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ABSTRACT

Sepsis represents a dysregulated systemic acute inflammatory response to
severe infection. Despite efforts to develop supportive sepsis therapies, none has
been approved that address the immune dysregulation. The endogenous
cannabinoid system becomes active during sepsis and may present a novel axis
for controlling inflammation. In the present study, our aim was to determine the
impact of cannabinoid 2 receptor and G protein-coupled receptor 55 (GPRS55)
modulation on the inflammatory response, using a murine sepsis model. Using
intravital microscopy, leukocyte activity was evaluated within the intestinal
microvasculature. We observed that sepsis-induced increased leukocyte adhesion
was diminished by inhibition of endocannabinoid degradation by JZL184 or
GPRS55 antagonists. Leukocyte rolling was diminished during sepsis, and this was
significantly reversed by inhibition of endocannabinoid degradation. However,
we failed to observe a direct effect of cannabinoids on neutrophil migration in
vitro. Modulation of the endocannabinoid response had consequences on the
cytokines secreted into the blood during sepsis; in particular, GPR55 agonists
heightened TNF and IL-1p levels. Thus, our data suggest an important role of
endocannabinoid system including GPR55 in the host response in experimental
sepsis, hinting there may be a novel therapeutic candidate within the
endocannabinoid system for the treatment of sepsis-induced dysregulation of the
inflammatory response.
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CHAPTER 1: INTRODUCTION

1.1 General Introduction

Sepsis is a complex and potentially lethal inflammatory disease involving a
dysregulated immune system in response to infection (Bone et al., 1992). The mortality
rate of sepsis per year is as high as mortalities from stroke or heart attack (Martin et al.,
2003). While sepsis is one of the leading causes of mortality in intensive care units (ICU)
worldwide, public awareness and understanding of the disease remains lacking. The main
challenge in sepsis is the inability to re-balance the exaggerated or suppressed immune
response to a systemic infection; there are no therapeutic agents in the current medicine
arsenal that addresses the immune dysfunction. In addition, the treatments available for
sepsis often involve prolonged inpatient stays in ICU and complex therapies, generating
significant socio-economic burden on the healthcare system. Therefore, there remains a
high demand for a drug or a therapy to better recognize and treat sepsis.

In this research, the endocannabinoid system (ECS), a regulator of essential
physiological functions in our body, was interrogated as a potential axis for treatment of
acute systemic inflammation in sepsis. Pharmacological approaches were used to
understand the pathophysiology of sepsis and identify novel therapeutic targets in
immune system modulation, which may aid the current therapeutic approaches and health
care protocol. Therefore the goals of this research project were; 1) to determine the
impact of cannabinoid 2 receptor and GPR55 modulation specifically on leukocyte
activation within the intestinal microcirculation, 2) elucidate the mechanisms of CBR and

GPR55 modulation during sepsis.



1.2 Sepsis

1.2.1 Sepsis Definitions and Epidemiology

The definition of sepsis was first classified and introduced in the American
College of Chest Physicians (ACCP) and the Society of Critical Care Medicine (SCCM)
consensus conference in 1992, as a suspected or presence of infection along with two or
more systemic inflammatory response syndrome (SIRS) criteria which includes the

following (Table 1) (Bone et al., 1992; Dellinger et al., 2013; Levy et al., 2003):

1) Fever (> 38°C) or hypothermia (< 36°C)

2) Heart rate > 90/min

3) Hyperventilation with respiratory rate of > 20 breaths/min or PaCO> 32 mmHg
4) Leukocytosis (WBC > 12,000 cells/uL) or leukopenia (WBC < 4,000 cells/uL)

or > 10% immature forms

In the 1992 ACCP/SCCM Consensus, severe sepsis was also defined as sepsis
with presence of sepsis-induced organ dysfunction or tissue hypoperfusion, and persisting
hypotension despite fluid resuscitation was termed septic shock (Table 1) (Bone et al.,
1992). However, the definition of sepsis using SIRS criteria has been ambiguous as the
diagnostic symptoms are sensitive but not specific to a single disease.

Hence, sepsis was not only difficult to treat, but also difficult to diagnose due to

the poor diagnostic specificity with these fore-mentioned definitions. Prompt recognition



and a diagnosis of sepsis are crucial for effective therapies to be applied, which determine
patients’ outcomes. Therefore, there has been a continuous effort and need to update and
modify clinical criteria and definitions of sepsis syndromes for timely recognition of the
disease in the clinics.

In 2015, the European Society of Intensive Care Medicine (ESICM) and the
Society of Critical Care Medicine (SCCM) reassessed the existing clinical criteria and
definitions, and published the new definition of sepsis (Sepsis-3) as “life-threatening
organ dysfunction caused by a dysregulated host response to infection” (Singer et al.,
2016). Therefore, the definition of severe sepsis became redundant and septic shock was
also redefined as “a subset of sepsis in which underlying circulatory and
cellular/metabolic abnormalities are profound enough to substantially increase mortality”
(Table 1) (Singer et al., 2016). The new definitions focused on drawing clear distinction
between sepsis and uncomplicated infection.

With new definitions, the baseline Sepsis-related Organ Failure Assessment
(SOFA) score was taken into clinical criteria and diagnostic measures in replacement of
the SIRS criteria. The SOFA score assesses abnormality in organ systems such as
respiratory, liver, cardiovascular and central nervous system, with a higher score
associated with increased probability of mortality (Table 1) (Singer et al., 2016). An acute
increase of > 2 SOFA points with suspected or documented infection is diagnostic of
sepsis, and sepsis diagnosis plus vasopressor therapy needed to elevate mean arteriole
pressure (MAP) > 65 mmHg and lactate >2 mmol/L (18 mg/dL) despite adequate fluid
resuscitation is used for the diagnosis of septic shock. For a simple bed-side screening,
quick SOFA (qSOFA) criteria were proposed, which included the following parameters

(Singer et al., 2016):



1) Respiratory rate > 22/min
2) Altered mentation

3) Systolic blood pressure <100 mm Hg

The patients with suspected infection with at least two of qSOFA criteria were predicted
to have poor outcome.

