these results, combined with the
finding that CBy agonist-induced chemotaxis is PTX sensitive, demonstrate that
the synthetic CBy agonists JWH133, HU308, L-759,633, L-759,656 and SER601
likely activate at least one Gj;/,-coupled receptor distinct from CBy, to elicit directed
cellular migration. This finding is not without precedent, as a non-CB; /CB, receptor
has been implicated in the negative regulation of fMLF-induced chemotaxis by endo
and phytocannabinoids [402]. The profile of the receptor identified by McHugh et al
does not match the putative GPCR from our study, however their observation demon-
strates that novel receptors involved in chemotaxis modulation by cannabinoids may

be more numerous than presently thought.

Chemical analysis of the agonists used in this study provides some evidence that
JWH133, HU308, L-759,633, L-759,656 and SER601 all have a specific mechanism
at the same off-target site. JWH133, HU308, [-759,633 and L-759,656 are all
structurally related, being based on the phytocannabinoid A9-THC. Furthermore,
the chemotaxis positive ligands are all highly lipophillic, having high cLogP values.

As similar compounds normally have similar biological activity [425], this implies
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that they share a common mode of action. However as SER601 and SR144528 were
also macrophage chemoattractants and these two compounds are structurally distinct
from the other chemotaxis positive ligands, it is unlikely that the ability of only some
CB; ligands to induce chemotaxis relies solely on their physicochemical properties.
Indeed CP55,940, which has a similar structure and lipophilicity to the chemotaxis
positive compounds, and CB65, which is structurally related to SER601, were unable
to induce directed migration. Therefore it is likely the case that both CP55,940 and
CB65 violate the steric constraints of the off-target site rendering them inactive and
unable to induce directed migration. Nonetheless, as all of the chemotaxis positive
compounds have been screened or designed to be active at CBs it is reasonable to
assume that some aspect of what makes a CB, ligand crosses over onto the novel
receptor implicated in this chapter. However, exactly what these attributes may be

will remain unknown until the off-target receptor is identified.

Regardless of the exact nature of the receptor, I believe my finding that JWH133,
HU308, 1-759,633, L-759,656 and SER601 are more promiscuous than currently
thought has wide-ranging implications for the cannabinoid field as a whole. Numerous
endogenous and plant derived cannabinoids have been shown to activate a multitude
of receptors other than CB; or CB,, however to my knowledge this is the first report
that these synthetic agonists have off-target effects of functional consequence in
disease relevant primary cells. This is of importance as JWH133 and HU308 are
among the agonists most frequently used to assess the selective activation of CBy [131].
However their reputation as selective agonists, cemented by historical compound
characterisation for CB;/CBy activity in transfected cell systems overexpressing
either cannabinoid receptor, has meant that many studies do not employ stringent

controls when using these ligands.

A cursory search of the literature found multiple examples of JWH133 and HU308
being used in both primary cell assays and in vivo disease models without receptor
antagonism or CBy deletion to confirm CBs dependence [273, 282,299, 426-432].

The off-target effects of JWH133 and HU308 may mean that results obtained in
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these studies have been erroneously attributed solely to the activation of CBs.
Additionally, many of the above models have a strong inflammatory component and,
as macrophages are key players during inflammation [1,43], the macrophage localised
GPCR implicated in this study has likely confounded observed results. Indeed
this receptor may even explain current findings in the literature. For example, the
previously mentioned chemoattractant ability of JWH133 for human monocytes was
not confirmed to absolutely depend on CBs [389]. In light of my data I speculate that,
rather than CB,, the novel receptor implicated in this chapter may be responsible

for JWH133-mediated chemotaxis of human monocytes.

Interestingly, and in contrast with a myriad of studies, I found that 2-AG was
unable to act as a macrophage chemoattractant. This is not the first report that
2-AG is unable to elicit chemotaxis, as Oka et al found that 2-AG did not cause
the directed migration of human neutrophils [392], and hints that this disparity
could be due to cell type differences in CBy biology. However it could also be due to
species differences in CBy pharmacology. Multiple CBs ligands have been shown to
display different binding affinities and functional efficacies between the human, rat
and murine receptors [147,433]. Furthermore, AM1241 has been demonstrated to
have entirely different pharmacology between species as it behaves as an agonist at
human CB,, but an inverse agonist at the rat and murine receptors [434]. As no
study currently exists comparing CB; mediated chemotaxis of multiple cell types
from different species, it is difficult to conclude how much these variables impact
on the role of CB; in the regulation of leukocyte migration. Regardless, my work
highlights that caution should be employed when extrapolating results obtained from

one cell type or species onto another.

When examining whether CBy agonists can inhibit CC chemokine-induced
macrophage chemotaxis, I found that when JWH133 and HU308 were added along-
side CC chemokines, macrophage chemotaxis was enchanced. As mentioned above,
this is not surprising as they are themselves chemoattractants. Therefore, I used

the chemotaxis negative, but potent, CBy agonists CP55,940 and DIAS2 to address
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whether CB, activation dampens macrophage chemotaxis. Interestingly, I found
that CP55,940 and DIAS2 had no effect on CC chemokine-induced macrophage
chemotaxis and this directly conflicts with the only other reports examining the
effect of CB, activation of CC chemokine-induced migration in murine macrophages.
A9-THC has been shown to inhibit macrophage migration towards CCL2 [334] and
CCL5 [410], and this inhibitory effect was subsequently found to extend to synthetic
cannabinoids, as CP55,940 also inhibits CCL5-induced macrophage chemotaxis [410].
However, these previous works all used an extended cannabinoid pre-incubation of 3-4
hours before macrophages were exposed to CC chemokines. As long pre-incubations
of murine macrophages or human monocytes with A9-THC or JWHO015 respectively,
have been shown to cause a significant reduction in macrophage chemokine recep-
tor mRNA levels and surface expression [334,389], this potentially explains how

prolonged CB, activation inhibits CC chemokine-induced macrophage chemotaxis.

However, as both A9-THC and CP55,940 are not endogenous cannabinoids, the
only way they can be present in vivo is after exogenous administration. Therefore it
is difficult to imagine a scenario whereby monocytes/macrophages would be exposed
to these agonists for 3-4 hours prior to being stimulated to migrate by CC chemokines,
as they surely would be administered after any inflammatory disease has presented
clinically. Therefore, the clinical relevance of these above findings is called into
question. To address this, I made a conscious decision to expose the macrophages to
cannabinoid and chemokine simultaneously and as migration was measured in real
time over at least a 4 hour time period, chemokine receptor desensitization following
CBs activation should have become apparent within this time frame. Instead, no
differences in CC chemokine-induced chemotaxis were observed in the presence
of DIAS2 or CP55,940, even at time points up to 6 hours. Therefore, I believe
that the finding that phyto- or synthetic cannabinoids can negatively regulate CC
chemokine-induced macrophage chemotaxis may not manifest in vivo. Whether
the endogenous cannabinoids have the same effect remains unstudied. However,

it is currently accepted that endocannabinoids are synthesised on demand when
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needed, so again prolonged cell exposure to these endogenous ligands may also not
be possible. Additionally, the levels of endocannabinoids in various anatomical sites
under physiological an pathological conditions are very poorly understood, so further
work is clearly needed to uncover whether these agonists have the correct signalling

and spatio-temporal properties to negatively regulate macrophage chemotaxis.

3.4.1 Limitations of this study

One limitation with this study is that I have only used one real-time methodology
to measure macrophage chemotaxis. Whilst the advantages of using real-time
chemotaxis systems over traditional single time point assays are numerous, it is
still desirable to use multiple real-time methods to study chemotaxis. This is
because no single method is perfect and therefore using mulitple assays allows greater
understanding of leukocyte migratory behaviour. For example, as the xCELLigence
system measures movement of cells through a membrane, it does not allow other
chemotaxis parameters to be measured, such as distance migrated or the velocity
and directionality of migration. However, the IBIDI p-slide chemotaxis assay allows
measurement of these parameters, as chemotaxis is followed in real-time using time
lapse microscopy [435]. However, this system is not without its limitations as well;
a maximum of around 40 cells can be tracked per condition, quantification is time
consuming and each slide only allows for three separate chemotaxis conditions. This
therefore strengthens the idea that no single chemotaxis assay provides the perfect

system for studying migration.

A further limitation of the xCELLigence system is that it cannot measure the
migration of non-adherent cell types, as the CI signal relies on cells adhering onto
the gold electrode present in each well. Whilst for my work this proved beneficial
as the neutrophil population in bio-gel elicited PECs could not score, for others
this may provide a serious limitation. In the future it would be of great interest to

me to discover whether neutrophils also migrate towards the same CBy agonists as
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macrophages and to do this I would have to use a different chemotaxis methodology.
A classical transwell system would allow measurement of non-adherent cell migration,
but suffers from being a single time point readout. Instead, the recently released
IncuCyte ZOOM® system provides an elegant way of measuring the chemotaxis of
non-adherent cell types in real-time (See their website for details [436]). It uses a
Boyden-chamber style 96 well plate, combined with microscopy and advanced image
analysis to identify cells on the filter. For non-adherent cell, the system measures
the loss of cells from the top surface; a measure of how many have migrated through

the pores.

Another limitation of this study is that I only used a limited range of primary
macrophage populations. I focussed mainly on bio-gel elicited macrophages, as
these are easy to obtain in large numbers [416]. Also, as they are cells that have
differentiated in vivo they are more likely to represent in vivo macrophage behaviour
in comparison to macrophage populations differentiated in vitro, such as bone marrow-
derived macrophages. However, there are a wide range of different tissue resident
macrophages throughout the body and each are programmed by their local niche to
behave differently and perform tissue specific functions [40,42,43]. In the future, I
would like to isolate macrophages from different tissues and discover whether they
also migrate towards the CBy agonists identified in this study. I would hypothesise
that tissue resident macrophages would migrate towards the chemotaxis positive
CB, agonists, as I found that JWH133 and HU308 acted as chemoattractants for

thioglycollate elicited macrophages.

Furthermore, I would also like to study different leukocyte populations to discover
how many different immune cell types will migrate towards the CBy agonists. This
would aid in the identification of the GPCR responsible for CB, agonist-induced
chemotaxis, as the identifying the GPCR complement of positive and negative

immune cell populations will allow narrowing of the candidate receptor pool.
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Chapter 4

Identification of the off-target

GPCR(s) responsible for
CB»> agonist-induced macrophage

chemotaxis

4.1 Introduction

4.1.1 Drug promiscuity - Off-target effects of small molecules

Over the last 30 years, the ‘holy grail’ of drug discovery has commonly been held to
be the identification and generation of compounds with a high degree of specificity
towards their intended target. It is hoped that minimising or eliminating the actions
of a drug at other targets will limit unwanted, adverse effects of a compound.
However, it is now thought that almost all small molecule drugs likely interact with
multiple targets. By analysing databases containing functional data for a large
number of small molecules, evaluations of drug promiscuity are now being made.
Paolini et al examined 276,122 compounds annotated in an in-house database and

found that 35% had more than one target [437]. Furthermore, Hu et al analysed
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33,778 compounds meeting strict inclusion criteria from the ChEMBL database and
similarly found that 38.4% had 2 or more targets [438]. However, when considering
currently approved drugs only, the best estimates show that on average they have
7 targets [439,440], with 84% having 2 or more targets and 40-50% having 5 or
more targets [438,441]. However, it is important to note that these numbers vary
depending on the datasets used, the compounds included in the analysis and the

way promiscuity is defined.

However, it is now becoming increasingly apparent that that these statistics likely
underestimate how many off-target effects current approved drugs and other small
molecule compounds actually have [440]. Obviously the number of targets a drug
is found to have depends on how many targets the small molecule has been tested
against, and historically drug discovery has relied on using target-centric screening
methods [442]. This is especially true for ligands acting at cannabinoid receptors,
as agonist /antagonist discovery has focussed heavily on the binding and/or activity
of a ligand at CB; versus CB,. Whilst this has undoubtedly provided compounds
very selective for either receptor, this screening is so narrow that any off-target
effects of these synthetic ligands will have been missed. As approximately 3000 of
the 20-25,000 genes that make up the human genome [443] have been predicted to
have attributes that make them ’druggable’ - defined as having properties beneficial
for interaction with drug-like compounds [444,445], and no compound to date has
been screened against anywhere near that number of targets, it is highly likely that
the number of targets any given small molecule possesses is higher than currently

thought.

4.1.2 Adverse drug reactions - The negative side of drug off-target ef-

fects

Generally, off-target effects are considered undesirable as they can cause unwanted

adverse side effects sometimes seen when small molecules are used clinically. Although
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many drugs have side effect profiles that are tolerated when used by patients, adverse
drug reactions (ADRs) cause an estimated 100,000 deaths per year, with 2 million
patients suffering with serious side effects [446]. Numerous licensed drugs have
been withdrawn from sale after they have been found to cause serious adverse
effects or even death due to unwanted ADRs [447], for example the CB; inverse
agonist rimonabant (See section 1.8.7 for more details), causing large societal and
financial costs. However, the prototypical off-target that has been responsible for the
withdrawal of multiple therapeutics is drug interactions with the hERG potassium
channel. hERG is a voltage-gated potassium channel that is required for action
potential repolarisation in the heart and its inhibition results in, the now infamous,
QT interval prolongation that in turn can led to fatal arrhythmias [448]. A classic
example is the drug terfenadine that was developed as a histamine H1-receptor
antagonist for the treatment of allergies [449]. It was approved for clinical usage in
1985, but eventually was linked to QT interval prolongation, arrhythmia and sudden
death [450]. It was subsequently found that terfenadine is a potent inhibitor of
hERG, having an ICsg in the low nanomolar range and it was eventually withdrawn
from sale in 1998 [451-453]. Multiple drug classes with diverse chemical structures
have now been demonstrated to block hERG function and it is now common practise
for pharmaceutical companies to test all clinical candidates for activity at the hERG

potassium channel [454].

4.1.3 Drug repurposing - The positive side of drug off-target effects

However, the off-target effects of small molecules can also be used in a positive way,
as they underlie the basis of drug repurposing; the process of finding new clinical
usages for existing drugs that are outside of their original indications [455]. Drug
repurposing efforts have been rapidly increasing due to the multiple benefits that
this process can potentially offer to the drug discovery process. Traditional drug
discovery, going from lead identification through to licensing, takes between 10-17

years, has a success rate of less than 10% [456,457] and is currently estimated to
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cost 2.6 billion US dollars [458]. By finding new uses for already existing compounds,
the process of drug discovery can not only be sped up but also de-risked as multiple
stages of the drug-development pipeline, such as drug manufacturing, toxicology
and even phase I and II trials, may have already been completed, allowing a faster
route to the clinic (estimated between 3-12 years) and a greater understanding of

the safety profile of the compound [457,459].

There are multiple instances of drug repurposing in the literature [459], however
a classic success story comes from sildenafil, marketed by Pfizer as Viagra. Sildenafil
is an inhibitor of phosphodiesterase 5 (PDE5) and was orignially intended as a
treatment for angina, as it was hoped that PDE5 inhibition would result in increased
coronary blood flow by causing dilation of the coronary artery [460]. Sildenafil failed
a phase II clinical trial for the treatment of angina, but was instead found to cause the
unintended side effect of persistent penile erection [457]. Sildenafil was demonstrated
to be an effective treatment for erectile dysfunction and was introduced into the
clinic in 1998 [461]. Another high profile case is that of thalidomide; the infamous
morning sickness medication, originally marketed in 1957, that also caused severe
birth defects [462]. Thalidomide has now been licensed for the treatment of erythema
nodosum laprosum and also multiple myeloma [463]. More recently, I myself found
that the angiotensin II receptor antagonist losartan acts as an anti-thrombotic by

inhibiting the platelet collagen receptor, GPVI [464].

4.1.4 Off-target effects of cannabinoids

Despite the high degree of specificity for CB; or CB, that has been achieved for
cannabinoid receptor ligands, many studies over the last decade have detailed off-
target activities of various endo, phyto and synthetic cannabinoids (excellently
reviewed in [131]). The targets identified include multiple GPCRs, ligand and
voltage gated ion channels as well as ligand activated transcription factors, and serve

to highlight the fact that cannabinoid receptor ligands are more promiscuous than
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might be appreciated from reading current cannabinoid receptor review articles and

primary research papers.

4.1.5 Off-target effects at GPCRs

GPR55

Originally identified in 1999, GPR55 has high expression in the striatum of the brain
and it is now commonly thought that its endogenous ligand is lysophosphatidyl
inositol, as this lipid has been shown to activate GPR55 in a range of assays
[465,466]. However, it has also been demonstrated that GPR55 can be activated by
multiple cannabinoid ligands and is believed responsible for many off-target effects
of cannabinoids [467]. These discoveries were initially surprising as GPR55 shares
little sequence identity with either CB; (13.5%) or CBy (14.4%) [468] and lacks
the proposed cannabinoid binding pocket seen in both CB; and CBs [469, 470].
Nevertheless, a seminal paper by Ryberg et al published in 2007 demonstrated that
AEA, 2-AG, A9-THC, CP55,940, CBD and abnormal-cannabidiol (Abn-CBD) all
stimulate GTP~S activity in HEK293 cells expressing GPR55 with ECs;y values
in the nanomolar range [471]. Corroborating this finding, others have shown that
AEA, A9-THC and JWHO15 cause increases in intracellular Ca?* levels in HEK293
cells expressing GPR55 [472,473]. However, it seems not all cannabinoid ligands
are capable of activating GPR55 as WIN55,212-2 is unable to stimulate GTP~S
activity or Ca®T signalling in GPR55 transfected cells [471]. However, this lack
of signalling could be due to functional selectivity. Despite the fact that AEA
and CP55,940 are able to cause [-arrestin recruitment to GPR55, 2-AG, A9-THC,
CBD and Abn-CBD (all compounds active in the GTP~S assay) were unable to
elicit S-arrestin recruitment [474,475]. Unfortunately, the degree of functional
selectivity of cannabinoid ligands acting at GPR55 is uncertain as so far no study has
directly compared multiple ligands in multiple functional assays. Furthermore, the

significance of these results in primary cells and tissues is currently lacking, however
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it is clear from these data that numerous cannabinoid ligands are active at GPR55.

GPR18

GPRI18, previously an orphan GPCR discovered in 1997, is highly expressed in
the spleen, testis and bone marrow [476] and has recently received attention as a
potential cannbinoid receptor due to the discovery that it binds and is activated by N-
arachidonoylglycine (NAGly); a metabolite of AEA [477]. In GPR18 expressing cells,
NAGlIy has been shown to cause Ca?* signalling and phosphorylation of ERK1/2 in
a PTX sensitive manner, alongside both A9-THC and Abn-CBD [478]. Additionally,
NAGIy and Abn-CBD cause the directed migration of GPR18 transfected HEK293
cells and the BV-2 murine microglial cell line, with GPR18 dependence confirmed
using siRNA knockdown [479,480], and NAGly and A9-THC induce the migration
of a human endometrial cell line in a GPR18-dependent manner [481]. Interestingly,
JWHO015, JWH133, CP55,940 and WIN55,212-2 were unable to cause endometrial cell
chemotaxis. This result suggests that functional selectivity may impact this ligand
cohort in a manner similar to GPR55. Further support of this hypothesis comes from
the finding that A9-THC causes [-arrestin recruitment to GPR18, whereas NAGly,
AEA, CBD and Abn-CBD all have no effect [478]. However, due to a lack of studies
specifically examining functional selectivity of cannabinoids at GPR18, the extent
of this phenomenon at this receptor remains unclear. Regardless, it is clear that
cannabinoids active at CB; and CBj are also active at GPR18. Interestingly for my
work, NAGly has been shown to induce apoptosis in the macrophage RAW264.7 cell
line in a PTX and GPR18-dependent manner [482], highlighting that cannabinoid

compounds acting at GPR18 can impact on macrophage function.