Despite the intense effort to characterize sepsis and implementation of medical
support, sepsis remains the leading cause of death from infection in ICUs. Approximately
1,400 deaths occur from sepsis per day around the globe, due to the high mortality rate,
ranging from 30%-50% and up to 80% for septic shock. In an observational study in
critical care units of Canadian hospitals, the mortality rate of sepsis patients was recorded
to be approximately 40% (Husak et al., 2010). According to the Canadian Institute for
Health Information (CIHI) report in 2009, 30,587 Canadians were hospitalized with
sepsis and 9,230 patients died in hospitals across Canada (excluding Quebec), which
represented 10.9% of all deaths occurring in hospitals (CIHI, 2009; Husak et al., 2010).
Unfortunately there continues to be an increase in the number of patients suffering from

sepsis despite the advances in the therapeutic approaches (Angus et al., 2001).



Table 1: Development of sepsis definition and clinical criteria.

Sepsis Septic Shock

Definition | Presence of both infection Sepsis induced hypotension
and a systemic inflammatory | persisting despite adequate
response fluid resuscitation

Clinical Suspected or confirmed Arterial hypotension (systolic

1991/2001 | Criteria infection with > 2 SIRS blood pressure <90 mmHg,

Consensus criteria mean arterial pressure <70,
or a systolic blood pressure
decrease >40 mmHg in adults
or <2 SD below normal for
age)

Definition | Life-threatening organ A subset of sepsis in which
dysfunction caused by a underlying circulatory and
dysregulated host response to | cellular/metabolic
infection abnormalities are profound

enough to substantially
2015 increase mortality
Consensus
Clinical Suspected or documented Sepsis and vasopressor
Criteria infection and an acute therapy needed to elevate

increase of > 2 SOFA points
(a proxy for organ
dysfunction)

MAP > 65 mmHg and lactate
>2 mmol/L (18 mg/dL) despite
adequate fluid resuscitation




Patients with weakened immune systems, infants and the elderly are at an even
greater risk of developing sepsis. Also, patients with chronic illnesses, such as diabetes,
AIDS, cancer and kidney or liver disease, are at increased risk, as are those who have
experienced a severe burn or physical trauma. Thus there are multiple conditions which
increase risk and the occurrence of sepsis after admission to hospital accounts for 23.6%

of all sepsis patients (CIHI, 2009; Husak et al., 2010).

1.2.2 Pathophysiology of Sepsis

The infections in sepsis originate from multiple possible sites, including the lung
(68%), the abdomen (22%), blood (20%) and urinary tract (14%) (Martin, 2012; Martin et
al., 2003; Vincent et al., 2006). The pathogens which cause sepsis are mainly bacteria
(90%) with some fungal and viral infections (Martin, 2012; Martin et al., 2003). Gram-
negative bacteria have been the predominating causative agent of the sepsis infections in
the past; however, the incidence of Gram-positive bacteria has been steadily rising,
accounting for 52% of sepsis cases more recently, whereas Gram-negative bacteria
accounted for 38% (Martin, 2012; Martin et al., 2003). The most common organisms
were Staphylococcus aureus (30%), Pseudomonas species (14%), and Escherichia coli
(13%) (Martin, 2012; Vincent et al., 2000).

Typically, inflammatory responses due to infections are localized. However, in
sepsis, inflammation spreads throughout the body via the circulatory system. In addition,
the causes of sepsis are not singular and therefore result in nonspecific, aberrant and
complex immune response. For example, some of the immunopathological processes

during sepsis are dysregulated coagulation, a systemic hyper- and hypo-inflammatory



response, metabolic alterations and cellular dysfunctions such as lymphocyte apoptosis,
neutrophil hyperactivity and endothelial cell failure (Remick, 2007).

The scope of this research was focused on the inflammatory responses after the
onset of acute sepsis. Conventionally, sepsis is thought to be a unbalanced pro-
inflammatory response preceding or coinciding with a compensatory anti-inflammatory
response followed by immune paralysis (Yao et al., 2015). At the early phases of sepsis,
pro-inflammatory responses are mainly generated by activation of the innate immune
system, which involves neutrophils, monocytes, macrophages, mast cells, granulocytes
and natural killer cells (Remick, 2007; van der Poll and Opal, 2008; Yao et al., 2015).
Microbes are recognized by immune cells through their pathogen-associated molecular
patterns (PAMPs), such as lipopolysaccharide (LPS), the endotoxin of the Gram-negative
bacteria. These foreign molecules interact with pattern recognition receptors (PRR) such
as toll-like receptors (TLR) on host cells, leading to overproduction of inflammatory
mediators. Among TLRs, bacterial endotoxins such as LPS are recognized by TLR4,
which can signal though the myeloid differentiation factor 88 dependent pathway
(MyD88) to induce activation of transcription factor NF-kB (Anas et al., 2010; van der
Poll and Opal, 2008; Yao et al., 2015). This interaction between pathogens and innate
immune cells trigger the production and release of pro-inflammatory cytokines such as
TNF, IL-1B and IL-6, intended to protect the host from the infection (Figure 1) (Anas et
al., 2010; Yao et al.,, 2015). Immune cells and endothelial cells are activated upon
stimulation by these pro-inflammatory cytokines, which then lead to further release of
inflammatory cytokines and chemokines and cause the release of pro-coagulatory
molecules, complement, platelet-activating factor and nitric oxide. As a result of multiple

pathways being activated, the endothelial barrier becomes activated and disrupted,



impacting the microcirculation and leading to the migration and extravasation of
neutrophils and phagocytes to the site of infection, increased vascular permeability, and
eventually tissue ischemia and organ dysfunction (Figure 1) (Anas et al., 2010; van der
Poll and Opal, 2008; Yao et al., 2015). In order to balance the exaggerated pro-
inflammatory response, a compensatory anti-inflammatory response typically comes into
play with production of anti-inflammatory mediators such as IL-10 and IL-4 (Figure 1)
(Hotchkiss et al., 2013). Ironically, patients are likely to develop lethal secondary

infections during the immunosuppressive phase of sepsis.
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Figure 1: Immune status of septic patients over time as a consequence of the
dysregulation of the immune response. The early phase of sepsis is often characterized by
a hyper-inflammatory state, which is followed by a hypo-inflammatory state as the

disease progresses.



1.3 Microcirculation and Leukocyte Activation in Sepsis

1.3.1 Function of Microcirculation in Sepsis

Impaired microcirculation is a key feature of sepsis and a major contributing
factor to multiple organ dysfunction. The microcirculation is comprised of arterioles,
capillaries and venules of less than 100 um diameter, (Lush and Kvietys, 2000).
Microcirculatory dysfunction involves altered exchange of oxygen, nutrients and removal
of waste and carbon dioxide (Figure 2) (Spronk et al., 2004; Trzeciak et al., 2008).

The arterioles play an important role in vasoregulation during sepsis. Upon the
induction of sepsis, arterioles are activated by vasodilators, particularly nitric oxide (NO),
and become hypo-responsive to vasopressors within the microcirculation resulting in the
misdistribution of blood flow, decreased peripheral resistance and eventually systemic
hypotension (Figure 2) (Miranda et al., 2016; Spronk et al., 2004; Trzeciak et al., 2008).
The capillaries are the primary sites of oxygen exchange and capillary endothelial cells
are activated when exposed to pro-inflammatory mediators (e.g., IL-1P, IL-6, TNF) or
oxidative stress during sepsis. Furthermore, the endothelial cells of the post-capillary
venules are activated, they increase expression of adhesion molecules and decrease
expression of thrombomodulin (Figure 2) (Colbert and Schmidt, 2016; Lush and Kvietys,
2000; Trzeciak et al., 2008). The endothelial cells then enter a forward-feeding cycle of
amplification of the inflammatory response. The activation of endothelial cells mediates
leukocyte activation, red blood cell deformability, aggregation and adherence which then
result in decreased blood flow velocity, decreased density of perfused capillaries and
tissue hypoxia (Figure 2) (Lush and Kvietys, 2000; Spronk et al., 2004; Trzeciak et al.,

2008). The venules are also activated and respond with increased expression of surface
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adhesion molecules. These changes in the endothelium and leukocytes facilitate the
increase of microvascular permeability, edema, and disseminated intravascular
coagulation, which eventually disturb the blood flow to tissues and organs resulting in

tissue ischemia and organ damage (Spronk et al., 2004; Trzeciak et al., 2008).
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Figure 2: Sepsis pathophysiology in microcirculatory unit, arterioles, capillaries and

venules. (Modified from Trzeciak et al., 2008)
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1.3.2 Leukocyte Activation and Recruitment

Leukocytes such as neutrophils, monocytes, lymphocytes, eosinophils, basophils
and dendritic cells, possess surface molecules for adhesion to endothelial cell and matrix
glycoproteins, which enables their recruitment from the circulation to the site of infection
in response to a chemotactic gradient. During sepsis, leukocyte-endothelial interactions
and emigration of leukocytes are key pathophysiological features, possibility resulting in
further activation and damage to non-infected tissues (Brown et al., 2006).

Leukocyte extravasation is a complex process involving interactions between
multiple adhesion molecules, which is often divided into four fundamental steps: 1)
rolling mediated by selectins; 2) activation by chemokines; 3) adhesion mediated by
integrins binding to Ig-superfamily members; and 4) transendothelial migration (Figure 3)
(Liu and Kubes, 2003; Petri et al., 2008). First, free flowing leukocytes tether to up-
regulated selectins expressed on the activated endothelial cells, which slows down the
velocity of leukocytes (Figure 3). The selectins are membrane glycoproteins with a lectin-
like domain that binds specific carbohydrate groups (Kelly et al., 2007). L-selectin
(CD62L) and P-selectin glycoprotein ligand-1 (PSGL-1) are expressed on the surface of
circulating leukocytes. E-selectin (CD62E) and P-selectin (CD62P) are expressed on
vascular endothelial cells during inflammation (Granger and Senchenkova, 2010; Zarbock
and Ley, 2009). Repeated tethering by low affinity interaction between selectins and
carbohydrates and detaching by shear force of the circulating blood results in reduced
velocity of leukocytes, leading to rolling of the leukocytes along the vessels (Figure 3)

(Granger and Senchenkova, 2010; Petri et al., 2008).
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Firm adhesion of leukocytes and endothelial cells require another type of
molecule called integrins. The integrins are heterodimeric proteins expressed on the cell
surface consisting of an a chain and a B chain that are associated by a non-covalent bond.
The integrins bind immunoglobulin-like adhesion molecules (ICAM-1, VCAM-1) that act
as ligands. LFA-1 (arp2, CD11a/CD18) and MAC-1 (amP2, CD11b/CD18) are expressed
on neutrophils upon activation by inflammatory mediators and allow firm adhesion of
neutrophils on endothelium by binding to Ig-superfamily CAMs, intracellular adhesion
molecule-1 (ICAM-1, CDS51). Monocytes and lymphocytes express VLA-4 (4P,
CD11a/CD18) to bind endothelium with vascular cell adhesion molecule-1 (VCAM-1,
CD106) (Granger and Senchenkova, 2010; Petri et al., 2008).

Once leukocytes are firmly adhered to the endothelium, the leukocytes undergo
the final step of leukocyte extravasation, which is transendothelial migration.
Transmigration requires endothelial junctional molecules such as Ig-superfamily platelet-
endothelial-cell adhesion molecule-1 (PECAM-1, CD31) and junctional adhesion
molecule (JAM-1, CD321). Homotypic binding of PECAM-1 (CD31) expressed on both
leukocytes and the endothelial cells to initiate paracellular or transcellular migration of
leukocytes (Figure 3) (Granger and Senchenkova, 2010; Petri et al., 2008). Leukocyte
migration occurs between adjacent endothelial cells in paracellular migration, whereas in
transcellular migration, leukocyte migrate through an individual endothelial cell by

forming a transcellular pore (Wittchen, 2009).
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1.3.3 Intestinal Microcirculation

The intestine is an important organ in sepsis pathophysiology. The intestinal
microcirculation has an extensive microcirculatory network and also is a reservoir and
source of pathogens. During sepsis, the intestinal epithelium that lines the gastrointestinal
tract is frequently disrupted due to hypoperfusion, acidosis and subsequent ischemia
(Schmidt et al., 1996; Stearns-Kurosawa et al., 2011; Tyagi et al., 2009). Breakdown of
the gut barrier leads to escape of bacteria and their toxins into the systemic circulation
creating a gut-derived state of sepsis and septic shock (Marshall et al., 1993). Furthermore,
gut barrier disruption can lead to additional inflammatory mediators which exacerbate the
dysregulated host immune system (Hatoum et al., 2006). Therefore, preserving intestinal
microcirculation is crucial to prevent further release of bacteria contributing to multiple

organ failure in systemic inflammation.
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Figure 3: The steps of leukocyte migration. Leukocytes interact with endothelial cells by
tethering and rolling mediated by selectins; adhesion mediated by integrins binding to Ig-
family members; and transendothelial migration, to be recruited to the site of

inflammation from the bloodstream.
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1.4 Current Treatments for Sepsis