Other GPCRs targeted by cannabinoids

Whilst the majority of the literature regarding the off-target effects of cannabinoids at

GPCRs focusses on GPR5H5 and GPR18, there are a few studies demonstrating that
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endo and phytocannabinoids have effects at various other GPCRs [131]. A9-THC
and CBD have been shown to act as allosteric modulators of § and p-opioid receptors,
as they displace radiolabelled ligand binding at these receptors in a non-competitive
manner [483,484], whilst the CB; inverse agonist rimonabant displaces ligand
binding at u- and k-opioid receptors in a competitive manner [485,486]. Further
to this, AEA has been demonstrated to inhibit ligand binding at both M; and My
muscarinic acetylcholine receptors and displace radiolabelled muscarinic agonists
in human cerebrocortical membrane preparations in a non-competitive manner at
micromolar concentrations [487,488]. AEA, 2-AG and rimonobant have all been
found to allosterically inhibit ligand binding at the adenosine Ajz receptor [489]
and additionally, rimonobant inhibits binding of ligands at as4- and asc-adrenergic
receptors, angiotensin AT, receptors, prostanoid EP, receptors 5-HT¢ receptors and

finally tachykinin NKj receptors [131].

The putative endothelial cannabinoid receptor

Work conducted by Jarai et al in 1999 found that both AEA and Abn-CBD cause
the vasodilation of murine mesenteric vasculature in a CB; and CBs-independent
manner [490]. Furthermore, this vasodilation was sensitive to the removal of the
endothelium from the vessel, leading to the conclusion that an endothelial receptor,
that is not CB; or CB,, is responsible for the observed vasodilation. Since this
discovery numerous studies have shown that AEA and Abn-CBD cause vasodilation
of rat, murine and human vessels from different anatomical locations. Importantly,
alongside demonstrating independence of CB; and CB,, these studies show that
AEA and Abn-CBD induced vasodilation is PTX sensitive, implying that a non-
CB,/CB; G;/o-coupled GPCR is responsible for this effect (see [491]). It has been
claimed that GPR55 and/or GPR18 might be the true identity of the endothelial
cannabinoid receptor [479,492], however the pharmacological profiles of GPR55 and
GPR18 do not match that of the endothelial receptor [131] and the vasodilatory effects

of Abn-CBD persist in GPR557- animals [493]. Clearly further work is required
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to uncover the true identity of the endothelial cannabinoid receptor. Nevertheless,
taken together these above studies demonstrate that numerous endo, phyto and

synthetic cannabinoids target a range of GPCRs other than CB; or CBs.

4.1.6 Off-target effects at non-GPCR targets

Peroxisome proliferator-activated receptors

Peroxisome proliferator-activated receptors (PPARs) are nuclear restricted proteins
that function as ligand activated transcription factors, whereby ligand binding causes
their dimerisation with the retinoid X receptor, DNA binding and transcriptional
regulation [494]. There are three PPAR isoforms, PPAR«, PPARS and PPARyy,
and it is not surprising that cannabinoids target these proteins as their classical
agonists are all lipid-like compounds. Whilst the activity of cannabinoid compounds
at PPAR/S has not been tested, AEA, A9-THC, WIN55,212-2 and rimonobant all
act as agonists of PPAR« in the low micromolar range [495,496]. Additionally,
AEAS 2-AG, A9-THC, CP55,940, WIN55,212-2 and rimonobant all act as agonists

at PPAR~, again in the low micromolar range [495,496].

Transient receptor potential channels

The TRP family consists of membrane ion channels with a common protein topology;
six transmembrane spanning domains containing a non-selective cation pore [497].
The TRP family comprises six subgroups and these are involved in sensing a large
range of stimuli, including temperature, pain, osmotic pressure and various noxious
stimuli [498]. Currently, endocannabinoids have been demonstrated to interact with
six different TRP members spanning three different subgroups. TRPV1 was the first
TRP protein to be cloned and famously binds capsaicin, naturally found in chilli
peppers, to cause the classic sensation of ‘heat’ [499]. It is now well established that

cannabinoids can bind and activate TRPV1, as multiple studies have shown that
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AEA, CBD, HU201 and JWHO015 all act as TRPV1 agonists (see [131]). Alongside,
CBD, cannabinol, A9-THC and CP55,940 have been demonstrated to activate
TRPV2 in HEK293 cells overexpressing this protein and CBD has been shown to
activate TRPV2 in primary rat dorsal root ganglion neurones [500]. Furthermore,
micromolar concentrations of CBD and A9-THC active TPRV3 in HEK293 cells
overexpressing the rat TPRV3 channel [501] and AEA, 2-AG and CBD can bind and
activate the TRPV4 channel [501,502]. Additionally, cannabinoids can also agonise
TRP channels from different subgroups, as AEA, A9-THC, cannabinol, WIN55,212-2
and AM1241 all act as TRPA1 agonists in transfected cell systems [503-505], and
WINbH5,212-2 and AM1241 are also active in primary cells, agonising TRPA1 in
primary neuronal cultures [504]. However, cannabinoids do not only act as TRP
agonists, as they have been found to inhibit the function of TRPMS8. TRPMS is
involved in temperature sensation and can bind methanol, which causes the ‘cooling’
effect of this compound [506,507]. Recent data has found that AEA, A9-THC and
CBD potently antagonise methanol-induced rises in intracellular Ca?* levels in both
HEK?293 cells expressing TRPMS8 and in primary dorsal root ganglion neurones,

displaying ICjsq values in the nanomolar range [503, 508].

Voltage-gated Nat channels

Numerous studies exist demonstrating that cannabinoids can inhibit the function
of voltage-gated Na® channels (Nays). AEA, 2-AG, CP55,940 and WIN55,212-2
all inhibit Nays in synaptosomes isolated from rat brain [509-512]. Furthermore,
WIN55,212-2 has been demonstrated to inhibit Nays in rat ganglionic neuronal
cultures [513] whereas AEA was shown to antagonise Nays not only in rat dorsal
root ganglion neurones [514], but also in rat ventricular myocytes [515]. Recently,
evidence for cannabinoid blockade on murine and human Nay s has been provided
by Hill et al who found that CBD blocks Nay s in human and murine neuronal cell
cultures, but also that CBD specifically blocks Nay 1.1. Nay 1.2 and Nay 1.5 in CHO

cells expressing these channels [516].
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Voltage-gated K+ channels

A wide range of KT channels are blocked by multiple cannabinoids. Both AEA and
2-AG have been demonstrated to inhibit the function of K 7p channels with ICsg
values in the low micromolar range [517,518]. Alongside these findings, CP55,940,
WIN55,212-2 and rimonabant have been shown to inhibit the TASK-1 K* channel
[131]. Alongside TASK-1, AEA has also been found to inhibit the TASK-3 and TREK-
1 K* channels [131,519]. Furthermore, a variety of Ky voltage-gated K channels
are blocked by cannabinoids, with Ky-1.2 inhibited by AEA and A9-THC [520],
Ky 1.5 inhibited by AEA and 2-AG [521,522], Ky 3.1 blocked by AEA [523] and
finally Ky-4.3 inhibited by both AEA and 2-AG [524]. Although most of these above
studies were conducted using transfected cell systems, cannabinoid blockade of Ky,
channels has been demonstrated in primary tissues. In patch clamping experiments,
AEA and WIN55,212-2 inhibit K currents in a CB;/CBg-independent manner in
both retinal ganglion cells and rat aorta smooth muscle cells with 1Csq values in the

micromolar range [525,526].

Voltage-gated Ca?" channels

A wide range of voltage-gated Ca?" channels are also inhibited by various cannabinoid
ligands. Of the T-type Ca?* channels, Cay 3.1, Cay3.2 and Cay 3.3 have all been
shown to be antagonised by AEA, A9-THC, CBD and NAGIy in both transfected
cells and primary murine sensory neurones [131]. Furthermore, native T-type Ca?*
channels are also blocked by A9-THC [527] and WIN55,212-2 has been shown to
block Ca?* transients in rat retinal glial cells with an ICs¢ of 4 uM [528]. These glial
cells were shown to express the Cay 1.2, Cay 3.1, Cay 3.2 and Cay 3.3 channels and
importantly WIN55,212-2 blockade of Ca®" transients was CB; /CBs-independent
[528]. Further to this, 2-AG blocks L-type and P-type Ca?' channels, AEA blocks
L-, N-, P- and PQ-type Ca?* channels and WIN55,212-2 has been shown to inhibit
N-, P- and PQ-type Ca** channels [515,529-531].

124



Ligand-gated ion channels

Alongside the voltage-gated ion channels, cannabinoids have also been demonstrated
to inhibit ligand-gated ion channels. The 5-hydroxytryptamine 3 (5-HT3) receptor
is a ligand-gated ion channel permeable to Na*, K™ and Ca*" and its activation
by 5-HT can be antagonised by AEA, A9-THC, CP55,940, WINb55,212-2 amd
JWHO15 [131,532]. Numerous isoforms of nicotinic acetlycholine receptors can also
be inhibited by cannabinoid ligands. As their name implies, these ion channels
are activated by nicotine alongside their endogenous ligand acetlycholine, and are
mainly permeant to Nat and K*. The first evidence that cannabinoids can directly
inhibit nicotinic acetlycholine receptors came from Oz et al who demonstrated that
in Xenopus oocytes expressing az-nicotinic acetlychoine receptors AEA, 2-AG and
CP55,940 all inhibited acetlycholine binding with 1C5q values of 229, 168 and 2700 nM
respectively [533-535]. Recent work has now shown that cannabinoid blockade of cv-
nicotinic acetlycholine receptors also occurs in primary tissue, as Mahgoub et al not
only demonstrated that CBD can inhibit acetlycholine function in Xenopus oocytes
expressing ar-nicotinic acetlycholine receptors, but also found that this subtype was
blocked by CBD in rat hippocampal neurones [536]. Furthermore, other nicotinic
acetlycholine receptor subtypes are targeted by cannabinoids as WIN55,212-2 inhibits
native nicotinic acetlycholine receptors (IC59 = 3 uM) in rat ganglionic neurones [537]
and the oy /s nicotinic acetlycholine receptor is antagonised in both overexpressing

cells and in synaptosomes isolated from rat thalamus by AEA [538,539].
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4.2 Rationale for the experiments presented in this chapter

In my previous chapter, I have clearly demonstrated that compounds classically
thought to be specific CBy agonists, in fact elicit macrophage chemotaxis by activating
at least one other non-CB;/CBy GPCR. This provides the first report of an off-
target effect for many of the synthetic cannabinoids used in this study. As this
off-target action impacts upon macrophage chemotaxis, a crucial cellular function,
and these cells play a key role in multiple inflammatory pathologies, identification of
the off-target GPCR(s) will not only allow a greater understanding of cannabinoid
biology and CBs ligand pharmacology, but may afford a new therapeutic target for

the management of inflammatory diseases.

Therefore, the experimental aims of this chapter are to:

e Characterise the expression profile of GPCRs in bio-gel elicited macrophages

e Functionally test the ability of JWH133 and HU308 to activate candidate

GPCRs

e Use ligand-directed virtual screening, combined with medicinal chemistry and
photoaffinity labelling, to discover and develop novel tool compounds that will

aid in the identification of the off-target GPCR(s)

It is important to note that I did not personally synthesise any of the novel tool
compounds that were generated in order to carry out my final aim. These were all
synthesised by students in the Department of Chemistry, namely Rebecca Hancock,
Minjun Yang and Ryan Davies. Instead, I was involved in discussions surrounding the
direction of the SAR studies and I conducted the biological testing of the compounds

using primary murine macrophages.
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4.3 Results

4.3.1 Bio-gel elicited macrophages express 124 GPCRs

In order to discover the GPCR(s) responsible for the off-target effects of the chemo-
taxis positive CBy agonists, I wanted to firstly identify exactly which GPCRs bio-gel
elicited macrophages express. This will allow the narrowing of the candidate GPCR
pool and will also allow results obtained using different approaches to be cross-
checked against this GPCR expression profile. I isolated macrophages from bio-gel
elicited PECs by adhesion, extracted total mRNA and made ¢cDNA. I then used
a 384 well murine GPCR expression array from Applied Biosystems to determine
their receptor expression complement. The expression cutoff Ct value was set at 32,

above which genes were deemed not expressed.

Of the 354 receptors present on the array, 124 GPCRs were deemed to be present
in bio-gel elicited macrophages, with varying degress of expression. Example RT-
PCR cuvres for GPCRs covering the expression range seen are shown in figure
figure 4.1. Breaking these GPCRs into different expression groups, sixteen were
very highly expressed (Ct values of up to 23) and reassuringly this group contained
many macrophage-associated GPCRs; for example Emrl (F4/80) and C5aR1, whose
RT-PCR traces are shown in figure 4.1A and B respectively, and also CCR1, 2
and 5, C3aR, CXCR4, and FPR1 [47]. 25 receptors were expressed at a high level
(Ct values of greater than 23 but less than 25), with this group containing the
putative cannabinoid receptor GPR18 and CBs,, with an average Ct values of 24.8
(Fig 4.1C and D), alongside other macrophage-associated receptors such as CX3CR1
(fractalkine receptor). Thirty four GPCRs were expressed at a medium level (Ct
values of greater than 25 but less then 29) and example traces for GPR120 and CCR3,
both members of this group, can be seen in figure 4.1E and F. Forty nine GPCRs
were found to be expressed at a low level (Ct values greater than 29 but lower than

32), including GPR55 (Fig 4.1G), and 230 were deemed not to be expressed (either

127



A Fluorescence (Log)

A Fluorescence (Log)

Ct=19.3

W 18S rRNA
B Emr1 (F4/80)

—T— T T
0 10 20 30 40

Cycle number

Ct=26.2

H 18S rRNA
GPR120

1 1 1T 1
0 10 20 30 40
Cycle number

C
Ct=21.8 _
O_
14
24
-3
H 18S rRNA
B C5aR1 -4~
—r1r 1T 1 1
0 10 20 30 40
Cycle number
G
Ct=2738
14
O_
-1
-2
-3
Hl 18S rRNA
Bl CCR3 -4

1t 1T 1 1
0 10 20 30 40
Cycle number

Ct=24.8

H 18S rRNA
GPR18

—r1r 1T 1 1
0 10 20 30 40
Cycle number

Ct=230.2

H18S rRNA
B GPR55

1t 1T 1 1
0 10 20 30 40
Cycle number

Ct=24.8

W 18S rRNA
ECB,

— T T T 1
0 10 20 30 40

Cycle number

Ct=ND

W 18S rRNA
CB,

1t 1T 1 1
0 10 20 30 40
Cycle number

Figure 4.1 Representative real-time PCR traces of selected GPCRs from the bio-gel
macrophage GPCR expression array. cDNA was prepared from enriched bio-gel macrophages
and GPCR expression determined by RT-PCR using a 384-well murine GPCR Tagman GPCR
expression array. Representative RT-PCR curves for (A) Emrl (F4/80), (B) C5aR1, (C) GPR18,
(D) CBg, (E) GPR120, (F) CCR3, (G) GPR55 and (H) CBy, with the Ct value for each GPCR.
The RT-PCR curves for the 18S rRNA housekeeping control are shown for comparison (black lines).
Each curve is derived from one biological replicate, with n = 3 experiments shown. For (H) two of
the three experiments had no detectable signal.
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as they had a Ct value of greater than 32, or no expression was detectable in the
assay) with CB; being an important example (Fig 4.1H). This data is summarised in
Table 4.1. Therefore, this GPCR expression profile serves as an important starting
point for the identification of the GPCR(s) responsible for CBs agonist-induced

macrophage chemotaxis.

Expression Category Ct Value Range Count

Very high Less than 23 16

High 23 to 25 25

Medium 25 to 29 34

Low 29 to 32 49

Total receptors expressed 124

Not expressed Over 32 or not detected 230
Total receptors in the assay 354

Table 4.1 Bio-gel macrophage GPCR expression summary.

4.3.2 GPRI18 and GPR55 are not responsible for the off-target effects

of JWH133 and HU308

A body of literature exists implicating both GPR18 and GPR55 as potential cannabi-
noid receptors [131,467,477]. Since I found that both receptors were expressed
in bio-gel elicited macrophages (Fig 4.1C and G) and activation of GPR55 by L-
a-lysophosphatidylinositol causes the directed migration of human breast cancer
cells [540] and GPR18 has been shown to mediate 2-AG-induced chemotaxis of a
microglial cell line [479,480], I set out to determine whether either receptor was
responsible for the off-target effects of JWH133 and HU308. N-terminal tagged
receptor constructs were transfected into CHO cells using electroporation and sur-
face receptor levels determined by flow cytometry after approximately 16 hours.

In comparison to cells transfected with empty vector (blue histogram), CB, (Fig
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Figure 4.2 JWH133 and HU308 do not elicit cytoskeletal rearrangements in CHO
cells expressing murine GPR18 or GPR55. CHO cells (1 x 10°) were mixed with 2 ug of
empty or GPCR-containing vector, transfected via electroporation and left overnight at 37°C, 5%
CO; to allow tagged GPCR expression. (A-D) GPCR surface levels were determined by flow
cytometry and representative histograms are shown. Cells transfected with empty vector alone
were used to determine non-specific antibody staining. (A) FLAG-CB,, (B) HA-GPR18 and (C)
c-Myc-GPR55 all had similar expression levels. (D) HA-C5aR1 was used as a positive control
and displayed high surface levels. (E-L) Transfected CHO cells were plated into a 96 well E-plate
(25,000 cells) and left overnight at 37°C, 5% CO2 to reach a stable baseline. Afterwards, cells were
stimulated with vehicle (0.3% DMSO), C5a (10 nM) or cannabinoid (10 uM). (H) Quantification
of Cha-induced responses found that only C5aR1 transfected cells responded to Cha (10 nM; E
- Representative trace). JWH133 (F and I), HU308 (G and J) and CP55,940 (K) only caused
significant responses in CBs transfected cells. Importantly, cells transfected with GPR18 or GPR55
did not respond to either JWH133 or HU308 (I and J). Abnormal-cannabidiol (Abn-CBD; 10 pM)
did not elicit a response in any of the GPCR transfected cells (L). Data are meant+ SEM, n = 3-6
biological replicates with 2-3 technical replicates per condition. Statistical analysis was conducted
by one-way ANOVA with Dunnett’s multiple comparisons correction. * P <0.05, *** P <0.001,
comparing all samples to empty vector transfected cells.
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Figure 4.3 JWH133 and HU308 do not elicit cytoskeletal rearrangements in CHO
cells co-expressing murine GPR18 or GPR55. (A-F) CHO cells (1 x10°%) were mixed with 2
ng empty vector, GPCR vector alone or GPR18 and GPR55 expression vectors, transfected by
electroporation and left overnight at 37°C 5% COs to allow tagged receptor expression. Cells were
then stained with anti-tag antibodies and surface GPCR expression for (A) GPR55, (B) GPR18, (C)
CBa, (D) C5aR1 or (E and F) GPR55 and GPR18 co-transfected cells determined by flow cytometry.
Cells transfected with empty vector were used to determine non-specific antibody staining (blue
histogram). (G-L) Transfected CHO cells were plated into a 96 well E-plate (25,000 cells) and
left overnight at 37°C, 5% COs to reach a stable baseline. Afterwards, cells were stimulated
with vehicle (0.3% DMSO), C5a (10 nM) or cannabinoid (10 uM). Representative traces of cells
transfected with empty vector (light grey line) CBy (blue line), GPR18 (black line), GPR55 (pink
line) or GPR55 and GPR18 together (orange line) stimulated with (G) JWH133 or (H) HU308. (I)
Quantification of Cha-induced responses found that only cells transfected with C5aR1 responded
to C5a. Quantification of (J) JWH133, (K) HU308 and (L) CP55,940-induced responses found
that only cells transfected with CBs responded to cannabinoid treatment. Data are mean only, n
= 1 biological replicate with 2-3 technical replicates per condition.
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4.2A), GPRI18 (Fig 4.2B) and GPR55 (Fig 4.2C) transfected cells had surface expres-
sion (red histogram) that was comparable across all three GPCRs (~50% positive).
C5aR1 transfected CHO cells (selected as a positive control) had very high surface
receptor levels (Fig 4.2D; ~75% positive). I then measured the ability of the chemo-
taxis positive CBy agonists JWH133 and HU308, the chemotaxis negative ligand
CP55,940 and Cba to induce cytoskeletal rearrangement in receptor transfected cells.
Stimulation with 10 nM C5a (Representative trace — Fig 4.2E) elicited significant
positive signalling in C5aR1 transfected cells only (Fig 4.2H), confirming the assay
worked as intended. Stimulation of cells with 10 M JWH133 (Fig 4.2F and I),
HU308 (Fig 4.2G and J) or CP55,940 (Fig 4.2K) only caused significant cytoskeletal
rearrangement in CBy transfected cells. Abn-CBD caused no response in any of the

receptor transfected cells (Fig 4.2L).

As multiple GPCRs can form homo/hetrodimers that can modulate downstream
signalling at either, or both receptors, and cannabinoid receptors including CBy,
CB; and GPR55 have been demonstrated to form hetrodimers [541-544], I wanted to
examine whether the co-expression of GPR18 and GPR55 is needed for the off-target
effects of CBy agonists. When transfected into CHO cells singularly, GPR55 (Fig
4.3A) and GPR18 (Fig 4.3B) had similar surface expression levels, which were
comparable to that of CB, transfected cells (Fig 4.3C). When co-transfected, GPR55
(Fig 4.3E) and GPR18 (Fig 4.3F) were both detectable on the cell surface and
at comparable levels to cells transfected with either receptor alone (GPR55 - Fig
4.3A vs E; GPRI18 Fig 4.3B vs F). As seen previously, C5aR1 transfected cells
had very high surface receptor expression (Fig 4.3D) and Cba only elicited positive
signalling in these cells (Fig 4.31). Stimulation with 10uM JWH133 (Fig 4.3G and
J), HU308 (Fig 4.3H and K) or CP55,940 (Fig 4.3L) only caused positive signalling
in CBy transfected CHO cells; cells co-transfected with GPR18 and GPR55 did
not respond to any of the ligands tested (Fig 4.3G-L). Taken together, this data
suggest that GPR18 and GPR55, both of which are expressed in bio-gel elicited

macrophages, are not responsible for the off-target effects of JWH133 and HU308.
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4.3.3 Functional screening of JWH133 at 241 human GPCRs

In an attempt to find the receptor responsible for CB; agonist-induced macrophage
chemotaxis, the ability of JWH133 (10 uM) to induce S-arrestin recruitment at
241 GPCRs was examined using the Discoverx PathHunter® eXpress -Arrestin
GPCR Assay system. The screen was split into two halves, the first being the
GPCRMax panel, which contains CHO cells transfected with GPCRs that have
well characterised agonists (Fig 4.4A - 168 receptors) and the second being the
OrphanMax panel, which contains orphan GPCRs (Fig 4.4B - 73 receptors). Both
reassuringly and unfortunately, JWH133 only gave robust S-arrestin recruitment in
CB; and CBj transfected CHO cells (Fig 4.4A). Additionally, JWH133 was unable
to induce f-arrestin recruitment in GPR18 or GPR55 transfected CHO cells (Fig
4.4B).

4.3.4 Functional testing of lipid binding GPCRs expressed in bio-gel

elicited macrophages

These data, when combined with the GPCR expression array results detailed in
table 4.1, allowed me to narrow down the list of candidate GPCRs that could be the
off-target receptor. To begin, there were 46 receptors that were expressed in bio-gel
elicited macrophages that were not included in the Discoverx S-arrestin screen. Next,
there were 20 receptors that were not included on the expression array or in the
functional screening. Therefore I have no functional data and limited expression
data for these GPCRs and therefore, 66 receptors remain as viable candidates
(notwithstanding the potential limitations of these experiments that will be discussed

at the end of this chapter).

However, this number is still too large for me to screen all of these receptors for
activity using CHO cells, as I did with GPR18 and GPR55. Instead, and as the

endocannbinoids are lipids and the synthetic cannabinoids are highly lipophilic, I
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Figure 4.4 Out of 241 GPCRs, JWH133 only elicits S-arrestin recruitment at CB; and
CB,. JWHI133 (10 uM) was tested for its ability to induce S-arrestin recruitment at 241 GPCRs,
split over two panels, using the Discoverx PathHunter® eXpress S-Arrestin GPCR Assay system.
(A) The GPCRMax panel was comprised of GPCRs with known and validated ligands. For this
panel % Agonist activity is calculated as 100% x (mean of test sample — mean of vehicle control) /
(mean MAX control ligand — Mean of vehicle control). JWH133 only caused S-arrestin recruitment
at CB; and CBsy. (B) The OrphanMax panel was comprised of GPCRs without validated ligands.
For this panel % Agonist activity is calculated as 100% x (mean of test sample — mean of vehicle
control) / (mean of vehicle control). JWH133 did not elicit S-arrestin recruitment at either GPR18
or GPR55. Data are mean of technical duplicates.

134



A 4 JWH133 B 04 LPA c G-1 D LTD4

0.4+ e 0.4+ 0.4+
s 0.2+ 0.2 0.2 0.2
o)
£
°
O 0.0 0.0- V 0.0 0.0 \BC
-0.2- -0.2- -0.2- -0.2-
r 1 1 1 rr 1 1 1 r 1 1 1 Wt 1 1 1
0 05 1 15 2 0 05 1 15 2 0 05 1 15 2 0 051 15 2
Time (Hours) Time (Hours) Time (Hours) Time (Hours)
E 10uM 1uM & 100 nM [ 10 nM ] Vehicle []
0.5+
*kk
x
(]
o
£
°
O e il
: i
ns ns
ns
-0.3 T

T T T T
JWH133 HU308 LPA G-1 LTD4

Figure 4.5 LPAR1, LPAR5, GPER1, CYSLTR1 and CYSLTR2 agonists do not elicit
cytoskeletal responses similar to JWH133 or HU308 in bio-gel elicited macrophages.
Bio-gel elicited PECs (5 x 10*) were placed into a 96 well E-plate allowed to adhere for 2-3 hours
at 37°C, 5% CO3. Afterwards, cells were stimulated with vehicle (0.3% DMSO), HU308, (A)
JWH133, (B) lysphosphatidic acid (LPA - a LPAR1 and 5 agonist), (C) G-1 (a GPER1 agonist)
or (D) Leukotriene D4 (LTD4 - a CYSLTR1 and 2 agonist) at the indicated concentration. (E)
Quantification of cytoskeletal rearrangement demonstrates that JWH133 and HU308 both cause
positive changes in CI signal in a concentration-dependent manner. LPA, G-1 and LTD4 did not
cause the same positive cytoskeletal signal. Data are mean+ SEM, n = 2-3 biological replicates
with 2-3 technical replicates per condition. Statistical analysis was conducted by two-way ANOVA
with Sidak’s multiple comparisons correction. ns P >0.05, ** P <0.01, *** P <0.001.
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decided to narrow down the candidate list by focussing on lipid binding GPCRs
that met the following criteria; A lipid binding receptor that was determined to be
expressed in bio-gel elicited macrophages, but was not included in the Discoverx
[B-arrestin functional screen. There are approximately 43 GPCR in the mouse that
have been previously annotated as having lipid or lipid-like agonists, but only 5 of
these met the above criteria. These were: Cysteinyl leukotriene receptor (CYSLTR)
1 and 2, G-protein coupled estrogen receptor 1 (GPER1) and lysophosphatidic acid
receptor (LPAR) 1 and 5.

I began by attempting to transfect each receptor into CHO cells using pcDNA3.1
expression vectors, and then testing the ability of JWH133 and HU308 to elicit
cytoskeletal rearrangement in these cells, as I had done with GPR18 and GPR55.
However, expression of most of these receptors was poor to none in the CHO cell
system and therefore I could not use this as a screening assay (data not shown).
Instead, I decided to test whether agonists for these lipid GPCRs would elicit a
cytoskeletal response kinetically similar to that induced by JWH133 or HU308 in
bio-gel elicited macrophages. If a response was obtained with a similar magnitude
and kinetics to the cannabinoids then this would hint that the compounds may be
activating the same pathway(s). As I had seen previously, both JWH133 and HU308
caused positive changes in CI signal compared to vehicle alone, in a concentration-
dependent manner (Fig 4.5A and E). However, lysophosphatidic acid (LPA), an
agonist for both LPAR1 and LPARS5, did not elicit a cytoskeletal response at any
concentration tested (Fig 4.5B and E). Furthermore, both G-1 (an agonist for
GPER1) and leukotriene D4 (LTD4 - an agonist for both CYSLTR1 and 2) had an
opposite response to JWH133 and HU308, causing a decrease in the CI signal, with
the former reaching statistical significance (Fig 4.5C, D and E). Since no compound
tested mimicked the response of JWH133 or HU308, it can be concluded that it is
unlikely that LPAR1, LPAR5, GPER1, CYSLTRI or CYSLTR2 is the macrophage

receptor responsible for CBy agonist-induced macrophage chemotaxis.
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4.3.5 Ligand based virtual screening discovers a novel chemoattractant

chemical scaffold

As all efforts undertaken so far failed to identify the receptor responsible for
CB, agonist-induced macrophage chemotaxis, I decided to take a different approach
to hopefully increase the chance of finding the responsible receptor. In collaboration
with Professor Angela Russell’s group from the Department of Chemistry at the
University of Oxford, ligand-directed virtual screening, combined with photoaffinity

labelling, was chosen as an alternative approach for target identification.

Ligand-directed virtual screening relies on the hypothesis that compounds with
similar shape and electrostatic properties have similar activities [425]. Therefore by
comparing the chemical properties of a library of compounds against known active
compounds, it is hoped that compounds closely matched to the input ligand(s) will
retain the activity of interest [545]. Importantly, these compounds may have an
entirely different 2 dimensional chemical scaffold and may provide a novel starting

point for understanding a target or further drug discovery efforts.

Photoaffinity labelling involves the addition of a photoreactive group onto a
compound of interest that is capable of covalently binding to any nearby molecule
when irradiated with a specific wavelength of light [546]. Hopefully, the highly
reactive intermediate species generated upon irradiation will covalently bond to the
protein target of the small molecule. Alongside the photoreactive group, a reporter
tag is normally incorporated into the compound, such as a biotin label, to allow for the
enrichment and identification of covalently bound proteins. In order to incorporate
both the photaffinity and reporter labels, detailed structure-activity relationship
(SAR) studies are required to uncover areas of the lead scaffold where chemical
modifications can be made without compromising on activity [546]. Furthermore,
this approach has been used with success to uncover the targets of orphan compounds
and examine ligand interactions with multiple GPCRs [546,547], providing confidence

that this is a viable approach for GPCR identification. Importantly, this affords
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Figure 4.6 Virtual screening identifies a novel chemical scaffold that retains chemoat-
tractant properties. Bio-gel elicited PECs were plated into a 96 well E-plate and allowed to
adhere for 2-3 hours, after which they were stimulated with (A) vehicle (0.3% DMSO), C5a (10
nM), cannabinoid, or the top ranked hits from the virtual screen (10 and/or 3 pM) and the elicited
response quantified. OX00869, -870 and -871 were the only compounds tested that gave a positive
response. Interestingly, the chemically related compound OX00906 was inactive. A representative
trace is shown in (B). Data are mean+ SD, n = 1 biological replicate with 3 technical replicates
per condition. The chemical structures of OX00869, -870, -871 and -906 are shown in (C), (D), (E)
and (F) respectively. Carbon numbering for important carbon atoms in the left hand side and right
hand side phenyl rings is displayed for each compound. (G) Bio-gel elicited PECs were allowed
to migrate towards vehicle (0.3% DMSO), OX00869, -870, -871 or -906 (10 uM) for 3-4 hours.
Quantification found that JWH133, OX00869 and -870, -871 significantly induced macrophage
chemotaxis. Data are mean+ SEM, n = 4 biological replicates with 2-3 technical replicates per
condition. (H) Bio-gel elicited PECs were stimulated with vehicle, JWH133, 0X03004, -3005 or
-3006 (10 uM) and cytoskeletal activity measured. The chemical structures of OX03004, -3005
and -3006 are shown in (I), (J) and (K) respectively. (L) Bio-gel elicited PECs were stimulated
with vehicle or OX03008 at the indicated concentrations and cytoskeletal activity measured. The
chemical structure of OX03008 is shown as an insert. Data are mean only from n = 1 representative
biological replicate with 3 technical replicates for condition. Statistical analysis was conducted by
one-way ANOVA with Dunnett’s multiple comparisons correction. ns P >0.05, * P <0.05, *** P
<0.001.
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an unbiased method to identify the target responsible for CB, agonist-induced
chemotaxis as it does not rely on pre-selection of candidate receptors. Furthermore,
if the ligands have multiple GPCR targets this will also be uncovered as bio-gel

elicited macrophages will be used for the cross-linking experiments.

Therefore an initial ligand based virtual screen was conducted in collaboration
with Rebecca Hancock from the Department of Chemistry. The chemotaxis positive
CB; agonists JWH133, HU308, L-759,656 and SER601 were modelled in 3D into their
lowest energy conformation, due to the absence of known binding poses, and each
used as the bait compound for a ligand-directed virtual screen. A library containing
approximately 25,000 compounds was then compared against each reference ligand
and ranked from high to low based on their combo score; a composite measure of how
similar the test compound is to the reference ligand in both three dimensional shape
and overall charge distribution. The top ranking compounds were then selected for

functional testing using the 96 well cytoskeletal rearrangement assay.

The initial screen was conducted by testing ligands at 10 and 3 uM, to provide
a measure of how concentration-dependent any activity seen may be, and three
compounds were identified that caused macrophage cytoskeletal rearrangement with
similar efficacy to that of HU308 (Fig 4.6A). These were OX00869, OX00870 and
OXO00871 and a representative trace of their activity in the cytoskeletal rearrangement
assay can be seen in figure 4.1B. All of these compounds belonged to the same chem-
ical class, being 2-thioxo-2,3-dihydroquinazolin-4(1H)-ones, and their 2 dimensional
structures can be seen in figures 4.6C-E. OX00869, OX00870 and OX00871 all have
a bromine at the 6 position on the left hand side phenyl ring but seem to tolerate
different chemical constituents on the right hand side phenyl ring. Interestingly
0X00906, which also belongs to the same chemical class and has a chlorine at the 6
position rather than a bromine (Fig 4.6F), did not induce macrophage cytoskeletal
rearrangement (Fig 4.6A and B). Real-time chemotaxis analysis found that OX00869,
0X00870 and OX00871 significantly induced macrophage chemotaxis with a sim-

ilar efficacy to JWH133, whereas OX00906 was unable to act as a macrophage
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chemoattractant (Fig 4.6G; all compounds tested at 10 uM). Importantly, this result
highlights that hits in the cytoskeletal rearrangement screening assay translate into

the real-time macrophage chemotaxis assay.

Next a further series of compounds were synthesised based on the initial hits to
begin to understand the activity of the 2-thioxo-2,3-dihydroquinazolin-4(1H)-one
series. OX03005 caused macrophage cytoskeletal rearrangement to a greater extent
to that of JWH133, whereas OX03004 and OX03006 had minimal to no activity
(Fig 4.6H). As opposed to OX03005 (Fig 4.6J) and the previous active compounds,
the inactive OX03004 (Fig 4.6I) and OX03006 (Fig 4.6K) have a bromine at the 7
position on the left hand side phenyl ring, rather than the 6 position. Removal of
any additional groups on the right hand side phenyl ring yielded OX03008, which
caused concentration-dependent macrophage cytoskeletal rearrangement with an
ECso of 4 uM and the greatest efficacy seen so far in the series (Fig 4.6L - maximum
ACI signal of ~0.5). This therefore became the lead compound for more detailed
SAR studies. For the purpose of this chapter, I will refer to the left hand side (LHS
- Fig 4.6 - highlighted in blue) phenyl group, and the right hand side (RHS - Fig
4.6L - highlighted in red) phenyl group, when discussing the SAR studies conducted.
We focussed on these two areas for compound SAR, as these are the easiest to

functionalise.

4.3.6 SAR studies on the 2-thioxo-2,3-dihydroquinazolin-4(1H)-one

series

To further examine the effect of bromine substitutions on the LHS phenyl ring,
0X03009 was synthesised; an analogue of OX03008 that has a bromine at the 7
position rather than the 6 position (Fig 4.7A and B). Functional testing found that
0X03009 was unable to elicit macrophage cytoskeletal rearrangement (Fig 4.7C). As
chemical modifications are not tolerated at any point other than the 6 position on the

LHS phenyl ring, this seemed the only position where the addition of a photoreactive
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Figure 4.7 Structure activity relationship studies surrounding the 2-thioxo-2,3-
dihydroquinazolin-4(1H)-one scaffold. (C, F, I, L and M) Bio-gel elicited PECs (5 x 10%)
were plated into a 96 well E-plate and allowed to adhere for 2-3 hours to reach a stable baseline
prior to ligand stimulation. The chemical structures of (A) OX03008 and (B) 0X03009. (C) Bio-gel
PECs were stimulated with OX03008 or OX03009 at the indicated concentrations and changes in
CI signal quantified. The chemical structures of (D) 0X03016 and (E) 0OX03017. (F) Bio-gel PECs
were stimulated with OX03016 or OX3017 at the indicated concentration and changes in CI signal
quantified. (J) The chemical structures OX03011, 0X03013, 0X03018 and (K) OX03014. Bio-gel
PECs were stimulated with (L) 0X03013, OX03018, (M) 0X03011 or OX03014 at the indicated
concentrations and changes in CI signal quantified. Data are mean only, n = 1 biological replicate
with 2 technical replicates per condition. For all compounds, atom numbers for important carbon
atoms are shown. A 4-parameter non-linear regression model was fitted to the corresponding data
sets using GraphPad Prism.
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or reporter group might be tolerated. Therefore to examine how tolerant this position
may be, large sterically bulky groups were added at the 6 position to determine what
effect this would have on activity, with OX03016 containing a phenyl group (Fig
4.7D) and OX03017 containing a dimethoxyphenyl group (Fig 4.7E). Despite these
large additions, both compounds retained activity, with slightly reduced efficacy,
but comparable potency, to OX03008 (Fig 4.7F - EC5y values of 2 and 2.3 uM for
0X03016 and OX03017 respectively). This therefore indicates that this position

would be suitable for the addition of a functional group.

All of the compounds in the series so far have a 2 carbon chain linking the RHS
phenyl group to the chemical core. Unfortunately however, this makes them difficult
to work with as the precursor compounds required for their synthesis are hard to
obtain as they can be used to make compounds currently controlled by the Home
Office. To try and overcome this issue, compounds were synthesised with different
carbon chain lengths to see what effect this would have on activity. OX03010 contains
one carbon in the linking chain (Fig 4.7G), whereas OX03019 has no linking chain
at all (Fig 4.7H). Interestingly, decreasing the chain length from 2 down to 0 caused
a step reduction in activity, with OX03008 being the most active, OX03010 having
intermediate activity and OX03019 displaying no activity at all (Fig 4.71). However,
as the reduction in activity was modest going from 2 to 1 carbon atoms in the linker,
and the EC5p was very similar to OX03008 (5.6 uM), it was decided to adopt the
one carbon linker for future SAR work to maximise the speed and ease of compound

synthesis.

4.3.7 SAR studies on the right hand side phenyl group

Alongside the LHS phenyl group, the RHS phenyl group was an obvious place for
functionalisation, given the route of compound synthesis and the fact that compounds
detailed in figures 4.6C, D, E and J have numerous substitutions around this ring

without reduced activity. We began by substituting chlorine groups around the RHS
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and synthesised OX03013, OX03018 and OX03011 with chlorine at the 2’, 4’ and
5’ positions respectively, and a bromine at the 6 position (Fig 4.7J). 0X03014 was
also synthesised containing a chlorine at the 5’ position, but a bromine at the 7
position (Fig 4.7K). Functional testing found that chlorine substitution had no effect
on compound efficacy (Fig 4.7L and M). The potency of OX03011 and OX03013 was
similar to that of OX03010, with ECsq values of 4.6 and 5 uM respectively, whereas
0X03018 had an almost 3-fold increase in potency compared to OX03010, with an
ECsg value of 1.7 uM. As previous, the presence of a bromine at the 7 position on

the LHS caused a marked reduction in activity (OX03014; Fig 4.7M).