1.4.1 Current Therapeutic Approaches

Sepsis and septic shock are potentially lethal conditions that require immediate
medical attention. Numerous procedures, such as an administration of broad-spectrum
antimicrobial therapy, administration of vasopressors, source control, and fluid
resuscitation are currently available as treatment regimen for sepsis. However, the
mortality rates of sepsis patients still remain high despite the number of treatments and
supportive care in ICUs. Moreover, even with the recent advancements in the
understanding of sepsis pathophysiology both scientifically and clinically, a specific
immune system targeted therapeutic strategy is still not available for treating sepsis.
Although there has been several approaches for specific pro- and anti-inflammatory
mediator-targeting sepsis treatments, such as TNF or IL-1 blockade, effective therapeutic
agents are still lacking (Rice, 2006; Wheeler et al., 2009). Thus, the development of novel

immune-modulatory molecules for sepsis treatment is critical.

1.5 The Endocannabinoid system

1.5.1 Overview of the Endocannabinoid System

For many centuries, Cannabis sativa, the marijuana plant, has been used
medically and recreationally. The marijuana plant contains more than 80 active
phytocannabinoids, which bind and activate specific receptors in the cell membrane to

influence the central and peripheral nervous system (Howlett et al., 2002; Pertwee, 2006).
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Cannabidiol and A9-tetrahydrocannabidiol (THC) are the most notable and widely
investigated phytocannabinoids from C. sativa (Mechoulam, 2002). Although research is
being conducted on the psychoactive properties of phytocannabinoids, their potential as
therapeutic agents had been disregarded until the discovery of cannabinoid receptor 1
(CB1R), cannabinoid receptor 2 (CB2R) and the endocannabinoid system (ECS) in the
early 1990s (Pertwee, 2006).

Endocannabinoids are endogenous lipid-signaling molecules, which bind specific
G protein-coupled cannabinoid receptors, CB1R and CB2R. These molecules combined
with the enzymes for biosynthesis as well as degradation constitute the endocannabinoid
system. The two most widely studied endocannabinoids are N-arachidonyl ethanolamine
(anandamide or AEA), classified as the first endocannabinoid in 1992, and 2-arachidonyl
(2-AQG) (Petrosino et al., 2009; Witkamp and Meijerink, 2014). As endogenous ligands of
cannabinoid receptors, pharmacological actions of endocannabinoids resemble those of
phytocannabinoids (Mechoulam, 2002; Pertwee, 2006).

Biosynthesis of endocannabinoids is upregulated on demand either through
activity-dependent or receptor-stimulated cleavage of arachidonic acid (AA) in the cell
membrane, which then activates specific enzymes such as N-acyl-phosphatidylethanol-
amine-hydrolysing phospholipase D (NAPE-PLD), for AEA synthesis, and two isoforms
of diacylglycerol lipases (DAGLa and DAGLP) for 2-AG synthesis (Battista et al., 2012;
Pertwee, 2015). The lipophilic nature of endocannabinoids prevents vesicle storage and
lead to immediate release after production. In response to different physiological and
pathological stimuli, local activation of cannabinoid receptors by these lipid transmitters

can be observed after biosynthesis (Battista et al., 2012).
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Endocannabinoid degradation is managed through enzymatic hydrolysis, which is
mediated by specific intracellular enzymes to prevent excessive endocannabinoid
signaling. The two main degradation enzymes are fatty acid amide hydrolase (FAAH) and
monoacylglycerol lipase (MAGL) for AEA and 2-AG, respectively (Figure 4) (Cravatt et
al., 1996; Karlsson et al., 1997). Inhibitors are available for the inhibition of
endocannabinoid degradation. For the inhibition of MAGL degradation, specifically, the
most well-known substance used is JZL184 (Figure 4) (Long et al., 2009; Seierstad and

Breitenbucher, 2008).

1.5.2 Cannabinoid Receptors

The cannabinoid receptors belong to the seven-transmembrane spanning class A G
protein-coupled receptor (GPCR) subfamily. GPCRs translate extracellular signals into
intracellular responses with activation via intracellular G protein subunits, that triggers
downstream signaling pathways (Rosenbaum et al., 2009). In the late 20th century, CBIR
and CB2R were identified as the two high-affinity cannabinoid receptors that bind
anandamide and 2-AG through molecular cloning (D’Addario et al., 2013; Matsuda et al.,
1990; Sharir et al., 2012). CB1R and CB2R are homologous for 44% of their entire
protein sequences, and 68% of their transmembrane domain (Galiegue et al., 1995). It is
generally accepted that CB1R is mainly located in the central nervous system (CNS) and
thus responsible for most of psychoactive effects. CB2R, primarily found in peripheral
and immune cells, was reported to be involved in attenuation of inflammatory reactions
and immune responses (Buckley, 2008; Hillard, 2015; Sardinha et al., 2014; Toguri et al.,

2014; Tsou et al., 1998).
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The discovery of cannabinoid receptors led to the development of selective
synthetic CBIR and CB2R agonists and antagonists. Some of the well-known CBI-
selective agonists include R-(+)-methanandamide, arachidonyl-2’-chloroethylamide
(ACEA), arachidonyl-cyclopropylamide (ACPA) and HU210, and antagonists are
AM251 and AM281. For CB2R-selective substances, JWH133, HU308 and AM1241 act
as agonists, and SR144528 and AM630 act as antagonists (Pertwee, 2006). Compounds
such as (—) I1-hydroxy- A8-THC- dimethylheptyl (HU-210), CP55940, and R-(+)-
WINS55212 are capable of activating both CB1 and CB2 receptors (Figure 5) (Pertwee,
20006).

Both CB1 and CB2 receptors are coupled to Gai heteromeric G proteins when
activated by endocannabinoids, and thereby inhibit adenylyl cyclase, and activate
mitogen-activated protein kinases (MAPKs). The MAPK cascade further results in
sequential phosphorylation of various transcription factors downstream of JNK, ERK and
p38, resulting in cellular processes such as cell differentiation, growth and survival.