To begin to understand where a photoreactive group may be placed on the RHS
phenyl ring, sterically bulky phenyl groups were added at various positions to see
what effect this would have on compound activity. OX03021 (Fig 4.8A), 0X03022
(Fig 4.8B) and 0X03073 (Fig 4.8C) have phenyl groups added at the 3’, 4" and 2’
positions respectively. Functional analysis found that all three compounds caused
concentration-dependent macrophage cytoskeletal rearrangement with ECjyy values
of 3, 2.8 and 2.1 uM for 0X03021, OX03022 and OX03073 respectively (Fig 4.8D).
Interestingly, all three were more efficacious than their parent compound OX03010.
As large bulky groups can be easily accommodated at multiple positions around the
RHS phenyl ring, this seemed like the ideal area of the compound for the addition of
the photoreactive group. There are three main types of photoactive groups that are
commonly used; phenylazide, phenyldiazirine and benzophenone [546]. Due to the
chemistry of the 2-thioxo-2,3-dihydroquinazolin-4(1H)-one scaffold, the benzophenone
is the simplest group to add to the RHS and its chemical structure is shown in
figure 4.8E. To mimic not only the steric bulk, but also the charge imparted by the
oxygen atom in the benzophenone group, compounds were generated containing an
oxygen-linked phenyl group on the RHS. 0X03228 (Fig 4.8F), 0X03229 (Fig 4.8G),
and 0X3230 (Fig 4.8H) have this group at the 3’, 2’ and 4’ positions respectively.
Functional testing found that the compounds were highly efficacious, giving ACI

signals as high as 0.8 (Fig 4.81), however all three were approximately half as potent
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Figure 4.9 Compounds with a photoreactive benzophenone group at the 3’ or 4’ posi-
tion in the right hand phenyl ring retain the ability to elicit macrophage cytoskeletal
rearrangement. The chemical structures of (A) OX03231 and (B) 0X03272. (C and D) Bio-gel
elicited PECs (5 x 10%) were plated into a 96 well E-plate and allowed to adhere for 2-3 to reach
a stable baseline prior to ligand stimulation. Bio-gel elicited PECs were stimulated with (C)
0X03231 or (D) 0X03272, alongside OX03008 at the indicated concentrations and cytoskeletal
changes measured. Data are mean only, n = 1 biological replicate with 2 technical replicates per
condition. A 4-parameter non-linear regression model was fitted to the corresponding data sets
using GraphPad Prism.
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as the parent compound OX03010, with EC5q values of 9.3, 7.8 and 9.9 uM for
0X03228, 0X03229 and OX03230 respectively. Nonetheless, these results imply that

a benzophenone photoactive group will be tolerated at any of these RHS positions.

4.3.8 Compounds containing the photoactive benzophenone group

retain functional activity

In light of the above findings, two compounds were synthesised containing the
benzophenone photoactive group on the RHS. 0X03231 (Fig 4.9A) and OX03272
(Fig 4.9B) contain a benzophenone group at the 4’ or 3’ position respectively.
Functional testing found that 0X03231 (Fig 4.9C) and 0X03272 (Fig 4.9D) elicited
concentration-dependent macrophage cytoskeletal rearrangement with EC5, values
of 20 and 10 uM respectively. Although not as efficacious as OX03008 or the
benzophenone mimics, the compounds retained enough activity to be able to be used
in future cross-linking experiments. Furthermore it should be noted that the ACI
signal seen with these compounds of around 0.3 is comparable to that of the original

hit compounds, as well as JWH133, which all acted as macrophage chemoattractants.

4.4 Discussion

I began this results chapter with three aims; firstly to characterise the GPCR
expression profile of bio-gel elicited macrophages, secondly to functionally test any
candidate receptors to determine whether JWH133 or HU308 act as agonists at these
GPCRs and finally to use ligand-directed virtual screening, combined with medicinal
chemistry and photoaffinity labelling, to discover and develop novel tool compounds

that will aid in the identification of the off-target GPCR(s).

With respect to my first aim, I found that bio-gel elicited macrophages express
124 GPCRs, excluding sensory receptors, over a wide range of expression levels.

There have been a few studies that have determined the GPCR expression profile of
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different macrophage populations, with the first conducted by Lattin et al in 2008,
who examined GPCR expression in murine bone marrow-dervived and thioglycollate
elicited macrophages [548]. However the concordance of this study with my results
was low as the authors found that only 66 GPCRs were expressed. Furthermore, I
found that 10 of these were not expressed in bio-gel macrophages, leaving 56 common
GPCRs and a total expression overlap of 45%. Further to this, studies conducted in
2012 and 2013 examined the GPCR expression profile of human alveolar macrophages
and human monocyte-derived macrophages, with either population expressing 156
and 82 GPCRs respectively [549,550]. Thirteen of the receptors deemed expressed
in human alveolar macrophages do not have orthologs in mouse and 54 were not
expressed in bio-gel macrophages, leaving 89 common GPCRs; an expression overlap
of 72% with my results. Of the receptors expressed in human monocyte-derived
macrophages, 15 have no mouse counterparts and 14 were not expressed in bio-gel

macrophages, leaving 67 common GPCRs; an expression overlap of 54%.

The high degree of difference between my results and these other studies is likely
due to the fact that macrophages from different tissues and species were used in
each of the studies. It is now well established that the gene expression profiles of
macrophages isolated from different tissues are distinct from one another and are
shaped by their local microenvironment to allow these cells to perform niche specific
functions [40-42]. For example I found CCR2 to be highly expressed in bio-gel
macrophages and Lattin et al also found that CCR2 was expressed in thioglycollate
elicited macrophages. However, CCR2 was not found to be expressed in human
alveolar macrophages. This is consistent with the findings of Lavin et al who found
that CCR2 is highly expressed in mouse monocytes, but not in murine alveolar
macrophages [40]. As both bio-gel and thioglycollate are elicited cells differentiated
from monocytes, this would explain why they would have CCR2 expression, as this
receptor is highly important for monocyte recruitment to sites of inflammation [121].
However alveolar macrophages, like almost all tissue-resident macrophages, are not

derived from blood monocytes and are instead seeded into the lung before birth [551],
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thereby explaining why they have little or no expression of CCR2.

However, macrophages from different tissue origins also share a common set
of genes that allow them to perform core macrophage-specific functions. This is
evident when comparing my results with the three studies detailed above, as 33
GPCRs were expressed in all of the macrophage populations examined. Included in
this list are many macrophage-associated genes that are important for macrophage
function, such as the complement receptors C3aR1 and CbaR1, the CC chemokine
receptors CCR1 and CCR5, CXCR4, leukotriene B4 receptor 1 and also the chemerin
receptor ChemR23 [47]. Interestingly however, there are multiple orphan GPCRs
expressed by all macrophage populations, including GPR146, GPR160, GPR&5 and
GPRC5B. Currently very little is known about these receptors and even less is known
about how they impact macrophage function, however as they seem to be conserved
across different macrophage populations it can be speculated that they may control

important macrophage function(s).

With regards to my second aim, the GPCR expression data immediately high-
lighted two candidate receptors to take forward for functional screening; GPR55
and GPR18. As detailed in the introduction, both of these GPCRs have been put
forward as potential cannabinoid receptors, as they bind and are activated by a
wide range of endo-, phyto- and synthetic cannabinoids, and both have been previ-
ously demonstrated to mediate directed cellular migration [467,477]. However, both
JWH133 and HU308 were unable to induce cytoskeletal rearrangements in CHO
cells expressing GPR18 or GPR55 and JWH133 did not elicit S-arrestin recruitment
at either receptor. In both assays, the cannabinoids were shown to activate CBa,
so compound inactivity does not explain their lack of activty at GPR55 or GPRI1S.
Consequently, both were ruled out as the GPCR responsible for CB, agonist-induced
macrophage chemotaxis. Further support of this hypothesis comes from McHugh
et al who found that although NAGly induced human endometrial cell migration
and intracellular signalling in a GPR18-independent manner, JWH133 and other

synthetic cannabinoids had no effect in any assay examined [481]. This therefore
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means that JWH133 is unable to activate GPR18 in this cell line to cause chemotaxis,
thereby corroborating the hypothesis that GPR18 is not the receptor responsible for

CB, agonist-induced chemotaxis.

Alongside GPR18 and GPR55, I also considered lipid binding GPCRs and recep-
tors phylogenetically related to CBy. As cannabinoid ligands are highly lipophillic,
I reasoned that it is likely that the off-target receptor is a lipid binding GPCR
structurally similar to CB,. There are approximately 43 GPCRs in mouse that
have been previously annotated as having lipid ligands and CB, phylogenetically
clusters with 11 other class A GPCRs [131]. These are LPAR1, LPAR2, LPAR3,
the sphingosine-1-phosphate receptors 1, 2, 3, 4 and 5 and the orphan receptors
GPR3, GPR6 and GPR12. I could immediately rule out GPR3, 6 and 12 as these
were not, expressed in bio-gel macrophages, and although all SIPRs were expressed,
none were active in the JWH133 GPCR f[-arrestin screening assay. Furthermore it
has been previously shown that AEA and 2-AG can elicit S-arrestin recruitment at
S1PRI1 [474], providing further evidence that SIPR1 is not the off-target receptor, as
2-AG was unable to elicit macrophage chemotaxis. Of the remaining phylogenetically
related GPCRs, only LPAR1 stood out as a candidate to examine further, as this
was expressed in bio-gel elicited macrophages but not included in the Discoverx

[-arrestin screen.

Next considering lipid GPCRs in general, I decided that I would functionally test
any lipid GPCR that was deemed expressed in bio-gel macrophages but was not tested
in the functional screen. Alongside LPARI1, four more receptors fit this criteria and
these were: LPARS (another lysophosphatidic acid receptor phylogenetically distant
to CB, but interestingly similar to GPR55), GPER1 and CYSLTR1 and CYSLTR2.
Unfortunately however functional testing of each receptor proved impossible as
sufficient receptor expression could not be obtained using transfected CHO or HEK
cells. Instead I decided to take a different approach and stimulated bio-gel elicited
macrophages with agonists for these lipid GPCRs to see whether any mimicked

the cytoskeletal response seen in primary macrophages stimulated with JWH133
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or HU308. However, none of the agonists tested gave similar responses to JWH133
or HU308 and in fact the GPER1 agonist G-1 and the CYSLTR1/2 agonist LTD4
gave responses opposite to that of the cannabinoids. These data imply that none of
these lipid binding GPCRs are the off-target receptor(s), however further studies are

required to confirm this conclusion.

My final aim of this chapter was to identify novel chemoattractant chemical
scaffolds and use photoaffinity labelling to identify their target protein(s), and I
have made substantial progress towards completing this objective. In collaboration
with the Department of Chemistry, SAR studies on conducted on a novel chemical
scaffold discovered to cause macrophage cytoskeletal rearrangement and chemotaxis
has allowed the rational design and synthesis of compounds that retain functional
activity, but also contain a photoreactive benzophenone group. This approach
has been used with success to probe GPCR-ligand interactions, with photoaffinity
labelling being used to study ligand binding to the 3 adrenergic receptor, the Asy
adenosine receptor, dopamine receptors, VPAC2, mGlus and the kisspeptin receptor
GPRb54 [546,547,552-554], and therefore I believe that this is a viable and importantly

unbiased approach for GPCR identification.

The SAR studies described in the chapter were instrumental in elucidating
that the right hand side of the 2-thioxo-2,3-dihydroquinazolin-4(1H)-one scaffold
was the most likely place where a photoreactive group would be tolerated, as the
addition of sterically bulky and/or electronegative groups had only a minor impact
on compound activity. However, it also provided additional evidence that active
compounds and CBs, agonists specifically activate a receptor to cause macrophage
cytoskeletal rearrangement, as in all cases, movement of only one atom, the Br from
the 6 position to the 7 position of the LHS ring, resulted in ablation of compound
activity (OX00869 vs OX03006; OX03005 vs OX03004; OX03008 vs OX03009). The
complete loss of function seen with this minor chemical modification likely means
that a receptor ligand binding site with specific steric/electrochemical constraints

is the target of these compounds. This is of importance, as so far the only direct
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evidence that a receptor is responsible for the off-target effects of CBy agonists is

my finding that CB, agonist-induced macrophage chemotaxis is PTX sensitive.

The next step for this project is to add a biotin tag to the benzophenone
containing compounds, so that once UV cross-linking has been performed, any
proteins covalently bound can be recovered and identified by mass spectroscopy.
The SAR experiments demonstrate that the 6 position on the LHS ring would be
the most logical point for biotin addition as large bulky groups are well tolerated
at this position, having minimal impact on compound activity. However, once
synthesised compound activity will have to be tested to ensure it is still able to

induce macrophage cytoskeletal rearrangement and chemotaxis.

4.4.1 Limitations of this study

Although providing as unbiased a readout as possible for JWH133 activity at multiple
GPCRs, the pg-arrestin GPCR functional screen is not a comprehensive assay of all
GPCRs. According to the International Union of Basic and Clinical Pharmacology
GPCR database, mice have 358 GPCRs, excluding sensory receptors [555]. As 24
of the GPCRs in the human S-arrestin screen do not exist in mouse, this therefore
means that I have no functional data for 141 GPCRs. However, of these receptors,
121 were present on the murine GPCR array and 75 were found to be not expressed.
This therefore means that I have mRNA expression, but no functional data for 46

receptors and no expression or functional data for 20 receptors.

However, it is important to note that the negative result from the [-arrestin
GPCR functional screen with JWH133 does not conclusively prove that none of the
217 GPCRs tested that have mouse othologs are responsible for the off-target effects
of the synthetic CB, agonists. Human GPCRs were used for the GPCR screen (as
murine versions were not available) and therefore species differences between human
and mouse receptor pharmacology could explain the negative result. As mentioned

in the discussion of chapter three, differences in cannabinoid ligand pharmacology
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between species has been previously documented. Nonetheless, JWH133 agonised
human CB; and CBs in the screen, demonstrating that this compound behaved as
expected at these receptors, and JWH133 has been shown to act as a chemoattractant
for human monocytes, at the same concentrations used in my work [389]. This
therefore implies that JWH133 does activate the receptor responsible for CB, agonist-
induced chemotaxis in human cells. Despite this however, functional selectivity may
mean that JWH133 does not cause [-arrestin recruitment at its off-target GPCR.
The differential abilities of cannabinoid agonists to elicit f-arrestin recruitment
to CBy has been well documented [152] and even extends to DIAS2; the novel
CB; agonist developed in my laboratory [229], as DIAS2 does not cause -arrestin
recruitment to CBy, despite being a full agonist in the CBy cAMP assay. Therefore

this could potentially explain why no hits were found in the GPCR screen.

Importantly, recent work has shown that established CB, ligands can behave
differently in primary tissue as opposed to recombinant cellular systems as in human,
rat and mouse spleen, AM1241 behaves as an agonist, whereas in CHO cells expressing
human CB; it acts as an inverse agonist [434]. Therefore although JWH133 acts
as an agonist at the GPCR responsible for CB; agonist-induced chemotaxis in
primary murine macrophages, there is no guarantee that JWH133 will display the
same pharmacology in the in wvitro system used for the [-arrestin screen. The
reason for this difference is likely due to multiple factors, including differences in
receptor expression levels, coupling and the expression of accessory proteins needed
for receptor function. Furthermore, these disparities between primary and transfected
cell systems also impacts the GPR55 and GPR18 functional screening I conducted
using receptor expression in CHO cells. Although ChaR1 and CB; transfected cells
responded in the functional screen, this is not a guarantee that GPR55 and GPR18
will do the same when stimulated with JWH133 or HU308. To further strengthen
the conclusion that GPR55 or GPR18 are not responsible for CBy agonist-induced
macrophage chemotaxis, siRNA mediated knock-down of either receptor in murine

macrophages could be conducted to examine their role in primary cells.
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There are also some potential limitations when considering the photoaffinity
labelling approach for target identification. Despite the fact that photoreactive probes
have been used to examine ligand-receptor interactions at multiple GPCRs [547],
the experiment might fail for technical reasons, such as poor labelling efficiency,
low target abundance and/or inefficient recovery of covalently linked targets. If
this happens, and the issue cannot be solved, then alternative approaches for target
identification may need to be considered. One such approach would be to use siRNA
pools against the entire murine GPCR complement in primary macrophages to
knock-down GPCR expression in primary macrophages and look for inhibition of

JWH133-induced signalling.

However this also is not without its limitations as macrophages can be challenging
to transfect and incomplete knock-down of gene expression could lead to false negative
results. Next, the cross-linking experiments may yield false positive hits, with the
final photoreactive compounds covalently binding to proteins other than their actual
cellular target. To try and overcome this, a negative photoreactive control will be
produced with a bromine group at the 7 position, rather than the 6 position, as
having a bromine at this position fully ablates activity. Cross-linking will then be
performed with both negative and positive compounds, allowing any common hits

to be ignored.

Finally, the novel compounds identified in this chapter may not have the same
target as the chemotaxis positive CBy agonists. The fact that they have the same
effect in macrophage functional assays does not necessarily mean that they have the
same target, so activity of JWH133 and HU308 will have to be confirmed at any
hits identified from the UV-cross linking experiments to conclude that any targets

identified are responsible for CB, agonist-induced macrophage chemotaxis.
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Chapter 5

Innate immune mobilisation in

CBQ_/- animals

5.1 Introduction

5.1.1 Animal models for studying the inflammatory response

As inflammation is involved in, or central to, a vast array of pathologies, under-
standing the inflammatory process itself and the role it plays within disease is of
great importance. Generally, the models used to study inflammation fall into two
groups: Firstly the reductionist and simplistic models that are used to examine the
inflammatory response, or a particular aspect of it in isolation, and secondly those
that also aim to mimic the histopathology of human disease. Both are important
for our understanding of the fundamentals of inflammation and how it impacts on
disease. Therefore, I will now introduce some common animals models used to study
the inflammatory response and inflammatory diseases. This is not intended to be an
exhaustive list, but instead to provide a sample of the range of inflammatory models

available.
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5.1.2 The dorsal air pouch inflammation model

The first usage of the dorsal air pouch inflammation model came in 1953, whereby a
pouch was created on the back of a rat to allow for inflammatory cell recruitment
to be studied [556]. Since then the model has been refined and standardised and
involves two dorsal subcutaneous injections of air, one on day zero and one on day
three, which results in the formation of a dorsal air pouch. After 7 days the pouch
lining, which is two to three cells thick, resembles granulation tissue and is comprised
mainly of fibroblast-like cells, mast cells and macrophages [557,558]. Furthermore
after 7 days the pouch is well vascularised, making it ideal for studying immune cell
recruitment during an inflammatory response [559]. Due to the composition of the
pouch lining itself, it is thought that the most similar bona fide anatomical site in

vivo is the synovial joint.

The main advantages of the dorsal air pouch model are that it is technically
simple to set up, offers a defined and easy to access site for inflammogen injection
and inflammatory exudate collection and that it can be used with a range wide
of inflammatory stimuli depending on the type of inflammatory response desired.
Furthermore the air pouch is amenable for histological analysis. Classically both
zymosan and carrageenan are used as the pouch inflammatory insult, with both
causing a rapid and predominant influx of neutrophils followed by a smaller monocyte
wave at later time points [557,560]. However other inflammogens such as monosodium

urate (MSU) crystals and LPS have also been used [561-563].

Additionally, injection of specific chemokines or chemoattractant proteins into the
air pouch can be used to study the recruitment of specific leukocyte populations in
vivo. Importantly this is made possible by the fact that the basal air pouch contains
relatively few cells, contrasting with other anatomical sites used in inflammatory
models. TL-14, IL-8, Cha and S100A8/9 have been used to specifically study
neutrophil recruitment [562, 564-566], Eotaxin to study eosinophil recruitment

[567,568] and CCL2 to generate a monocyte specific influx into the air pouch [566].
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Furthermore, recently published work demonstrates how the air pouch can be used
to model the resolution phase of an inflammatory response. Apoptotic neutrophils
injected into a dorsal air pouch caused the subsequent recruitment of inflammatory
monocytes [569]. Interestingly it was found that annexin A1, produced by these
apoptotic neutrophils, was responsible for this monocyte influx, demonstrating a

previously unrecognised role of annexin A1l in the resolution of inflammation [569].

5.1.3 Peritonitis models of inflammation

Peritonitis is the inflammation of the peritoneum; a cavity formed from a monolayer
of mesothelial cells that contains the abdominal organs. Due to its ease of access,
injection of an inflammatory stimulus into the peritoneal cavity is widely used to study
the acute inflammatory response [570]. Alongside the mesothelium, the peritoneum
contains approximately three million resident cells, consisting of macrophages, B
cells, T cells and dendritic cells [570,571], and all contribute to the initiation of an
inflammatory response. Importantly, cells recruited to the peritoneal cavity and
inflammatory mediators produced during the inflammatory response can be easily

recovered by peritoneal lavage.

Peritoneal injection of LPS, thioglycollate and MSU crystals have been used to
cause peritoneal inflammation [570,572-576], however the most commonly employed
inflammogen is zymosan [577]. This yeast cell wall component is recognised by the
receptors TLR2 and Dectin-1 and leads to a reproducible acute inflammatory response
with an initial influx of neutrophils peaking around 4 hours, a later wave of monocytes
peaking between 16 to 24 hours, and resolution of the acute phase response by 96
hours [577]. Importantly as this model is self-resolving, it is increasingly being used
to study the process of inflammation resolution and has increased our understanding
of many pro-resolving mediators such as the resolvins, lipoxin A4, chemerin and
annexin Al [129,578]. This model has also been used to examine the pathways

important for inflammatory cell recruitment. For example, genetic deletion of CCR2
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has been shown to blunt monocyte recruitment [31,579], whereas genetic deletion of
CXCR2 has been shown to blunt neutrophil recruitment [580], in the thioglycollate
peritonitis model. Additionally, and in a similar fashion to the dorsal air pouch,
specific cytokines, chemokines and chemoattractant molecules have been injected

into the air pouch to assess the role they play in leukocyte recruitment and this list

includes TNF-o, CXCL1 and CXCL2, Cha, LTB4 and fMLF [581-584].

5.1.4 Carrageenan-induced paw oedema

One of the hallmalks of an acute inflammatory response is oedema; an increase
of fluid and protein content at an inflammatory site due to greater local vascular
permeability, inflammatory mediator production and leukocyte recruitment [6].
Carrageenan-induced paw oedema is widely used acute inflammatory model, and
as the name suggests, is characterised by a swelling of the inflamed paw normally
measured by water displacement (plethysmometry) [585]. Carrageenan (1-3%) is
injected into the bottom of the paw and this induces a classic acute inflammatory
response with a range of inflammatory mediators produced that cause a first wave of
neutrophil recruitment and oedema that peaks at 4-6 hours [586,587]. A second phase
then develops around 48-72 hours after carrageenan injection, with a more intense
oedema and macrophages, eosinophils and lymphocytes observed in the paw [586,587].
Importantly the contralateral paw can be used as a control, receiving a vehicle only
injection, allowing for a paired analysis to be performed which results in increased
statistical power. Finally, this model has been validated for the identification of novel
anti-inflammatory compounds, as known anti-inflammatories such as indomethacin
and dexamethasone inhibit carrageenan-induced leukocyte recruitment and paw
oedema [587,588]. Indeed multiple studies exist examining the anti-inflammatory

actions of many different classes of compounds using this model [585,589-591].

157



5.1.5 Mouse ear oedema models

Acute inflammatory oedema can be also be induced in the ear by the topical or
intradermal application of an inflammatory stimulus. A wide range of inflammatory
agents such as cantharidin, capsaicin, zymosan and carrageenan can be used to elicit
an inflammatory response that, in a manner similar to the carrageenan-induced
paw odema, has a first phase peaking at 6 hours and a second phase peaking at
24 hours [592,593]. Typically ear weight is used as a measure of oedema, but
inflammatory mediators and leukocytes present in the ear can also be quantified.
Being a skin inflammation model, this can be used to mimic various inflammatory
pathologies of the skin such as psoriasis, dermatitis and eczema and allows the
testing of topical application of anti-inflammatory compounds; the preferred route
of administration for treating skin inflammation [592-594]. Finally, alongside being
simple to perform, another advantage of this model is that the contralateral ear can

be used as a control allowing the benefits of paired analysis as previously mentioned.

5.1.6 LPS-induced endotoxemia

Intraperitoneal or intravenous injection of LPS, a major component of the outer
membrane of gram negative bacteria, elicits a rapid and systemic inflammatory
response via the activation of TLR4 [265]. Low dose LPS injection causes a rapidly
resolving response, whereas injection of higher LPS concentrations leads to a pro-
longed inflammatory state and even death [267]. The inflammatory response is
normally quantified by measuring the levels of pro-inflammatory mediators in the
serum and these usually peak quickly at approximately 2 hours after LPS administra-
tion and then rapidly return to basal levels [270]. However, neutrophil recruitment
to organs such as the lungs and the liver can also provide a readout of systemic
inflammation. The benefits of this model are that it is easy to perform, quick and
highly reproducible given that the type and quality of the LPS used can be tightly

controlled.
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5.1.7 Chemically-induced intestinal inflammation models

In humans, chronic inflammation of the intestines is the underlying cause of IBD,
a classification that encompasses both UC and CD [250]. In animals, intestinal
inflammation that mimics the pathology and clinical symptoms of IBD can be induced
by the administration of a variety of chemical agents, with the most commonly
used being DSS and TNBS [595]. DSS induces inflammation by damaging the
gut epithelial cells, which leads to the breakdown of the epithelial barrier and
exposure of the gut microbiota to the lamina propria. This causes activation of
TLR signalling on resident macrophage and dendritic cell populations and a robust
inflammatory response involving both the innate and adaptive immune system.
DSS-induced intestinal inflammation is thought to most closely resemble human
UC [596,597]. In contrast, TNBS is thought to most closely mimic CD, with
experimental animals displaying many of the pathological and clinical symptoms of
CD. TNBS is administered directly into the colon where it modifies host proteins to
make them immunogenic to the immune system. This causes a predominantly Ty 1-
mediated immune response with recruitment of CD4™ T cells along with neutrophils,
monocytes and macrophages into the lamina propria [250,595-597]. In both models,
disease severity can be assessed by change in body weight, colon weight, colon length,
histological scoring for tissue damage, local and systemic inflammatory mediator
production and also local immune cell recruitment. Importantly both acute and
chronic inflammation of the gut can be studied in these models by changing the
concentration and administration routine of the inflammogen. For example, the
addition of 1-5% DSS to the drinking water for 1 week induces an acute inflammatory
response, whereas prolonged administration over 2 months leads to advanced chronic

inflammation of the gut [598].
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5.2 Rationale for the experiments presented in this chapter

As introduced in chapter 1, there is a large body of work demonstrating that activation
of CBy is anti-inflammatory in a range of animal models of inflammation [163], many
of which I have introduced above. Currently, the exact mechanism underlying
this beneficial effect remains unknown, however one hypothesis put forward is
that activation of CB4y blocks immune cell chemotaxis and recruitment to sites of

inflammation, thereby dampening the inflammatory response.

However, in chapter 3 I have shown that CB, does not play a role in regulating
macrophage chemotaxis. In light of this finding, I wanted to further understand
whether CB, regulates the migration and trafficking of other immune cell populations,
but I could not explore this using CB, ligands due to the off-target effect I have
documented in chapter 3 of my thesis. Instead I chose to compare immune cell
trafficking between W'T mice and animals that are genetically null for CBs in an
in vivo model of acute inflammation to explore the role that CB, plays, if any, in
regulating immune cell recruitment and migration during an inflammatory response. I
have chosen to focus on the dorsal air pouch model of innate immune cell recruitment,
as it is an acute model that is reliable and easy to perform and has not previously

been used with CBy™/~ animals.

Therefore, the experimental aims of this chapter are to:

e Compare immune cell trafficking and the acute inflammatory response of WT

and CB,”" animals using the dorsal air pouch inflammation model

e To understand the mechanistic basis behind any difference that may be seen

between WT and CB,™/ animals

160



5.3 Results

5.3.1 WT and CB,”/" mice have no difference in their baseline air pouch

cellular composition

To understand how CB, regulates immune cell trafficking n vivo, I decided to
use the dorsal air pouch inflammation model with zymosan as the inflammatory
stimulus. This is because, as described in section 5.1.2, the dorsal air pouch offers a
trafficking site largely devoid of a typical resident cell population and is easy to access
for inflammatory stimulus injection and subsequent collection of the inflammatory
exudate. Furthermore, zymosan was chosen as the inflammatory insult as this
agent is commonly used to elicit an inflammatory response in multiple models of
inflammation, including the dorsal air pouch model [557,560]. It is important to note
that unless otherwise specified, female animals were used for the dorsal air pouch
experiments, initially due to limitations in the numbers of CB,”/* animals available

and to minimise animal wastage; a central principle of the 3Rs.

To begin to compare the inflammatory response between WT and CB,”/~ female
animals, I first analysed the immune cell composition of the dorsal air pouch under
baseline conditions using flow cytometry. The surface markers used I used to define
each immune cell population can be found in table 5.1 and the flow cytometry gating

strategy can be seen in figure 5.1.

Cell Type Surface Markers Used

Neutrophils CD45, CD11b, Ly6G, Ly6C, 7/4
Ly6C' monocytes CD45, CD11b, CD115, Ly6Ct
Ly6C" monocytes CD45, CD11b, CD115, Ly6C"

Macrophages CD45, CD11b, F4/80, 7/4 negative

Eosinophils CD45, CD11b, F4/80™, Siglec-F

Continued on next page
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Table 5.1 — continued from previous page

Cell Type Surface Markers Used
Mast cells CD45, CD11b, Siglec-F, FceRla
T cells CD45, CD3
B cells CD45, CD19, B220
B-1 cells CD45, CD19, B220 negative

Table 5.1 Surface markers used for leukocyte identification.

Quantification of the cells present in the dorsal air pouch under basal conditions
found that there was no difference in the total number of CD45% cells between WT
(white bars) and CBy /- (grey bars) animals, with there being around 1.2 to 1.4
million CD457 cells in total (Fig 5.1A, T and Fig 5.2A). When examining myeloid cell
populations, neutrophils were found in the pouches of both WT and CB,”/ animals,
with there being around 200,000 to 250,000 cells making up 20 to 23% of the total
CD45% cells present (Fig 5.1C, K and Fig 5.2B). Both Ly6C! and Ly6C" monocytes
were also found in the dorsal air pouch under baseline conditions (Fig 5.1D and
L) and there was no difference in their total number between the genotypes with
220,000 to 250,000 Ly6C" and 45,000 to 50,000 Ly6C" monocytes comprising 16 to
20% and 3.5 to 4.5% of total CD45% cells respectively (Fig 5.2C and D).

Eosinophils were also present in both genotypes (Fig 5.1E, F, M and N) but again,
there was no difference in the total number between WT and CB,”/- animals, with
230,000 to 250,000 eosinophils comprising 15% of the total CD45" cell population
(Fig 5.2E). F4/80" macrophages were found in the basal pouch (Fig 5.1E and M),
with the total number present the same between the genotypes with 420,000 to
520,000 macrophages comprising 20 to 28% of the total CD45% cells present (Fig
5.2F). Interestingly, no mast cells were found in the pouch at baseline in either WT

or CBy”/~ animals (Fig 5.1F and N).

When examining lymphocytes, no B cells were found in the baseline pouch of

WT or CB,”/~ animals (Fig 5.1G and O), but a small T cell population was present
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Figure 5.1 Baseline analysis of cells present in day 6 dorsal air pouches in WT and
CB, "/~ mice by flow cytometry. Day 6 dorsal air pouches in WT or CBy”/~ animals were
lavaged with 3 ml PBS containing 2 mM EDTA and the cells present analysed by flow cytometry.
Dot plots showing (A) CD45% cells, (B) CD45%, CD115 - and + cells, (C) Ly6C and Ly6C"
monocytes, (D) neutrophils, (E and F) Eosinophils, (E) F4/80" macrophages and (F) the lack of
mast cells in WT pouches. (G) Dot plots showing the lack of B cells (as no staining for either
B220 or CD19) in WT pouches. (H) Dot plots showing CD3™ T cells in WT pouches. Dot plots
showing (I) CD45% cells, (J) CD45%, CD115 - and + cells, (K) Ly6C' and Ly6C"* monocytes,
(L) neutrophils, (M and N) Eosinophils, (M) F4/80" macrophages and (N) the lack of mast cells
in CBy™/~ pouches. (O) Dot plots showing the lack of B cells in CBy™/~ pouches. (P) Dot plots
showing CD3* T cells in CBy™/~ pouches. Dot plots are representative of n = 5-11 independent

animals per group.
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Figure 5.2 There is no difference in the baseline leukocyte composition of day 6 dorsal
air pouches between WT and CB,/~ mice. Day 6 dorsal air pouches in WT or CB,™/~ animals
were lavaged with 3 ml PBS containing 2 mM EDTA and total cell counts and populations present
determined by flow cytometry. (A) Total CD45% cells, (B) Neutrophils, (C) Ly6C" monocytes,
(D) Ly6C" monocytes, (E) Eosinophils, (F) F4/80" macrophages and (G) T cells in WT (white
bars) and CBy™/ (grey bars) pouches under baseline conditions. Data are mean+ SEM, n = 5-11
independent animals per group. Statistical analysis was conducted using the unpaired student’s
t-test. ns P >0.05.
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(Fig 5.1H and P). Quantification found that there was no difference in the number of
CD3* T cells between WT and CB,”/~ animals with 70,000 to 120,000 total T cells
present comprising 3.5 to 6.6% of the total CD45" cells (Fig 5.2G). Taken together,
these data demonstrate that there is a small and varied leukocyte population present
in the dorsal air pouch under basal conditions, which is the same size and composition

in both WT and CBy 7/~ animals.

5.3.2 CB,”/- animals with dorsal air pouches have increased B cell

numbers in their blood under basal conditions

Next I wanted to examine whether there was any difference in the composition of
leukocytes in the blood between WT and CB,”/~ animals with dorsal air pouches
under baseline conditions. Concentrating on myeloid cells in the blood, neutrophils
(Fig 5.3A and C), Ly6C" and Ly6C" monocytes (Fig 5.3B and D) in both WT and
CB, /- animals were identified by flow cytometry. Quantification of the populations
present found that there was no difference in the number of CD45% cells (Fig 5.3E),
neutrophils (Fig 5.3F), Ly6C! monocytes (Fig 5.3G) or Ly6C" (Fig 5.3H) monocytes
per ml of blood between WT (white bars) and CB,”/~ (grey bars) animals under
basal conditions. Moving onto blood lymphocytes, B cells (Fig 5.4A and C) and
T cells (Fig 5.4B and D) in WT and CB,”/~ animals were also identified by flow
cytometry. Quantification found that there were significantly more B cells in the
blood of CB,*/~ animals (Fig 5.4E) compared to WT, whereas there was no difference

in the number of T cells per ml of blood between the genotypes (Fig 5.4F).

5.3.3 CB,”/" animals have an exaggerated acute inflammatory response

in the zymosan-induced dorsal air pouch inflammation model

To assess whether genetic deletion of CBs effects the acute inflammatory response, 1
began by examining immune cell recruitment to the dorsal air pouch of WT and

CB, /" mice 6 hours after pouch injection of 100 ug of zymosan. In both WT and
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Figure 5.3 There are no differences in the myeloid cell populations present in the blood
of WT and CB,"/- mice with day 6 dorsal air pouches under baseline conditions. Blood
was taken from mice with day 6 dorsal air pouches under baseline conditions and cells counts
and populations present determined by flow cytometry. Representative dot plots of blood (A)
neutrophils and (B) Ly6C! and Ly6C" monocytes in WT mice. Representative dot plots of
blood (C) neutrophils and (D) Ly6C* and Ly6C"™ monocytes in CBy™/~ mice Quantification of
the numbers of (E) CD45% cells, (F) neutrophils, (G) Ly6C!® and (H) Ly6C" monocytes per ml
of blood in WT (white bars) and CBy™/~ (grey bars) animals. Data are mean+ SEM, n = 5-11
independent animals per group. Statistical analysis was conducted using the unpaired student’s
t-test. ns P >0.05.
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Figure 5.4 CB,"/~ mice have increased B cell, but not T cell, numbers in their blood
under baseline conditions compared to WT animals. Blood was taken from mice with day
6 dorsal air pouches under baseline conditions and cells counts and populations present determined
by flow cytometry. Representative dot plots of blood (A) B cells and (B) T cells in WT mice.
Representative dot plots of blood (C) B cells and (D) T cells in CBy”/~ mice. Quantification of the
number of (E) B cells and (F) T cells per ml of blood in WT (white bars) and CBy™/~ (grey bars)
animals. Data are mean+ SEM, n = 5-11 independent animals per group. Statistical analysis was
conducted using the unpaired student’s t-test. ns P >0.05, * P <0.05.
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CB,”/~ animals, neutrophils were the dominant cell population present 6 hours after
zymosan challenge (Fig 5.5A and E respectively), comprising 60 to 70% of all CD45%
cells, in both WT and CB,™/- mice. Both Ly6C" and Ly6C" monocytes were present,
but comprised a minor fraction of all CD45% cells (Fig 5.5B and F) in both WT and
CBy”/~ mice. No B cells (Fig 5.5C and G) or T cells (Fig 5.5D and H) were found in
the dorsal air pouch of either genotype at this time point. Quantification of total
cell counts in the dorsal air pouch 6 hours after zymosan injection demonstrated
that CB,”/~ animals had significantly higher numbers of CD45% cells and neutrophils
compared to WT animals (Fig 5.51 - 4.6 vs 17.1 x10° cells and Fig 5.5J - 3.3 vs 12.3
x10% cells). There was no significant difference in the number of Ly6C! or Ly6C"
monocytes between the genotypes (Fig 5.5K and L). I next examined the number of
leukocytes present in the blood of these animals 6 hours after injection of zymosan
into the dorsal air pouch and found that there was no difference in the numbers
of CD45% cells (Fig 5.6A), neutrophils (Fig 5.6B), Ly6C! monocytes (Fig 5.6C),
Ly6C" monocytes (Fig 5.6D), B cells (Fig 5.6E) or T cells (Fig 5.6F) per ml of

blood between the genotypes.

Quantification of inflammatory mediators present in the lavage fluid from the
dorsal air pouch showed that the levels of the cytokine IL-6 and the CC chemokines
CCL2 and CCL4 were significantly higher in CB,/~ animals 6 hours after zymosan
injection (Fig 5.7A, B and C respectively). CXCL1, CXCL2 and CXCL5, chemokines
classically involved in neutrophil recruitment, were present at relatively low levels
and there was no difference in the amounts present between the genotypes (Fig 5.7D,
E and F). Interestingly, the levels of CXCL10 and MMP-9 in the pouch exudate were
significantly higher in CB,~/~ animals 6 hours after zymosan challenge (Fig 5.7G and

To further examine the role of CBy in the acute phase of the inflammatory
response, I next compared WT and CB,”/~ animals 16 hours after dorsal air pouch
injection with 100 pg of zymosan. As seen with the 6 hour time point, neutrophils

were the dominant leukocyte population present, but now comprised 80% of all CD45*
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Figure 5.5 CB,™/~ mice have increased air pouch neutrophil recruitment 6 hours after
zymosan injection. The dorsal air pouches of WT or CB,™/~ mice were injected with 100 ug
zymosan and 6 hours later the pouches lavaged and total cell counts and populations present
determined by flow cytometry. Representative dot plots of (A) neutrophils, (B) Ly6C" and Ly6C"*
monocytes, (C) B cells and (D) T cells in the dorsal air pouch of WT mice 6 hours after zymosan
injection. Representative dot plots of (E) neutrophils, (F) Ly6C" and Ly6C" monocytes, (G)
B cells and (H) T cells in the dorsal air pouch of CBy™/~ mice 6 hours after zymosan injection.
Quantification of the number of (I) CD45% cells, (J) neutrophils, (K) Ly6C! or (L) Ly6C"
monocytes recruited to the dorsal air pouch 6 hours after zymosan injection in WT (white bars)
and CBy™/~ (grey bars) animals. Data are mean+ SEM, n = 7-11 independent animals per group.
Statistical analysis was conducted using the unpaired student’s t-test. ns P >0.05, * P <0.05, ** P
<0.01.
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Figure 5.6 There are no differences in blood leukocyte numbers between WT and
CB,/~ mice 6 hours after pouch zymosan injection. Blood was taken from WT or CB,
-/~ animals 6 hours after zymosan injection into the dorsal air pouch and cell counts and populations
present determined by flow cytometry. There was no difference in the numbers of (A) CD45% cells,
(B) neutrophils, (C) Ly6C! monocytes, (D) Ly6C"* monocytes, (E) B cells or (F) T cells per ml
of blood between WT (white bars) or CBy™/~ (grey bars) animals 6 hours after pouch zymosan
injection. Data are mean+ SEM, n = 7-11 independent animals per group. Statistical analysis was
conducted using the unpaired student’s t-test. ns P >0.05.
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Figure 5.7 CB,/~ mice have significantly higher levels of pro-inflammatory mediators
in the dorsal air pouch 6 hours after zymosan injection compared to WT animals. The
dorsal air pouches of WT or CB,~/~ mice were injected with 100 pug zymosan and 6 hours later the
pouches lavaged and the concentration of inflammatory mediators present determined by ELISA.
CBy/ mice (grey bars) had significantly higher levels of (A) IL-6, (B) CCL2 and (C) CCL4 in the
dorsal air pouch 6 hours after zymosan injection compared to WT animals (white bars). There
was no difference in the levels of (D) CXCLI, (E) CXCL2 and (F) CXCL5 between the genotypes.
However, CBy ™/~ mice had significantly higher levels of (G) CXCL10 and (H) MMP-9 in the dorsal
air pouch 6 hours after zymosan injection compared to WT animals. Data are mean+ SEM, n
= 7-11 independent animals per group. Statistical analysis was conducted using the unpaired
student’s t-test. ns P >0.05, * P <0.05, ** P <0.01.
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cells in both WT and CB,”- mice (Fig 5.8A and C). Alongside the small Ly6C"
monocyte population, a much more substantial Ly6C" inflammatory monocyte
population was present in the pouch, comprising 10% of all CD45% cells in both WT
and CB,”/~ mice (Fig 5.8B and D). Quantification of total cell counts demonstrated
that CB, /- animals had significantly higher air pouch numbers of CD45% cells and
neutrophils compared to WT animals 16 hours after zymosan challenge (Fig 5.8E -
13.6 vs 27.7 x10° cells and Fig 5.8F - 10.5 vs 22.3 x10° cells). Interestingly for both
genotypes, the numbers of CD45" cells and neutrophils were higher than those seen
at the 6 hour time point. There was a trend towards increased Ly6C* monocyte
recruitment in the CB, /- animals, but this was not significant (Fig 5.8G). However,
there were significantly more Ly6C" inflammatory monocytes present in the pouch
of CB,”/~ animals 16 hours after zymosan injection (Fig 5.8H). As with the 6 hour
time point, no B cells or T cells were found in the dorsal air pouch at the 16 hour

time point (data not shown).