(Figure 5) (Battista et al., 2012)
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Figure 4: Schematic overview of endocannabinoid, 2-AG, receptors, and degradation
enzyme. The cannabinoid receptors, CB1R and CB2R, and GPRS55 respond to 2-AG.
Intracellular MAGL breaks down 2-AG into arachidonic acid and glycerol, and this

process is inhibited by the MAGL inhibitor, JZL184.
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Figure 5: Schematic diagram of the cannabinoid receptor signaling cascade. Upon
activation by 2-AG, CBIR and CB2R couple with Goi, and inhibit adenylyl cyclase and

activate MAPK to phosphorylate JNK, ERK and p38 for gene expression.
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1.5.3 GPR55

With the use of selective CBIR and CB2R ligands or receptor gene knock out
(KO) mice, recent studies proposed the existence of one or more additional cannabinoid-
responsive receptors distinct from CB1 and CB2 receptors (Begg et al., 2005). In 2007, it
was suggested that there is a “third” cannabinoid receptor with GPRS55 as the top
candidate. It was indeed evident that the orphan G protein-coupled receptor 55 (GPRS55)
binds with some synthetic cannabinoids and endocannabinoid ligands; however, recent
studies suggested that lysophosphatidylinositol is the main endogenous GPRS55 ligand
(Ross, 2011; Ryberg et al., 2007).

Human GPR55 (hGPR55) was isolated and cloned in 1999, with high expression
in specific regions of the CNS such as the hippocampus, thalamus, hypothalamus, caudate,
putamen, cerebellum, and pons. Expression of hGPR55 was also observed in peripheral
tissues including adrenal glands, endothelial cells, and gastrointestinal tract (Ryberg et al.,
2007; Sawzdargo et al., 1999). In more recent studies, high expression of GPR55 was also
detected on lymphocytes and spleen and on cancer cells implying a correlation with the
rate of cancer cell proliferation (Henstridge, 2012; Henstridge et al., 2011; Ross, 2011).

Despite the findings that GPR55 shares numerous cannabinoid ligands with CBIR
and CB2R, a low amino acid identity is exhibited between GPR55 and CBIR (13.5%)
and CB2R (14.4%). Nevertheless, based on amino acid homology, GPRS55 is undoubtedly
a member of class A GPCRs, which binds endocannabinoid 2-AG with high affinity

(Sawzdargo et al., 1999).
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The cannabinoid agonist, A9-THC, CBI1R-selective antagonist/inverse agonist
SR141716A (Rimonabant) and CBIR and CB2R agonist CP55,940 are several
cannabinoids that interact with GPRS55 despite its low homology with the classical
cannabinoid receptors (CB1R and CB2R) (Rempel et al., 2013). Studies suggests that 1-
lysophosphatidylinositol (LPI), O-1602 and AM251 have agonistic effects on GPRS55
while CID16020046, Rimonabant, O-1918 and cannabidiol (CBD) have antagonistic
effects (Kargl et al., 2013; Lin et al., 2011; Stanci¢ et al., 2015). However, some studies
suggest the opposite or divergent pharmacological effects through GPR55 compared to
CB receptors posing a possibility for controversy or uncertainty (Kapur et al., 2009;
Sharir and Abood, 2010).

Indeed, further studies are required for complete understanding of GPRS55 and the
endocannabinoid receptor signaling pathways. There are some differences between
cannabinoid receptor and GPR55 signaling. CBIR and CB2R utilize Gai/o heterotrimeric
proteins and adenylate cyclase is known as the trigger for multiple different downstream
cascades. On the other hand, GPR55 only couple to Ga.2,13 proteins, thereby activating ras
homologue gene family member A (RhoA) and Rho-associated protein kinase (ROCK).
Consequently, intracellular Ca®" level is elevated as activation of RhoA and ROCK elicits
the phospholipase C (PLC) pathway and small GTPase proteins rhoA, Rac and cdc42 are
activated, which then leads to epidermal growth factor receptor kinase (ERK)
phosphorylation for further changes in cellular functions (Figure 6) (Henstridge et al.,

2009; Oka et al., 2009; Ryberg et al., 2007).
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Figure 6: Schematic diagram of the GPR55 signaling cascade. Upon activation, GPR55
binds Gaui2,13 proteins thereby activating RhoA and ROCK. ROCK activates the
phospholipase C (PLC) pathway to allow cytosolic concentration of Ca** to increase,

which in turn leads to ERK phosphorylation and gene expression.
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1.5.4 Cannabinoid Receptors and GPRS5 in Inflammation

Despite the growing evidence of an up-regulation of the endocannabinoid system
during local and systemic inflammation, the role of endocannabinoids and their receptors
in the inflammatory and adaptive immune response are not fully elucidated (Varga et al.,
1998). It has been reported that endocannabinoids, 2-AG and anandamide, are elevated in
septic patients implicating the ECS in inflammation (Klein, 2005). Although incomplete,
the role of CB1R and CB2R in inflammation is better described compared to GPRS55 due
to extensive research since their earlier discovery.

Many of characterized CB1R activities are localized in the CNS and vasculature,
and less so in the immune system (Chevaleyre et al., 2006). CB1R activation on
autonomic nerves and vascular endothelium further aggravates sepsis-associated
hypotension, and also CB1R antagonism reduces leukocyte activation and improved
capillary flow in the intestine and iris of the eye of septic mice (Al-Banna et al., 2013;
Godlewski et al., 2004; Kianian et al., 2014). Nonetheless, there is much to be
investigated regarding the underlying mechanism of CB1R action in inflammation.

Contrary to CB1R, CB2R are found mainly on immune cells and play a key role
in inflammatory responses in both the periphery and the CNS (Pertwee, 2015). CB2R is
generally thought to have an immunosuppressive consequence upon activation, which can
be exploited to modulate inflammatory responses such as sepsis. There is evidence from
in vitro studies that CB2R activation inhibits leukocyte proliferation and migration, and
promotes immune cell apoptosis (Basu and Dittel, 2011). Furthermore, selective
activation of CB2R with its agonist HU308 was shown to reduce leukocyte activation and

their interactions with blood vessel walls in septic mice. Also, CB2R activation with
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administration of endocannabinoid degradation enzyme inhibitors, JZL184 or URB597,
resulted in a significant reduction in leukocyte-endothelial interactions and pro-
inflammatory cytokines, TNF, IL-1B and IL-6, in plasma of septic mice (Lehmann et al.,
2012; Sardinha et al., 2014; Toguri et al., 2014). Thus, CB2R is an attractive target in
containing inflammation.

The distribution of GPRS55 is extensive throughout the body and accumulating
evidence has suggested its involvement in a wide range of processes both physiological
and pathophysiological, including in the gut (Li et al., 2013; Lin et al., 2011; Schicho and
Storr, 2012), inflammatory and neuropathic pain (Staton et al., 2008), and modulation of
innate and adaptive immune system (Balenga et al., 2011; Cantarella et al., 2011;
Chiurchiu et al., 2014).

Since the rodent gastrointestinal tract widely exhibits GPR55 expression, much
research has been conducted to reveal the role of GPRS5 in gastrointestinal disease
models. In one example, LPS treated intestines increased expression of GPRSS5 in vivo
(Lin et al., 2011), which suggests the involvement of GPRS5S5 in intestinal inflammation.
In addition, less severe colitis was observed in GPRS55 knockout mice compared to
CBI1R- or CB2R- knockout mice, suggesting a pro-inflammatory role of GPR55 in
dextran sulfate sodium induced experimental colitis (Schicho and Storr, 2012; Schicho et
al., 2011). In another model of experimental colitis, neuroinflammation and chronic pain
diminished in the dinitrobenzenesulfonic acid (DNBS) induced colitis with intracolonic
administration of an endogenous anandamide-related lipid, palmitoylethanolamide (PEA)
(Borrelli et al., 2015). In this study, PEA administration significantly increased mRNA
expression of GPR55 compared to CB2R. Additionally, a mechanical hyperalgesia model

using Freund’s complete adjuvant suggests pro-inflammatory role of GPR5S5, which was
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evident with neuropathic pain and hypersensitivity absence in GPR55 knockout mice
(Staton et al., 2008). Collectively, evidences from the current literatures suggest a pro-
inflammatory role of GPRS55 in intestinal inflammation.

Although the role of GPRS5S5 is still not entirely clear, GPRS5 is particularly
suggested to be a regulator of the innate immune system by modulating activities of
neutrophils, monocytes and natural killer (NK) cells. For instance, involvement of GPRS55
is suggested in neutrophil chemotaxis and recruitment via crosstalk with CB2R
orchestrated by various chemoattractants in downstream signaling pathways (Balenga et
al., 2011). Enhanced neutrophil migration efficiency and decreased degranulation and
ROS formation in neutrophils is possible by inducing the interplay between GPRS5 and
CB2R during inflammation (Balenga et al., 2011). Moreover, GPR55 found on mast cells
displayed anti-inflammatory properties by inhibiting mast cell-mediated release of nerve
growth factor (NGF) (Cantarella et al., 2011). Lastly, compared to several innate and
adaptive immune cell types from human PBMCs, high expression of GPRS55 on
monocytes and NK cells is reported (Chiurchiu et al., 2014). Increases in pro-
inflammatory cytokines and cytolytic activity of NK cells and a decrease in endocytic
activity of LPS-activated monocytes and NK cells is achieved through GPRS55 activation
(Chiurchiu et al., 2014). Overall, GPR55 modulation of innate immunity and
inflammation is supported with this evidence, consequently, GPR55 may be considered as

the novel candidate for treatment of inflammatory diseases.
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1.6 Hypothesis and Objectives

Despite advances in care, sepsis remains a leading cause of mortality from
infection. With growing evidence of the CB2R and GPRS5S5 contributing to immune
modulation in inflammatory diseases, the hypothesis raised is: manipulation of CB2R and
GPRS55 activity at the early phase of the sepsis cascade will improve microcirculation and
reduce inflammation (Figure 7). In this study, the therapeutic potential of CB2R and

GPRS55 modulation was examined in vivo and ex vivo with the following objectives:

1) To determine the effect of increases in endocannabinoid ligands in the absence
of CB2R and assess the physiological responses;

2) To assess the effect of GPR55 modulation on leukocyte-endothelial
interactions and microcirculation;

3) To identify the mechanism by which CB2R and GPR55 modulate

inflammatory mediators.
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Figure 7: Objective of CB2R and GPRS55 modulation in sepsis. The red downward arrow

indicates investigations will be undertaken that are predicted to reduce the inflammation

of sepsis.
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CHAPTER 2: MATERIALS AND METHODS

2.1 Animals

Male C57BL/6 mice (6-8 weeks old; 20-30 g) were purchased from Charles River
Laboratories International Inc. (Saint-Constant, QC, Canada) and used for all wild type
(WT) endotoxemia and neutrophil transmigration experiments. Animals were allowed to
acclimatize for one week and housed at the Carleton Animal Care Facility (CACF) of the
Faculty of Medicine at Dalhousie University, Halifax, NS, Canada.

CB2R KO mice (C57BL/6 background; created by Deltagen, San Mateo, CA,
USA) were purchased from Jackson Laboratories (Bar Harbor, ME, USA) and bred in
house at the CACF. Male homozygous CB2R KO mice were used for experiments after 8
weeks of age. Animals were kept on a standard 12-hour light/dark cycle, with the room
temperature maintained at 22°C and humidity 55%—-60% prior to surgery. Animals were
provided a standard diet of rodent chow and water ad libitum. This study was conducted
in accordance with the guidelines and standards set forth by the Canadian Council on
Animal Care and approved by the University Committee on Laboratory Animals at

Dalhousie University, under protocol No. 15-051.

2.2 Anesthesia

Mice were weighed with a commercially available weighing scale prior to

anesthesia. All animals received an intraperitoneal (i.p.) injection of sodium pentobarbital
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(90 mg/kg, 54 mg/mL; Ceva Sante Animale, Montreal, QC, Canada) at a 50% dilution
with 0.9% sodium chloride (Hospira, Montreal, QC, Canada) The depth of anesthesia was
monitored by toe pinch, and maintained by additional intravenous (i.v.) injections of 10%
pentobarbital as needed throughout the experiment. Animals were provided with oxygen

if breathing was labored.