Quantification of the number of leukocytes present in the blood of these animals
found that there was no difference in the numbers of CD45% cells (Fig 5.9A),
neutrophils (Fig 5.9B), Ly6C® monocytes (Fig 5.9C), Ly6C" monocytes (Fig 5.9D),
B cells (Fig 5.9E) or T cells (Fig 5.9F) per ml of blood between the genotypes 16
hours after pouch zymosan injection. Furthermore, IL-6, CCL2, CXCL1, CXCL2
and CXCL5 were not detectable in the air pouch lavage fluid 16 hours after zymosan

challenge.

Taken together, these data demonstrate that mice lacking CB, have an ex-
aggerated acute inflammatory response in the zymosan-induced dorsal air pouch
inflammation model, as significantly higher numbers of neutrophils and Ly6C" inflam-
matory monocytes, as well as significantly higher levels of multiple pro-inflammatory
proteins, are found in the dorsal air pouch of CB,”/~ animals at both 6 and 16 hours

post zymosan challenge.
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Figure 5.8 CB,"/~ mice have significantly more myeloid cells recruited to the dorsal
air pouch 16 hours after zymosan injection compared to WT animals. The dorsal air
pouches of WT or CB,™/~ mice were injected with 100 pg zymosan and 16 hours later the pouches
lavaged and total cell counts and populations present determined by flow cytometry. Representative
dot plots of (A) neutrophils and (B) Ly6C!® and Ly6C"* monocytes in the dorsal air pouch of WT
mice 16 hours after zymosan injection. Representative dot plots of (C) neutrophils and (D) Ly6C"
and Ly6C" monocytes in the dorsal air pouch of CBy™/~ and mice 16 hours after zymosan injection.
Quantification of the number of (E) CD45% cells, (F) neutrophils (G) Ly6C' and (H) Ly6Ch
monocytes recruited to the dorsal air pouch 16 hours after zymosan injection in WT (white bars)
and CBy"/~ (grey bars) animals. Data are mean+ SEM, n = 6-8 independent animals per group.
Statistical analysis was conducted using the unpaired student’s t-test. ns P >0.05, * P <0.05.
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Figure 5.9 There are no differences in blood leukocyte numbers between WT and
CB,/~ mice 16 hours after pouch zymosan injection. Blood was taken from WT or CB,
-/~ animals 16 hours after zymosan injection (100 pg) into the dorsal air pouch and cell counts and
populations present determined by flow cytometry. There was no difference in the numbers of (A)
CD45% cells, (B) neutrophils, (C) Ly6C! monocytes, (D) Ly6C" monocytes, (E) B cells or (F) T
cells per ml of blood between WT (white bars) or CBy~/~ (grey bars) animals 16 hours after pouch
zymosan injection. Data are mean+ SEM, n = 6-8 independent animals per group. Statistical
analysis was conducted using the unpaired student’s t-test. ns P >0.05.
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5.3.4 There is no difference in the inflammatory response between WT

and CB,”/- animals 2 hours after zymosan challenge

To understand exactly when this inflammatory phenotype manifests, and to search
for mechanistic insights into the increased neutrophil recruitment seen in CBy™/~ mice
6 and 16 hours after zymosan challenge, I next assessed leukocyte recruitment and
inflammatory mediator production in the dorsal air pouch, as well as blood leukocyte
numbers, in WT and CB,”/~ animals 2 hours after zymosan challenge. Even at this
short time point, the majority of leukocytes present in the pouch exudate were
neutrophils, forming 50% of all CD45% cells in both WT and CB,”/" mice (Fig
5.10A and C). Interestingly, a proportionally large Ly6C" inflammatory monocyte
population was seen at this time point, accounting for approximately 25% of all
CD45% cells in both WT and CB, - mice (Fig 5.10B and D). However, quantification
revealed that there was no difference in the number of CD45% cells (Fig 5.10E),
neutrophils (Fig 5.10F) or Ly6C" inflammatory monocytes (Fig 5.10G) present in
the pouch of WT or CB,”/~ animals 2 hours after zymosan challenge. Quantification
of the number of leukocytes present in the blood of these animals 2 hours after
injection of zymosan into the dorsal air pouch found that there was no difference in
the numbers of CD45% cells (Fig 5.11A), neutrophils (Fig 5.11B), Ly6C! monocytes
(Fig 5.11C), Ly6C" monocytes (Fig 5.11D), B cells (Fig 5.11E) or T cells (Fig 5.11F)

per ml of blood between the genotypes.

When examining inflammatory mediators present in the dorsal air pouch 2 hours
after zymosan challenge, I found that there was no difference in the levels of IL-6 (Fig
5.12A), CCL2 (Fig 5.12B) or CCL4 (Fig 5.12C) between the genotypes. Interestingly,
the CXC chemokines CXCL1, 2 and 5 were present at high levels, especially CXCL1,
likely explaining why neutrophils are the predominant cell type recruited in this
model, however there was no difference in their levels between WT and CB, /" animals
(Fig 5.12D, E and F). Finally, there was no difference between the genotypes in

the concentration of CXCL10 in the pouch 2 hours after zymosan challenge (Fig
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Figure 5.10 There is no difference in pouch myeloid cell recruitment between WT and
CB,/- animals 2 hours after zymosan injection. The dorsal air pouches of WT or CB,
-/~ mice were injected with 100 pg zymosan and 2 hours later the pouches lavaged and total cell
counts and populations present determined by flow cytometry. Representative dot plots of (A)
neutrophils and (B) Ly6C" monocytes in the dorsal air pouch of WT mice 2 hours after zymosan
injection. Representative dot plots of (C) neutrophils and (D) Ly6C" monocytes in the dorsal air
pouch of CBy~/~ mice 2 hours after zymosan injection. Quantification of the number of (E) CD45%
cells, (F) neutrophils and (G) Ly6C"* monocytes recruited to the dorsal air pouch 2 hours after
zymosan injection in WT (white bars) and CBy”/~ (grey bars) animals. Data are mean+ SEM,
n = 9-10 independent animals per group. Statistical analysis was conducted using the unpaired
student’s t-test. ns P >0.05.
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Figure 5.11 There are no differences in blood leukocyte numbers between WT and
CB,/~ mice 2 hours after pouch zymosan injection. Blood was taken from WT or CB,
-/~ animals 2 hours after injection of 100 ug zymosan into the dorsal air pouch and cell counts and
populations present determined by flow cytometry. There was no difference in the numbers of (A)
CD45% cells, (B) neutrophils, (C) Ly6C!® monocytes, (D) Ly6C" monocytes, (E) B cells or (F) T
cells per ml of blood between WT (white bars) or CBy ™/~ (grey bars) animals 2 hours after pouch
zymosan injection. Data are mean+ SEM, n = 9-10 independent animals per group. Statistical
analysis was conducted using the unpaired student’s t-test. ns P >0.05.
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Figure 5.12 There are no differences in the levels of pro-inflammatory mediators in
the dorsal air pouch 2 hours after zymosan injection between WT and CB,™/~ animals.
The dorsal air pouches of WT or CBy™/~ mice were injected with 100 pg zymosan and 2 hours later
the pouches lavaged and the concentration of inflammatory mediators present determined by ELISA.
There was no difference in the levels of (A) IL-6, (B) CCL2, (C) CCL4, (D) CXCL1, (E) CXCL2,
(F) CXCL5 or (G) CXCL10 in the dorsal air pouch 2 hours after zymosan injection between WT
(white bars) and CBy™/~ (grey bars) animals. Data are mean+ SEM, n = 9-10 independent animals
per group. Statistical analysis was conducted using the unpaired student’s t-test. ns P >0.05.
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5.12G). Therefore, these data demonstrate that the difference in neutrophil number
during the acute phase response seen between WT and CB,”/" occurs after the 2 hour
time point, and is unlikely due to the presence of higher levels of known neutrophil

recruiting chemokines.

5.3.5 CB,”/" animals have elevated myeloid cell numbers in the dorsal

air pouch 48 hours after zymosan challenge

I next wanted to examine whether genetic deletion of CBy had any impact on
inflammation resolution in the dorsal air pouch inflammation model. To do this,
I extended the time course of inflammation by examining the pouch leukocyte
populations present 48 hours after dorsal air pouch injection with zymosan. Even
at this late time point, neutrophils were still the predominant leukocyte population
present, comprising up to 70% of all CD45% cells in both WT and CB,”/" animals
(Fig 5.13A and E). Alongside Ly6C" inflammatory monocytes, a sizeable population
of Ly6C" monocytes was present at this time point (Fig 5.13B and F - 9.5-14% of
all CD457 cells for both monocyte subsets). No B cells were found in the pouches of
either genotype at this time point (Fig 5.13C and G), however a small population
of T cells were present in both WT and CB,”/~ animals, comprising 3.3-5.8% of all
CD45" cells (Fig 5.13D and H).

Quantification of total cell counts found that CB,”/~ animals had significantly
higher numbers of CD45% cells (Fig 5.13I), neutrophils (Fig 5.13J) and Ly6C"
inflammatory monocytes (Fig 5.13L) in the dorsal air pouch 48 hours after zymosan
challenge in comparison to WT mice. There was a trend towards more Ly6C"
monocytes in CBy™/~ animals, however this just fell short of reaching significance (Fig
5.13K). Additionally, there was no difference in the total number of T cells present
in the pouch 48 hours post zymosan challenge (Fig 5.13M). For both genotypes, the
total numbers of CD45% cells and neutrophils at the 48 hour time point were lower

than those seen at 16 hours, whereas the number of Ly6C! monocytes was higher.
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Figure 5.13 CB,™/~ mice have significantly more myeloid cells in the dorsal air pouch
48 hours after zymosan injection compared to WT animals. The dorsal air pouches of
WT or CBy™/~ mice were injected with 100 pg zymosan and 48 hours later the pouches lavaged
and total cell counts and populations present determined by flow cytometry. Representative dot
plots of (A) neutrophils, (B) Ly6C' and Ly6C" monocytes, (C) B cells and (D) T cells in the
dorsal air pouch of WT mice 48 hours after zymosan injection. Representative dot plots of (E)
neutrophils, (F) Ly6C' and Ly6C"* monocytes, (G) B cells and (H) T cells in the dorsal air pouch
of CBy™/~ mice 48 hours after zymosan injection. Quantification of the number of (I) CD45% cells,
(J) neutrophils, (K) Ly6C" or (L) Ly6C" monocytes and (M) T cells recruited to the dorsal air
pouch 48 hours after zymosan injection in WT (white bars) and CBy™/~ (grey bars) animals. Data
are mean+ SEM, n = 5 independent animals per group. Statistical analysis was conducted using
the unpaired student’s t-test. ns P >0.05, * P <0.05.

180



>
w
O
O

2.0 7 1.0 - 1.5 2.5 -
2) S
& & 0.8+ T x T x 209 T T
‘9 154 — l o Ko -~
= = ma E 1.0- £
£ E 061 3 T 8 157
2 10+ @ > 9
8 S 044 2 S 1.0-
i o g 05 £
S 054 3 o z
&) Zz 0.2 8 E.i 0.5 -
i O
-
0.0 0.0 0.0 0.0
£ F Wild
ild type
6. 6 [] yp
-)-
T N o cs,
o 64 = ik
‘9 i ‘9 4 _
x =
E =
2 2
8 8 2.
o 2 -
0 0

Figure 5.14 CB,/~ mice have elevated B cell numbers in the blood 48 hours after
zymosan injection into the dorsal air pouch. Blood was taken from WT or CB,™/~ animals
48 hours after zymosan injection into the dorsal air pouch and cell counts and populations present
determined by flow cytometry. There was no difference in the numbers of (A) CD45% cells, (B)
neutrophils, (C) Ly6C' monocytes or (D) Ly6C"* monocytes per ml of blood between WT (white
bars) or CBy”/~ (grey bars) animals 48 hours after pouch zymosan injection. (E) There were
significantly more B cells per ml of blood in CBy~/~ animals 48 hours after zymosan challenge. (F)
There was no difference in the number of T cells per ml of blood between WT and CBs™/~ animals
48 hours after zymosan injection. Data are mean+ SEM, n = 5 independent animals per group.
Statistical analysis was conducted using the unpaired student’s t-test. ns P >0.05, * P <0.05.
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When combined with the finding that CD3* T cells were found in both WT and CB,
-/~ pouches, this indicates that this time point falls within the resolution phase of the
acute inflammatory response. Analysis of the blood leukocyte composition found
that there was no difference in the numbers of CD45% cells (Fig 5.14A), neutrophils
(Fig 5.14B), Ly6C" monocytes (Fig 5.14C), Ly6C" monocytes (Fig 5.14D) and T
cells (Fig 5.14F) per ml of blood between WT and CB,”/~ animals 48 hours after air
pouch zymosan challenge. However, CB,”/~ mice did have a significantly higher B

cell count in their blood in comparison to WT mice (Fig 5.14E).

5.3.6 Time course of the zymosan-induced inflammatory response in the

dorsal air pouch of WT and CB,”/- animals

As T have compared the zymosan-induced inflammatory response in the dorsal air
pouch of WT and CB,”/" animals over a range of time points, plotting these data
together allows a detailed understanding of the kinetics of the inflammatory response
both within and between WT and CB,”/~ animals. The total number of CD45% cells
in the air pouch was low in both genotypes under basal conditions and started to
increase after zymosan injection, peaking at 16 hours and then returning towards
baseline at 48 hours post zymosan challenge (Fig 5.15A). However in animals lacking
CB; at 6, 16 and 48 hours post zymosan challenge there were significantly more
CD45% cells present in the pouch when compared to WT animals, demonstrating
their exaggerated inflammatory response (Fig 5.15A). The percentage of total cells
present that are CD45" remained consistent throughout the inflammatory time

course, with most cells present being leukocytes (Fig 5.15E).

The same kinetics are seen with total neutrophil numbers in the dorsal air pouch,
with CB,”/~ animals having significantly higher numbers of neutrophils at 6, 16 and
48 hours post zymosan challenge in comparison to WT animals (Fig 5.15B). The
proportion of CD45" cells that are neutrophils starts at around 20% under basal

conditions for both genotypes, but after zymosan challenge this quickly increased,
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Figure 5.15 Time course of the inflammatory response in the zymosan-induced dorsal
air pouch inflammation model in female WT and CB,~/~ animals. The dorsal air pouches
of female WT or CBy~/~ mice were injected with 100 pug zymosan and, at the time points indicated,
the pouches lavaged and total cell counts and populations present determined by flow cytometry.
Time course of the total numbers of (A) CD45% cells, (B) neutrophils, (C) Ly6C" and (D) Ly6C"
monocytes in the dorsal air pouch of WT (black) and CBy™/~ (grey) animals following zymosan
challenge. Time course of the percentage of total cells that are (E) CD45% and the percentage
of CD45% cells that are (F) neutrophils, (G) Ly6C! and (H) Ly6C" monocytes in the dorsal air
pouch of WT (black) and CBy™/~ (grey) animals following zymosan challenge. Data are mean+
SEM, n = 5-11 independent animals per group.
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eventually peaking at 16 hours post challenge, with neutrophils accounting for 80%
of all CD45" cells (Fig 5.15F). This clearly demonstrates how this model of acute
inflammation is heavily neutrophil driven. Both Ly6C!" and Ly6C" monocytes
were present under basal conditions, but their kinetics differed markedly. The total
number of Ly6C! monocytes remained relatively constant until 48 hours when an
influx was seen in both genotypes (Fig 5.15C), and their proportion of CD45% cells
dropped from basal and began to recover 48 hours after zymosan challenge (Fig
5.15G). However, the number of Ly6C" monocytes in the pouch rose sharply at 2
hours and returned almost to baseline at 6 hours post zymosan injection in both
genotypes (Fig 5.15D), with the same response seen in their proportion of CD45%
cells (Fig 5.15H). Interestingly however, and in contrast to WT mice, there was
then a significant influx of inflammatory monocytes in CB,”/~ animals 16 hours post
zymosan challenge, with these cells then remaining elevated in CB,”/" animals at the

48 hour time point (Fig 5.15D).

When comparing the blood leukocyte composition over the time course of the
dorsal air pouch inflammation model between WT and CB,”/~ animals, there are
few differences in the response between the genotypes. Whilst the proportion of
CD45" cells after blood lysis remained constant throughout (Fig 5.16E), the number
of CD45™" cells per ml of blood peaked at 2 hours post dorsal pouch injection of
zymosan, returned to baseline and then steadily increased up to 48 hours post
zymosan challenge in both genotypes (Fig 5.16A). The number of neutrophils in the
blood also peaked 2 hours after zymosan injection before returning to baseline at 16
hours (Fig 5.16B), with similar kinetics seen for the proportionality of neutrophils in
the blood (Fig 5.16F). The picture is much the same for both Ly6C® and Ly6CH
monocytes with an early peak in total numbers and proportionality that returned to
baseline at the 16 hour time point (Fig 5.16C and G - Ly6C" monocytes; Figh.16D
and H - Ly6C" monocytes). However, in contrast to neutrophils, the number and
proportionality of Ly6C! and Ly6Chi monocytes started to increase towards the
the 48 hour time point (Fig 5.16B-D and F-H).
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Figure 5.16 Time course of blood leukocyte dynamics in the zymosan-induced dorsal
air pouch inflammation model in female WT and CB,~/- animals. Blood was taken from
female WT or CBy™/~ mice at the time points indicated after injection of 100 ug zymosan into
the dorsal air pouch. Cell counts and populations present were determined by flow cytometry.
Time course of the total numbers of (A) CD45% cells, (B) neutrophils, (C) Ly6C! and (D) Ly6C"?
monocytes per ml of blood in WT (black) and CBy/ (grey) animals following zymosan challenge.
Time course of the percentage of total blood cells that are (E) CD45% and the percentage of CD45%
cells that are (F) neutrophils, (G) Ly6C" and (H) Ly6C" monocytes in the blood of WT (black)
and CBy”/~ (grey) animals following zymosan challenge. Time course of the total number and
percentage of B cells (I and J respectively) and T cells (K and L respectively) in the blood of WT
and CB,™/~ animals following zymosan challenge. Data are mean+ SEM, n = 5-11 independent
animals per group.
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When concentrating on the lymphocyte populations, T cells show similar kinetics
to those of the myeloid cells, peaking at 2 hours, dipping and then steadily increasing
towards 48 hours post zymosan (Fig 5.16K and L). However, B cells show an opposite
trend, as their number and proportionality decreased following zymosan injection,
reaching a minimum at 6 hours and returning to baseline by the 48 hour time point
(Fig 5.161 and J). As previously noted, the number of B cells in the blood was
significantly higher in CB,”/- animals under basal conditions and at 48 hours post

zymosan injection (Fig 5.161).