2.3 Endotoxemia Model

2.3.1 Surgical Procedures

After sufficient depth of anesthesia was reached, mice were placed on a heating
pad in a supine position to maintain their body temperature at 37°C (98.6°F). A rectal
thermometer was used to measure the body temperature, which was recorded every 15
minutes during the experiment. The left side of the neck region was shaved to gain access
to the surgical area and disinfected with isopropyl alcohol swabs (Health Care, Toronto,
ON, Canada). A small vertical incision was made on the skin using scissors (Fine Science
Tools, North Vancouver, BC, Canada) and the surrounding connective tissues were
dissected with blunt forceps. The jugular vein was visualized and dissected from
surrounding connective tissue, fat and muscle under stereoscopic microscope using fine
tip forceps (Fine Science Tools, North Vancouver, BC, Canada). Approximately 5-7 mm
section of the left jugular vein was exposed for cannulation avoiding vessel damage. Fine
tip forceps were gently placed underneath the vein to pass a folded piece of black braided
silk thread (Ethicon, Somerville, NJ, USA), and the thread was cut at the folded end to

obtain separate ends. A surgical knot was tied at the superior end of the vessel and a
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loose knot was made at the inferior end of the vessel. The right end of the inferior knot
was stretched with a hemostat clamp to fill the vessel with blood. Using micro-dissecting
scissors (Fine Science Tools, North Vancouver, BC, Canada), a cross section nick was
made close to the superior end of the vessel. A non-radiopaque polyethelene tubing (PE10,
Clay Adams, Sparks, MD, USA) was inserted into the left jugular vein using fine-tipped
micro-forceps (Fine Science Tools, North Vancouver, BC, Canada), and the inferior knot
was adjusted to hold the tubing in place. The catheter tubing was inserted approximately
1 cm into the vessel and firmly secured by a triple knot over the vessel with the inserted
catheter tubing. After checking the patency of the catheter by flushing with a small
volume of normal saline, the surgical site was covered with a small piece of sterile saline
soaked gauze. The catheter was used for intravenous (i.v.) administration of saline, LPS,
treatment drugs, fluorochromes and anesthetics. During the experiment, extracting
mucous and saliva buildup using a short cannula connected to 10 mL syringe prevented

obstruction of the trachea.

2.3.2 Experimental Timeline

After the left jugular vein cannulation, endotoxemia was induced by i.v.
administration of lipopolysaccharide from Escherichia coli (LPS; serotype 026:B6,
Sigma-Aldrich, Oakville, ON, Canada). Lipopolysaccharide (LPS; 5 mg/kg, 1 mg/mL)
was dissolved in sterile saline (0.9% Sodium chloride; Hospira, Montreal, QC, Canada)
and administered i.v. slowly over 5 minutes to induce endotoxemia. Animals in the
control group received an equal volume of normal saline i.v.. The treatment compounds

were followed 15 minutes after the LPS challenge. Endotoxemia was carried out over 2
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hours until intravital microscopy (IVM) with temperature measurements every 15 minutes
(Figure 8). For IVM, fluorochromes were administered i.v. and laparotomy was
performed 30 minutes and 15 minutes prior to IVM, respectively (details in section 2.6).
Blood and tissue samples were collected for further analysis at the end of the experiment

(details in section 2.7).
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Figure 8: Experimental timeline for the endotoxemia protocol.
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2.4 Pharmacological Agents

JZ1.184 (Tocris Bioscience, Ellisville, MO, USA) is a selective irreversible
inhibitor of monoacylglycerol lipase (MAGL) with an ICso value of 8.4 nM in mouse
brain (Chang et al., 2012). JZL184 (16 mg/kg) was dissolved in 30% dimethyl sulfoxide
(DMSO; Sigma Aldrich, Oakville, ON, Canada) vehicle solution. AM281 (Tocris
Bioscience, Ellisville, MO, USA) is a potent and selective CBIR antagonist with K;
values of 12 and 4200 nM for CBIR and CB2R respectively (Lan et al., 1999). AM281 (2
mg/kg was dissolved in 10% DMSO vehicle solution.

Lysophosphatidylinositol (LPI, L-a-Lysophosphatidylinositol sodium salt from
Glycine max (soybean); Sigma Aldrich, Oakville, ON, Canada) is a natural GPRS55
agonist with an ECso value of 200 nM (Sharir and Abood, 2010). LPI (5 mg/kg) was
dissolved in sterile normal saline. O-1602 (Tocris Bioscience, Ellisville, MO, USA) is a
potent GPR55 agonist with an ECso value of 13, > 30000 and > 30000 nM for GPRS5S5,
CBIR and CB2R, respectively (Johns et al., 2007). O-1602 (5 mg/kg) was dissolved in 5%
methyl acetate (Sigma Aldrich, Oakville, ON, Canada). CID16020046 (Tocris Bioscience,
Ellisville, MO, USA) is a selective GPR55 antagonist with ICso value of 210 nM in vitro
(Kargl et al., 2013). CID16020046 (20 mg/kg) was dissolved in 20% DMSO and stock
solutions were further diluted with normal saline to a final concentration of 10% DMSO.
0O-1918 (Tocris Bioscience, Ellisville, MO, USA) is a GPRS55 antagonist (Offertaler et al.,
2003). O-1918 (5 mg/kg) was dissolved in 5% methyl acetate (Sigma Aldrich, Oakville,

ON, Canada).
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2.5 Experimental Groups

Mice were randomly divided into 10 experimental groups with 5 to 7 animals per
group (Table 2). Groups 1 to 4 consisted CB2R KO mice. Group 1 received normal saline
in an equal volume as the volume of LPS as a healthy control group (CON). Group 2 was
an untreated endotoxemia group (LPS; 5 mg/kg). Group 3 received LPS (5 mg/kg) and
monoacylglycerol lipase (MAGL) inhibitor JZL184 (16 mg/kg) 15 minutes after LPS
challenge. Group 4 received LPS (5 mg/kg), CBIR antagonist AM281 (2 mg/kg) and
JZ1.184 (16 mg/kg) 7.5 minutes and 15 minutes after LPS challenge, respectively (Table
2).