5.3.7 Male CB,”/- animals also have an exaggerated acute inflammatory

respomnse

So far I have only used female animals in the dorsal air pouch inflammation model.
Therefore I wanted to examine whether males display the same phenotype in the
air pouch model, as differences in inflammatory responses between male and female
animals have been well documented in the literature [599-601]. Therefore, I compared
air pouch leukocyte recruitment and inflammatory mediator production between
male WT and CB,”/" animals 6 hours after injection of 100 ug zymosan into the

dorsal air pouch.

Mirroring the results seen when using female animals, neutrophils comprised the
dominant leukocyte population present in both genotypes 6 hours after zymosan
challenge (Fig 5.17A and C) and male CB, 7/~ mice had significantly higher numbers
of CD45" cells and neutrophils in the air pouch compared to male WT animals (Fig
5.17E and F). Interestingly however, the effect size seen was smaller than that of the
females, due to the increased leukocyte numbers present in the pouch of male WT
animals (Fig 5.5I and J vs Fig5.17E and F). Both Ly6C" and Ly6C" monocytes
were present in the male air pouch (Fig 5.17B and D), but there was no difference in
their absolute number between the genotypes 6 hours after zymosan injection (Fig

5.17G and H). Analysis of inflammatory mediators in the pouch lavage fluid 6 hours
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Figure 5.17 Male CB,"/~ animals have an exaggerated acute inflammatory response 6
hours after pouch zymosan injection. The dorsal air pouches of male WT or CB,™/~ mice
were injected with 100 pg zymosan and 6 hours later the pouches lavaged and total cell counts and
populations present determined by flow cytometry. Representative dot plots of (A) neutrophils and
(B) Ly6C' and Ly6C" monocytes in the dorsal air pouch of male WT mice 6 hours after zymosan
injection. Representative dot plots of (C) neutrophils and (D) Ly6C! and Ly6C" monocytes in
the dorsal air pouch of male CBy™/~ mice 6 hours after zymosan injection. Quantification of the
number of (E) CD45% cells, (F) neutrophils, (G) Ly6C! or (H) Ly6C"* monocytes recruited to the
dorsal air pouch 6 hours after zymosan injection in male WT (white bars) and CBy™/~ (grey bars)
animals. The levels of pro-inflammatory mediators present in the air pouch were determined by
ELISA and male CBy/~ mice had significantly higher levels of (I) IL-6 and (J) CCL2 compared to
WT animals. (K) There was no difference in the level of CXCL1 between the genotypes. Data are
mean+ SEM, n = 6-8 independent animals per group. Statistical analysis was conducted using the
unpaired student’s t-test. ns P >0.05, * P <0.05, ** P <0.01.
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after zymosan challenge in male animals found that the levels of IL-6 and CCL2 were
significantly higher in CB,”/- mice (Fig 5.171 and J), whereas the level of CXCL1
was very low with no difference between the genotypes (Fig 5.17K), recapitulating
the results seen in female animals. Therefore, taken together these data demonstrate
that male CBy”/~ animals also have an exaggerated acute inflammatory response 6

hours after zymosan challenge.

5.3.8 Genetic deletion of CB, has no effect on the acute inflammatory

response in the zymosan-induced peritonitis model

I next wanted to discover whether CB, plays a general role in the regulation of an
acute inflammatory response. To begin to address this question I examined whether
female CB,™/~ mice also have an exaggerated acute inflammatory response in the ZIP
model; an inflammatory experimental system well characterised in my laboratory
and in the literature. Importantly, as the same gender of animals and inflammatory
stimulus will be used as in the dorsal air pouch experiments, this will allow me to
compare differences in anatomical site only. To study the acute phase of the ZIP
model, I compared leukocyte recruitment and inflammatory mediator production in
the peritoneal cavity of female WT and CB,”/" animals 4 hours after intraperitoneal

injection of 100 ug of zymosan, as this is when peak neutrophil numbers are seen.

Interestingly, there was no difference in the number of CD45% cells present in
the peritoneum between the two genotypes (Fig 5.18E). Neutrophils formed the
dominant cell population present in both genotypes and a clear Ly6C" inflammatory
monocyte population was also present (Fig 5.18A and C). However there was no
difference in the number of neutrophils (Fig 5.18F) or Ly6C" monocytes (Fig 5.18G)
recruited to the peritoneal cavity 4 hours after zymosan injection between WT and
CB,”/" mice. In the peritoneum, both B and B-1 cells were present in both genotypes
(Fig 5.18B and D), and although there was no difference in the number of B cells

present between the genotypes (Fig 5.18H), there were significantly more B-1 cells in
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Figure 5.18 Genetic deletion of CB; has no effect on the acute inflammatory response
in the zymosan-induced peritonitis model. Female WT or CBy"/" mice were injected in-
traperitoneally with 100 pg zymosan and 4 hours later the peritoneum was lavaged and total cell
counts and populations present determined by flow cytometry. Representative dot plots of (A)
neutrophils and Ly6C" monocytes and (B) CD19% B220~ B-1 cells and CD19" B220* B cells
recruited to the peritoneum of WT animals 4 hours after i.p zymosan injection. Representative
dot plots of (C) neutrophils and Ly6C" monocytes and (D) CD19T B220~ B-1 cells and CD19+
B220* B cells recruited to the peritoneum of CBy™/~ animals 4 hours after i.p zymosan injection.
Quantification of the number of (E) CD45% cells, (F) neutrophils, (G) Ly6C" monocytes, (H)
CD19" B220~ B-1 cells and (I) CD19" B220" B cells recruited to the peritoneum of WT (white
bars) or CBy”/~ (grey bars) animals 4 hours after i.p injection of zymosan. The amounts of
pro-inflammatory mediators present in the peritoneal cavity were determined by Luminex or ELISA
and no difference in the levels of (J) IL-6, (K) CXCL1, (L) CCL2 or (M) MMP-9 was found between
the genotypes. Data are mean+ SEM, n = 9-11 independent animals per group. Statistical analysis
was conducted using the unpaired student’s t-test. ns P >0.05, ** P <0.01.
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the peritoneum of CB,~/~ animals (Fig 5.18I). Analysis of the inflammatory mediators
present in the peritoneal lavage fluid 4 hours after zymosan injection found that
there was no difference in the levels of 1L-6, CXCL1, CCL2 or MMP-9 between the
genotypes (Fig 5.18J, K, L and M).

Importantly, the finding that CB,”/~ animals do not have an exaggerated acute
inflammatory response in the ZIP model has been confirmed in our lab. A comparison
of male WT and CB,”/" mice found that there was no difference in inflammatory cell
recruitment or mediator production between the two genotypes over a wide range
of time points (T Kapellos 2016, Personal Communication). Therefore these and
my data show that CB,”/- animals do not have an exaggerated acute inflammatory
response in the ZIP model and suggest that CBy does not play a generic role in the
regulation of inflammation. Instead, it is likely that CB, plays a context-dependent

role in the regulation of a zymosan-induced inflammatory response.

5.3.9 Lack of CB; in the myeloid population is responsible for increased

neutrophil recruitment to the dorsal air pouch in CB,”/- animals

With this in mind, I returned to the female air pouch inflammation model and began
searching for a potential mechanism underlying the increased air pouch recruitment
of neutrophils in CB,”/- animals, as understanding the pathway(s) responsible would
also shed light on why deletion of CBy only exaggerates inflammation in specific
anatomical locations. I started by questioning whether deletion of CB; in the
myeloid or non-myeloid compartment, or both, is responsible for increased neutrophil
pouch recruitment, by generating mixed bone marrow chimeric animals following

the scheme detailed in figure 5.19A.

This process involved isolating bone marrow cells from CB,”/~ animals, which
express the CD45.2 surface antigen, and from W'T B6.SJL animals, which are of the
black six genetic background but express the CD45.1 surface antigen. These cells

were then mixed in equal parts and injected into WT or CB,™/~ animals that had been
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Figure 5.19 Generation of mixed bone marrow chimeric animals. (A) Scheme detailing
the strategy used to generate mixed bone marrow chimeric animals. The color of the air pouch and
head denotes the recipient genotype and the color of the body denotes the genotype of the bone
marrow-derived cells. Bone marrow cells were isolated from B6.SJL. WT animals that have the
CD45.1 surface antigen (blue) and B6.129 CB,™/~ animals that have the CD45.2 surface antigen
(yellow), mixed in equal amounts and then injected intravenously into either C57BL/6J WT or
CB,/~ animals that had previously been irradiated to remove their endogenous bone marrow. The
animals were then left to allow reconstitution of the bone marrow and myeloid cell populations and
8-10 weeks later, blood was taken from the tail vein of (B) WT and (C) CBy™/" recipient animals
and the proportion of CD45.1/CD45.2 cells determined by flow cytometry. (D) Quantification
demonstrated that there was no significant difference in the proportion of CD45.1/CD45.2 cells in
the blood of either the WT or CBy™/" recipient animals prior to their usage in the dorsal air pouch
inflammation model. Data are mean+ SEM, n = 9-11 independent animals per group. Statistical
analysis was conducted by two-way ANOVA with Sidak’s multiple comparisons correction. ns P
>0.05.
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previously irradiated to remove their endogenous bone marrow cells. These injected
cells re-populate the bone marrow and allow the generation of animals with an equal
mix of WT and CB,”/" bone marrow-derived cells, but WT or CB,”/" non-myeloid
cells (i.e. cells lining the air pouch). As the WT and CB,~/- myeloid-derived cells are
differentially labelled (CD45.1 vs CD45.2), I can therefore simultaneously assess the
trafficking of both WT and CB,™/~ neutrophils in WT or CB, deficient backgrounds

using the dorsal air pouch inflammation model.

Eight weeks after generation of these chimeric animals, and one week before
the air pouch inflammation model was performed, tail blood was taken from each
animal to assess the relative proportion of CD45.1 to CD45.2 cells in the blood and
examine whether the bone marrow re-population had been successful. Representative
flow cytometry dot plots of CD45.1 and CD45.2 cells in the blood of WT and
CB, /" recipient animals can be seen in figures 5.19B and C and quantification
demonstrated that there was no difference in the proportion of CD45.1 and CD45.2
cells in the blood of both the WT and CB,”/" recipient animals after bone marrow

reconstitution (Fig 5.19D).

These bone marrow chimeric animals were then used in the dorsal air pouch
inflammation model, with pouch leukocyte recruitment examined 6 hours after
zymosan injection. There was no difference in the number of total cells recruited
to the dorsal air pouch between WT or CB,”/" recipient animals 6 hours after
zymosan challenge (Fig 5.20A). As previous, the majority of cells recruited to the
air pouch in both WT and CB, /" recipients were neutrophils (Fig 5.20B and E),
however this population was made up of proportionally more CD45.2 neutrophils than
CD45.1 neutrophils in both recipient genotypes (Fig 5.20C and F). Quantification
of the numbers of CD45.1 and CD45.2 neutrophils found that in both WT and
CB, 7/~ recipients there were significantly more CD45.2 neutrophils than CD45.1
neutrophils recruited to the dorsal air pouch 6 hours after zymosan challenge (Fig
5.20H). A small Ly6C" monocyte population was also present in both recipient

genotypes (Fig 5.20B and E), but this comprised of approximately equal proportions
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Figure 5.20 Lack of CB; in myeloid cells is responsible for increased neutrophil air
pouch recruitment in CB,~/~ animals. WT or CBy~/- bone marrow chimeric animals containing
an equal mix of CD45.1 (WT) and CD45.2 (CBy”/") myeloid cells were used in the dorsal air
pouch inflammation model. Six hours after zymosan injection (100 pg), air pouches were lavaged
and total cell counts, cell populations present and the relative amounts of CD45.1/CD45.2 cells
calculated by flow cytometry. (A) Total cell numbers in the dorsal air pouches of WT (white bars)
or CBy ™/~ (grey bars) recipient animals 6 hours after zymosan injection. Representative dot plots
of (B) total neutrophils and Ly6C" monocytes and the proportion of (C) neutrophils and (D)
Ly6C" monocytes that were CD45.1 or CD45.2 positive in WT recipient animals. Representative
dot plots of (E) total neutrophils and Ly6C" monocytes and the proportion of (F) neutrophils
and (G) Ly6C" monocytes that were CD45.1 or CD45.2 positive in CBy ™/~ recipient animals. (H)
Quantification demonstrated that there were significantly more CD45.2 (blue bars) than CD45.1
(white bars) neutrophils recruited to the air pouch of both WT and CBy™/~ animals. (I) There was
no difference between the number of CD45.1 and CD45.2 Ly6C"* monocytes recruited to the air
pouch of both WT and CBy™/~ animals. Data are mean+ SEM, n = 9-11 independent animals per
group. Statistical analysis was conducted by two-way ANOVA with Sidak’s multiple comparisons
correction. ns P >0.05, ** P <0.01, *** P <0.001.
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of CD45.1 and CD45.2 cells (Fig 5.20D and G) and quantification found that in both
WT and CB,”/ recipients there was no difference between the number of CD45.1

and CD45.2 Ly6C" monocytes in the pouch (Fig 5.201).

The relative proportion of CD45.1 and CD45.2 neutrophils and Ly6C" monocytes
in the blood of these animals 6 hours after zymosan pouch injection was also examined.
The neutrophils and Ly6C" monocytes present in the blood of both recipient
genotypes (Fig 5.21A and D) were comprised of approximately equal proportions of
CD45.1 and CD45.2 cells (Neutrophils - Fig 5.21B and E; monocytes - Fig 5.21C
and F') and quantification found that there was no difference between the numbers of
CD45.1 and CD45.2 neutrophils (Fig 5.21G) and Ly6C" monocytes (Fig 5.21H) per
ml of blood in either WT or CBy”/" recipient animals. Therefore, this rules out the
explanation that the increased number of CD45.2, and therefore CB,™/~, neutrophils
in the pouch of both WT and CB,/" recipients was due to a disproportionate
number of CD45.2 neutrophils in the blood. Instead taken together these data clearly
demonstrate that it is the lack of CBy on the neutrophils themselves, as opposed to a
non-myeloid stromal cell population, that is responsible for the increased trafficking

of neutrophils into the dorsal air pouch of CB,”/~ animals.

5.3.10 Genetic deletion of CB; has no effect on inflammatory mediator

production by air pouch-derived fibroblasts

One implication from the above results is that deletion of CBy in the radio-resistant
fibroblast-like cells that line the air pouch is not responsible for increased air pouch
neutrophil recruitment seen in CB,”/~ animals. To further test this hypothesis, I
isolated the cells lining the dorsal air pouch of WT and CB,”/~ mice and examined

their response to zymosan in vitro.

RT-PCR analysis found that both WT and CB,”/- pouch lining cells expressed
high levels of the fibroblast marker vimentin, confirming that they are indeed

fibroblast-like cells (Fig 5.22A). Under basal conditions, CBs is expressed by these
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Figure 5.21 There is no difference in the proportion of CD45.1 to CD45.2 neutrophils
in the blood of WT or CB,”/~ bone marrow chimera recipient animals 6 hours after
zymosan challenge. Blood was taken from WT or CBy™/~ bone marrow chimeric animals 6 hours
after dorsal air pouch injection with zymosan (100 pg) and cell counts and populations present
were determined by flow cytometry. (A) Representative dot plots of blood neutrophils and Ly6C"?
monocytes and the proportion of (B) neutrophils and (C)Ly6C" monocytes that are CD45.1 or
CD45.2 in WT recipient animals. (D) Representative dot plots of blood neutrophils and Ly6C"*
monocytes and the proportion of (E) neutrophils and (F) Ly6C" monocytes that are CD45.1 or
CD45.2 in CBy™/ recipient animals. Quantification of the blood leukocytes present found that
there was no difference between the numbers of CD45.1 and CD45.2 (G) neutrophils or (H) Ly6C"™
monocytes per ml of blood between WT and CBy™/~ recipient bone marrow chimeric animals. Data
are mean+ SEM, n = 9-10 independent animals. Statistical analysis was conducted by two-way
ANOVA with Sidak’s multiple comparisons correction. ns P >0.05.
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cells, but its expression is significantly reduced following stimulation with zymosan
for 6 hours (Fig 5.22B). Some residual expression of CB mRNA was detectable in
pouch fibroblasts isolated from CBy”/~ mice. Both WT and CB,”/" pouch fibroblasts
expressed TLR-2 (a receptor for zymosan) under basal conditions, and following
zymosan treatment its expression increased to a similar level of that seen in bio-gel
macrophages (Fig 5.22C). However, WT and CB,”/~ pouch fibroblasts expressed
negligible levels of Dectin-1, another zymosan sensing receptor (Fig 5.22D). Stimu-
lation of both WT and CB,”~ pouch fibroblasts with zymosan caused a significant
increase in their production of IL-6, CCL2, CXCL1 and CXCL5, however there was
no difference in the levels of any of these inflammatory proteins between the two

genotypes (Fig 5.22E-H).

To further strengthen these above results, I examined inflammatory mediator
production by air pouch lining tissue explants in response to zymosan stimulation.
By keeping the tissue intact I hoped that this would mimic as closely as possible the
tissue response that would be elicited in vivo. Whilst zymosan stimulation caused
a trend towards increased production of IL-6, CCL2, CXCL1 and CXCL5 in both
WT and CB,”/~ pouch explants, there was no difference in the levels of any of these
inflammatory proteins between the two genotypes (Fig 5.221-L). It is interesting to
note that the level of CXCL1 produced by the air pouch explant tissue is markedly
higher than any other mediator, and likely explains the high level of neutrophil

recruitment seen in the zymosan-induced air pouch inflammation model.

Therefore in conclusion, these data strengthen the hypothesis that deletion of
CBs in the pouch lining cells is not responsible for the increased air pouch neutrophil
recruitment seen in CB,”/~ animals, as WT and CB,”/~ air pouch-derived fibroblasts
and tissue explants produce the same levels of neutrophil recruiting inflammatory

mediators in response to zymosan stimulation.
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Figure 5.22 Genetic deletion of CB,™/ in air pouch fibroblasts has no effect on inflam-
matory mediator production in response to zymosan. Fibroblasts lining the air pouches of
WT (white bars) and CBy™/~ (grey bars) mice were stimulated with 10 pg/ml zymosan for 6 hours.
Gene expression was measured by RT-PCR and (A) Both WT and CB,/ fibroblasts expressed
high levels of vimentin. (B) Fibroblasts expressed CBsy, with the levels significantly reduced after
zymosan challenge. (C) WT and CB, ™/~ fibroblasts expressed TLR-2, with levels increased after
zymosan stimulation. (D) WT and CB,"/~ fibroblasts expressed negligible amounts of dectin-1.
Bio-gel macrophage gene expression is shown for comparison (blue bars). There was no difference in
the levels of (E) IL-6, (F) CCL2, (G) CXCL1 or (H) CXCLS5 in the fibroblast culture supernatant,
before or after zymosan stimulation, between the genotypes. In all cases zymosan treatment caused
a significant increase in mediator production. Data are mean+ SEM, n = 5-7 biological replicates.
(I-L) Dorsal air pouch tissue was removed and placed into culture medium with or without zymosan
for 3 hours before the supernatants were collected. There was no difference in the levels of (I) IL-6,
(J) CCL2, (K) CXCL1 or (L) CXCL5 produced by the air pouch explants between either genotype.
Data are mean+ SEM, n = 3-4 biological replicates. Statistical analysis was conducted by two-way
ANOVA with Sidak’s multiple comparisons correction. ns P >0.05, * P <0.05, *** P <0.001. ND
= not detected.
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5.4 Discussion

I began this chapter with two aims; firstly to compare immune cell recruitment
between WT and CB,”/ animals using the zymosan-induced dorsal air pouch in-
flammation model and secondly to investigate the mechanistic basis behind any

differences in the acute inflammatory response between WT and CB,”/~ mice.

With regards to the first aim, I found that CB,”/" animals have increased neu-
trophil recruitment, in comparison to WT animals, during the acute inflammatory
phase of the dorsal air pouch model, and that they still have increased leukocyte
numbers in the pouch during the resolution phase of the inflammatory response.
Although genetic deletion of CB5 has been previously shown to result in increased
neutrophil trafficking to sites of inflammation during IR injury [310,315,319,324],
EAE [283,286], sepsis [268,272] and colitis [255], these studies rely on histological
analysis of leukocyte/neutrophil tissue recruitment, which is semi-quantitative, or
tissue MPO activity that only provides a surrogate readout for how many neutrophils
have been recruited to the inflammatory site. Furthermore, these studies only exam-
ine a single time point and largely do not examine the mechanistic basis underlying
increased neutrophil recruitment. In contrast, my work provides the first example of
a fully quantitative analysis of the effect of genetic deletion of CBy on neutrophil, and
other innate immune cell, recruitment during an acute inflammatory response over a
comprehensive inflammation time course. Furthermore, I have provided mechanistic
insights into the enhanced acute inflammatory response seen in CB,”/" animals,

which will be discussed later in this section.

The increased pouch neutrophil recruitment seen in CB,”/~ animals is not due
to differences in the number of immune cells in the pouch or blood under basal
conditions. Importantly, in both the pouch and the blood there was no difference in
the number of neutrophils present at baseline. The only difference seen between the

two genotypes under basal conditions was the number of B cells per ml of blood. This
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result was expected as previous work has demonstrated that naive CB,”/" animals
have increased B cell numbers in the blood, as lack of CB, disrupts B cell retention
in the marginal zone of the spleen [242,243]. Furthermore, although B cells numbers
drop in both WT and CB,”/" animals during the acute inflammatory phase, the
increased B cell phenotype of CB,”/" animals is restored at 48 hours, implying that

the model is in the resolution phase at this time point.

One interesting finding from my results is that male WT mice had higher numbers
of CD45% cells and neutrophils than female WT mice in the dorsal air pouch 6
hours after zymosan challenge. This result is perhaps not that unexpected as gender
has been shown to impact on a range of inflammatory processes such as sepsis,
atheroscelrosis, pain, arthritis and autoimmune disease [600,602-604], and during
acute inflammation it has been well documented that male animals mount a more
robust inflammatory response than females. In the zymosan-induced peritonitis
model, male animals have increased peritoneal recruitment of both neutrophils and
monocytes in comparison to female animals [601,605], and this finding also extends to
the air pouch inflammation model, as pouch injection of carrageenan into C57BL/6.J
male animals elicits the influx of approximately 50% more immune cells than in

female mice [599].

However, a study by de Coupade et al found that it was female animals that had
increased leukocyte recruitment in comparison to male mice when LPS was used as
the inflammatory insult in the dorsal air pouch [606]. However as animals from the
FVB genetic background were used, this may impact on the immune response seen.
Indeed, the above study using C57BL/6J animals in the carrageenan air pouch model
also found that in other genetic backgrounds there was no difference in neutrophil
influx between the genders [599]. Furthermore, it has been demonstrated that there
is no difference in inflammatory cell recruitment between males and females in a rat
LPS dorsal air pouch model [607], therefore showing that the experimental species
used is also an important variable. My results align with the acute inflammatory

response seen when using C57BL/6J mice, specifically that males have a greater
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inflammatory response than females. However it is clear that multiple factors impact
on the immune response between males and females and care should be taken when

extrapolating results obtained in experimental animals onto human disease.

With regards to my second aim, I examined the mechanistic basis for the in-
creased neutrophil trafficking seen in CBy™/~ mice. I found that this was due to the
lack of CB5 on the neutrophils themselves, as in the mixed bone marrow chimeria
experiments there were always more CD45.2 neutrophils (and hence CB,™/") in the
inflamed pouch regardless of the recipient genotype. This finding is not entirely
without precedence, as two studies examining the role of CBy in atherosclerosis
found that reconstitution of Ldlr/- or ApoE”/" mice with CBy”/~ bone marrow only,
resulted in increased lesional macrophage content, thereby showing that macrophage
accumulation in atherosclerotic plaques is caused by the lack of CBy on myeloid
cells [339,341]. Additional support for the hypothesis that lack of CB, specifically in
neutrophils is responsible for their increased air pouch recruitment comes from my
findings that there were no differences in the pouch levels of neutrophil chemoat-
tractant chemokines at both 2 and 6 hours post zymosan administration and that
there were no differences in zymosan-induced pro-inflammatory mediator production

between WT and CB,7/~ pouch fibroblasts or pouch explant tissue.

An obvious explanation for the increased recruitment of CBy™/~ neutrophils is
that genetic deletion of CBs; makes them more responsive to chemoattractants
and therefore more likely to migrate. However, previous work conducted in our
laboratory has shown that genetic deletion of CBs in male animals has no effect
on the inflammatory response over a range of time points in the ZIP model (T
Kapellos 2016, Personal Communication), and I found that there was no difference
in myeloid cell recruitment between female WT and CB,”~ animals four hours after
peritoneal zymosan challenge. Therefore I believe these data suggest it is unlikely
that lack of CBy in neutrophils generally increases their rate of chemotaxis and
migration. Instead, this implies that CB, is not a generic regulator of immune

cell recruitment, but instead plays a context specific role during an inflammatory

200



response. I hypothesise that there must be a pathway regulated by, or reliant upon,
CB; expression in neutrophils that is important for their recruitment into the air

pouch, but is less important or not used for entry into the peritoneum.

One pathway of interest to me is the regulation of MMP-9 expression by
CB, signalling, as I found that there were significantly higher levels of MMP-9
in the dorsal air pouch of CB,”/~ mice 6 hours after zymosan injection. In a study
by Adhikary et al it was shown that activation of CBy does not inhibit dendritic
cell chemotaxis per se, but instead inhibits their invasive capacity in vitro and
in vivo by downregulating the expression of MMP-9 [411]. Conversely they also
demonstrated that CB, 7/~ dendritic cells had higher levels of MMP-9, mirroring the
results of Netherland et al who found that CB,”/~ macrophages also have higher
MMP-9 levels and that treatment of WT macrophages with a CB, antagonist caused
a concentration-dependent increase in MMP-9 expression [337]. Alongside, I found
that the level of MMP-9 in the peritoneum of WT mice 4 hours after zymosan
injection was 3 times lower than that seen in the air pouch of WT animals 6 hours
after zymosan administration. Therefore, this implies that MMP-9 may play a more

important role for neutrophil recruitment to the air pouch than the peritoneum.

Taken together, these results inform the hypothesis that inflammatory signalling
in the inflamed air pouch drives MMP-9 expression to a greater extent than in
the peritoneum, and that the lack of CB, signalling in CB,”/~ neutrophils leaves
them unable to constrain MMP-9 levels, thereby granting them increased invasive
capacity that leads to increased neutrophil influx into the dorsal air pouch. However,
additional questions need to be addressed to verify this hypothesis. For example, do
CB, /" neutrophils have higher levels of MMP-9 in comparison to WT neutrophils
and how does expression of MMP-9 in CB,”/~ neutrophils vary between the air pouch
and the peritoneum? What pathway drives MMP-9 expression and is this different
between the pouch and the peritoneum? Additionally, the use of MMP-9 inhibitors
in both the peritoneal and air pouch inflammation models will allow the importance

of MMP-9 for immune cell trafficking in each model to be examined.
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However, this is not the only hypothesis that can explain my above results.
For example, it has been shown that activation of CBy can block immune cell
migration [388] and JWH133 has been found to inhibit neutrophil chemotaxis towards
TNF-« and CXCL2 [316,318]. Therefore, differential production of endocannabinoids
between the two anatomical sites could explain why genetic deletion of CB5 only has
an effect in the dorsal air pouch model. This hypothesis implies that the air pouch
produces a local concentration of endocannabinoids sufficient to activate CBs on
neutrophils and block their migration, whereas the peritoneum does not. Currently
this explanation remains purely speculative as I have not measured the levels of
endocannbinoids present at the two sites. Clearly further work is needed to fully
elucidate exactly how lack of CBy in neutrophils leads to their enhanced migration

into the dorsal air pouch, but not into the peritoneum.

In both WT and CB, /- animals, there is a spike of inflammatory Ly6C" monocyte
recruitment into the air pouch seen 2 hours after zymosan injection, which returns
to baseline by 6 hours. This seems to be caused by the rapid pouch production
of CCL2 and CCL4, which when measured at the 2 hour time point are present
at the same level between WT and CB,”/~ mice. In WT animals their levels drop
significantly by 6 hours after zymosan injection and likely underpins why Ly6C"
monocyte numbers fall back to basal by this time point. However in CBy”/~ animals,
CCL2 and CCL4 remain increased 6 hours after zymosan injection and are likely
responsible for the significantly higher number of Ly6C" inflammatory monocytes

in the air pouch of CB,”/" animals 16 hours after zymosan challenge.

One interesting question that arises from this result is why do inflammatory
monocyte numbers fall back to baseline at 6 hours before increasing again at 16 hours
in CB,”/~ animals? I believe that the initial production of CC chemokines relies on the
pouch resident cells and stroma, whereas the higher levels of CC chemokines seen at
6 hours in CB, ™/~ originate from the recruited neutrophils. Therefore as the difference
in pouch neutrophil number between the genotypes only begins to manifest 6 hours

after zymosan injection, the increased Ly6C" inflammatory monocyte recruitment
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caused by neutrophil-derived chemokines can only happen at later time points.

Interestingly however, this implies that it is not the lack of CBy in Ly6C™
monocytes that is responsible for their increased recruitment; a result directly
contrasting with the role of CBy in neutrophils. Further support for this hypothesis
comes from the mixed bone marrow chimera experiments where there was no
difference in the number of WT or CB,”/" Ly6C" inflammatory monocytes recruited
into the dorsal air pouch of either recipient genotype. However, as these experiments
were performed 6 hours after zymosan injection they were not designed to directly
assess the role of CBy in monocyte recruitment. Nevertheless, if true that lack of
CB; in monocytes does not regulate their recruitment to sites of inflammation, this
means that CB, also has a cell type dependent role in the regulation of immune cell
recruitment, adding even further complexity to how CB; and the endocannabinoids

act to regulate an inflammatory response.

5.4.1 Limitations of this study

One limitation of this study is that I have only used one inflammogen for examining
the role of CBy in the regulation of an acute inflammatory response. To be able to
fully understand how CB, regulates inflammation, a range of inflammatory agents
should be used that elicit an inflammatory response by different mechanisms. The
range of potential inflammogens is large, but using other TLR ligands like LPS,
crystal agents such as MSU that activates the inflammasome and elicits a largely IL-
15 driven inflammatory response [608] and even injection of specific chemoattractants,
such as CXCL1, CCL2, fMLF and Cbha will allow conclusions to be drawn about
how broad a role CB; plays in the regulation of inflammation. Furthermore, this
may identify inflammatory pathologies where therapeutic intervention targeting

CB,; could have clinical value.

A further limitation of this study is that the dorsal air pouch inflammation model

is a simple system to examine immune cell recruitment during an inflammatory
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response and does not directly model a human disease. Whilst it cannot be doubted
that reductionist inflammation models have proved vital to our understanding of
an inflammatory response, by their very nature they do not recapitulate the often
complex causes and pathologies of human disease. Therefore to fully appreciate the
role that CB, plays during inflammatory disease I would next like to compare WT

vs CB, /" animals in an inflammatory disease model.

Perhaps the most obvious model to use would be a rheumatoid arthritis model,
as the air pouch is thought to most closely resemble a synovial joint [558,609]. Both
the CIA and the K/BxN serum transfer arthritis models could be used to compare
not only immune cell recruitment, but also inflammatory mediator production and
joint histology to see whether my results obtained in the dorsal air pouch model
translate into a more disease focussed system [290,610]. I would hypothesise that
genetic deletion of CBy; would result in enhanced leukocyte trafficking and worse
disease outcomes, as although CB,”/~ animals have not been used in arthritis disease
models to date, it has been shown that activation of CBsy with synthetic agonists in
WT animals decreases artritis score, joint inflammatory mediator production and

joint neutrophil and mononuclear cell infiltration in the CIA model [295,296].

I have not measured the levels of endocannabinoids under baseline and inflamma-
tory conditions in either the dorsal air pouch or the ZIP model. Understanding when,
where and which endocannabinoids are produced, and by what cell types, is clearly
important for understanding how the endocannabinoid system works and impacts an
ongoing inflammatory response. For example, a recent study analysed expression of
the components of the endocannabinoid system and endocannabinoids themselves by
both macrophages and foam cells and found that all components of the endocannabi-
noid system are expressed in both macrophages and foam cells [611]. Furthermore
macrophages can produce both endocannabinoids, but make 900 times more 2-AG
than AEA, and the synthesis of both endocannabinoids is significantly increased
as the macrophage becomes a foam cell [611]. Finally, the authors demonstrated

that CB, activation has anti-inflammatory anti-atherogenic effects, supporting the
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hypothesis that CBs is a valid target in atherosclerotic lesional foam cells and acts

as a protective mechanism within atherosclerosis.

However, measuring the abundance of enocannabinoids in biological samples is
not a trivial exercise. In order to achieve this, specialised lipid extraction protocols,
combined with high performance liquid chromatography and tandem mass spec-
trometry is needed [612]. Furthermore, reproducibility of measurements between
experiments, combined with the challenges of sample recovery and storage, can lead
to decreases in assay accuracy and robustness [613,614]. Therefore establishing
a protocol for the reliable measurement of endocannabinoids will require a large
amount of effort and time, that would not have been feasible within the time frame
available to me. Nevertheless, having access to such a system in the future will
undoubtedly aid research in our laboratory into the endocannabinoid system and

the role it plays within inflammation.
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Chapter 6

Thesis summary and final

discussion

6.1 Key findings

The first aim of my thesis was to use real-time chemotaxis analysis to examine
whether CB; is a chemoattractant receptor in primary murine macrophages. With

regards to this, I made the following key findings:

e Only a subset of CB; agonists act as bona fide chemoattractants for bio-gel

elicited primary murine macrophages.

e At least one non-CB,/CB; G;/,-coupled GPCR is responsible for CB, agonist-

induced macrophage chemotaxis.

The GPCR that mediates CBs agonist-induced macrophage chemotaxis still remains

unknown, but in trying to uncover its identity I made the following key findings:
e Bio-gel elicited murine macrophages express 124 GPCRs.

e The putative cannabinoid receptors GPR18 and GPR55 are not responsible

for CBy agonist-induced macrophage chemotaxis.

e It is unlikely that the lipid binding GPCRs LPAR1, LPAR5, CYSLTRI,
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CYSLTR2 and GPER1 are responsible for CB; agonist-induced macrophage

chemotaxis.

e Using a ligand-directed virtual screen, extensive SAR and photoaffinity la-
belling, a novel UV-crosslinkable bioactive compound was discovered that will
hopefully aid in the identification of the target(s) responsible for CB, agonist-

induced macrophage chemotaxis.

The next aim of my thesis was to use real-time chemotaxis analysis to discover
whether activation of CBy blocks primary macrophage chemotaxis towards CC

chemokines. With regards to this, I made the following key discovery:

e The chemotaxis negative CBy agonists CP55,940 and DIAS2 did not inhibit
primary murine macrophage chemotaxis towards the CC chemokines, CCL2

and/or CCL5.

The final aim of my thesis was to use the dorsal air pouch acute inflammation model,
combined with animals lacking CB,, to investigate whether CB, regulates innate
immune cell recruitment to sites of inflammation in vivo. With regards to this, I

made the following key findings:

e In the zymosan-induced dorsal air pouch inflammation model, female animals
genetically deleted for CB; have an exaggerated acute inflammatory response
with significantly more neutrophils, Ly6C" inflammatory monocytes and pro-

inflammatory mediators present in the pouch during the acute phase.

e Male animals lacking CB; also have an exaggerated acute inflammatory re-
sponse with increased neutrophil numbers and levels of pro-inflammatory

mediators in the pouch 6 hours after zymosan challenge.

e [t is the lack of CBy on the neutrophils themselves that is responsible for
the increased zymosan-induced air pouch neutrophil recruitment seen in CB,

-/~ animals.
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Figure 6.1 Summary of the main findings of my thesis. (A) Only a subset of CBy agonists
act as chemoattractants for primary bio-gel elicited murine macrophages. CBy agonist-induced
chemotaxis can be inhibited by pre-treatment of macrophages with (B) pertussis toxin (PTX),
but (C) genetic deletion of CBy or pharmacological inhibition with SR144528 has no effect on
CB; agonist-induced chemotaxis. Therefore at least one non-CB;/CBy G;/,-coupled GPCR is
responsible for CBy agonist-induced macrophage chemotaxis. (D) A ligand directed virtual screen
using the chemotaxis positive CBy agonists, combined with functional screening, identified a novel
chemical class with the same bioactivity as the bait ligands, with this class exemplified by OX03008.
(E) Extensive SAR studies found that a benzophenone photoaffinity group (PAG) could be added
to the core scaffold, yielding the UV-crosslinkable compound OX03272 that retains the same
activity as OX03008 and the chemotaxis positive CBg agonists. (F) Future work will involve the
addition of a biotin label to the scaffold, performing UV crosslinking experiments with bio-gel
elicited macrophages and target identification by mass spectrometry. (G) Dorsal air pouches
were established in WT and OB,/ mice by the dorsal subcutaneous injection of air and were
subsequently injected with 100 pg zymosan. (H) Animals genetically deleted for CBy have an
exaggerated acute inflammatory response, as they have significantly more neutrophils, Ly6C"
inflammatory monocytes and pro-inflammatory mediators present in the pouch after zymosan
challenge in comparison to WT animals. (I) Interestingly, it is the lack of CBy on the neutrophils
themselves that makes them more likely to traffic into the dorsal air pouch, as revealed by the
mixed bone marrow chimera experiments.
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6.2 How can CB, regulate neutrophil, but not macrophage,

migration?

One seemingly conflicting finding from my work is that CBs does not regulate
macrophage chemotaxis, whereas specific deletion of CBs in neutrophils results in
their increased in vivo recruitment to sites of inflammation. One simple explanation
for this is that CB, plays a cell type-dependent role in the regulation of leukocyte
chemotaxis, but precedence for this in the literature is limited. Another explanation
however is that rather than regulating leukocyte chemotaxis, CBy regulates leukocyte

mvasiveness.

Indeed, there is current evidence that supports this hypothesis. It has been
demonstrated that treatment of murine dendritic cells with the CBy agonist GP1la
had no effect on their chemotaxis towards CCL12, but blocked their ability to
move through a matrigel layer by downregulating their expression of MMP-9 [411].
Furthermore it was shown that CBy”/~ dendritic cells had elevated levels of MMP-
9 [411]. As T found that the pouch level of MMP-9 was elevated in CB,™/~ animals, this
provides further support for the hypothesis that CB, regulates innate immune cell
invasiveness in vivo by regulating the levels of MMP-9 and potentially other proteases.
As T only examined macrophage chemotaxis, and not invasiveness, this explains why
I found no role for CB, in macrophage directed migration. I would hypothesise
that when examining neutrophil chemotaxis in vitro that I would see no effect of
activation or genetic deletion of CBs on chemokine-induced neutrophil migration.
Furthermore, I would expect that CBy controls the level of MMP-9 and potentially
other proteases in macrophages and that this would control their invasiveness in
vivo. Indeed, it has been shown that CB,”/" macrophages have increased MMP-9
expression [337] and that specific deletion of CBy in the myeloid compartment
results in increased atherosclerotic plaque macrophage content [339,341]. Clearly

future work is needed to fully confirm the exact role of CBy in the regulation of
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innate immune cell chemotaxis and recruitment, and this is currently ongoing in the

laboratory.

6.3 Future work

In addition to the future work listed at the end of each chapter, one important area
in the cannabinoid field that requires attention is in the generation of tools to allow
for the reliable detection of the cannabinoid receptors. Currently, the antibodies
available that claim to recognise CB; or CBs either do not work or are non-specific,
and many studies that use them to examine cannabinoid receptor protein levels do
not use the correct controls to determine staining specificity. Instead, I propose that
the generation of transgenic animals with an epitope tag placed at the N-terminus
would provide an elegant solution to this problem. I know that the addition of an
N-terminal tag to CBy does not ablate its activity and if the CRISPR/Cas9 system
were used to generate the transgenic mice, the desired level of precision could be
obtained to insert the small epitope tag at the correct position [615]. Importantly
as the endogenous gene would be modified, the expression of CBy would still be
controlled by the endogenous promoter, allowing surface or total levels of CB, at
any time point or experimental condition to be accurately determined. Obviously
this is not a trivial task, but I believe that a tool such as this is sorely needed in the

cannabinoid field.
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