Groups 5 to 10 were GPR55 modulation experiments in WT mice. Group 5
received normal saline at an equal volume of LPS as a healthy control group (CON).
Group 6 was an untreated endotoxemia group (LPS; 5 mg/kg). Group 7 received LPS (5
mg/kg) and GPRS5S5 agonist LPI (5 mg/kg). Group 8 received LPS (5 mg/kg) and GPRS5S
agonist O-1602 (5 mg/kg). Group 9 received LPS (5 mg/kg) and GPR55 antagonist
CID16020046 (20 mg/kg). Group 10 received LPS (5 mg/kg) and GPRS55 antagonist O-
1918 (5 mg/kg). All treatment compounds were given 15 minutes post LPS

administration (Table 2).
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Table 2: Experimental groups for the endotoxemia study.

Groups Mice Intervention
Group 1: Control CB2R KO Saline
Group 2: Endotoxemia CB2R KO LPS (5 mg/kg)

Group 3: LPS + MAGL inhibitor | CB2R KO | LPS (5 mg/kg) +JZL184 (16 mg/kg)
Group 4: LPS + MAGL inhibitor CB2R KO LPS (5 mg/kg) +JZL184 (16 mg/kg)
+ CBI1R antagonist + AM281 (2 mg/kg)

Group 5: Control WT Saline
Group 6: Endotoxemia WT LPS (5 mg/kg)
Group 7: LPS + GPRS5 agonist WT LPS (5 mg/kg) + LPI (5 mg/kg)
Group 8: LPS + GPRSS agonist WT LPS (5 mg/kg) + O-1602 (5 mg/kg)
Group 9: LPS + GPRS5 antagonist WT LIS (0 mg(/é{g)n;ifgl?l6020046
Group 10: LPS + GPRSS WT | LPS (5 mg/kg) + 0-1918 (5 mg/ke)

antagonist
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2.6 Intravital Microscopy

Intravital microscopy (IVM) was performed in all groups 2 hours post
endotoxemia induction. The duration of IVM procedure was approximately 30 to 40
minutes for each experiment. Procedures for animal preparation and IVM are outlined in

the following sections.

2.6.1 Fluorescence Staining

Fluorescence staining was carried out 30 minutes prior to IVM to observe
leukocyte-endothelial interactions within the intestinal microvasculature. Leukocyte
staining was obtained by administering 0.05% rhodamine-6G (1.5 mL/kg, i.v.; Sigma
Aldrich, Oakville, ON, Canada). To visualize the capillary flow by amplified flow of the
plasma and observe capillary perfusion, 5% fluorescein isothiocyanate-bovine serum
albumin (FITC-BSA, 1 mL/kg; Sigma Aldrich, Oakville, ON, Canada) was also
administered 30 minutes prior to IVM. All fluorochromes were administered via left

jugular vein catheter.

2.6.2 Laparotomy

Laparotomy was performed 15 minutes before IVM after ensuring the animal’s
anesthetic depth was sufficient. Using a scalpel, a superficial midline incision was made
on the shaved animal’s abdominal skin to expose the muscle layer. The muscular layer

was lifted with fine-tipped forceps and cut along linea alba using fine tissue scissors to
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expose the abdominal cavity. By lifting the muscular layer and cutting along linea alba,

bleeding is minimized.

2.6.3 Intravital Microscopy Setup

Using saline soaked cotton tipped applicators, the caecum was located and a small
portion of the terminal ileum was exteriorized onto a pre-heated hook (37°C) of a
specially designed apparatus attached onto the heating pad (Lehmann et al., 2013;
Pavlovic et al., 2006). The apparatus enabled continuous thermostat-controlled (37°C)
saline to be perfused over the exposed intestine to reflect physiological conditions of both
temperature and moisture. The saline was continuously pumped at a rate of 5 mL/hour
and a glass slide was used to make a liquid contact with the section of intestine placed on
the stage. The glass slide was placed over the intestine without compression to avoid
blocking microcirculatory flow. Then, the heating pad containing the animal and the IVM

apparatus was placed under microscope for observation.

2.6.4 Microscopy

IVM of the terminal ileum was performed using an epifluorescence microscope
(Leica DMLM, Wetzlar, Germany) with a mercury-arc light source (LEG EBQ 100; Carl
Zeiss, Jena, Germany). A water immersion lens (Leica N PLAN L 20X/0.40) was used to
make a liquid contact between the lens and glass slide over the section of intestine for
observation. Randomly chosen intestinal vessels were captured by a black and white
DAGE CCD video camera (DAGE MTI Inc., Michigan city, IN, USA). Videos were

recorded through video converter (DFG/USB2PRO, The Imaging Source, LLC, Charlotte,
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NC, USA) and IC-capture software (The Imaging Source, LLC, Charlotte, NC, USA),
and then stored on external hard drives for analysis. Six visual fields of each vascularity

were video recorded for 30 seconds (described below).

2.6.5 Leukocyte Activity

The microscope was set to focus on the submucosal venules under the green
excitation filter to investigate rhodamine 6G-labeled leukocyte activity. Six randomized
visual fields containing non-branching, submucosal collecting venules (V1, diameter 50-
100 um) and postcapillary venules (V3, diameter <50 um) over a length of 300 pm were

observed and recorded for 30 seconds each.

2.6.6 Functional Capillary Density

The microscope was set to focus on the muscular layers and mucosal villi under
the blue excitation filter to observe capillary perfusion with FITC. The longitudinal and
circular muscle layers of the intestine were focused and six randomly selected fields of

capillaries were recorded for 30 seconds.

To visualize capillary perfusion of the mucosal villi, the intestinal surface was
cauterized longitudinally using a microcautery knife (Medtronic, FL, USA) and cut using
a fine tissue scissors. The intestinal wall was cut open and the luminal content was
flushed with warm normal saline. Then, the lumen of the intestine was gently cleaned and
exposed using saline-soaked cotton tipped applicators. A glass slide was place over the

exposed lumen to create liquid contact between the tissue and the glass slide. The
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microscope was focused to the mucosal villi and six randomly selected fields of villi

capillaries were recorded for 30 seconds.

2.6.7 Video Analysis

Evaluations of all video recordings were blinded and analyzed off-line using
Imagel software (NIH Image, USA). For each animal, the following parameters were
analyzed: adherent leukocytes, rolling leukocytes, capillary perfusion of muscular layers
and mucosal villi. Leukocytes adherent to the endothelia for 30 seconds were defined as
adherent leukocytes while all non-adherent leukocytes passing through a designated point
across the vessel with a speed of less than 50 pum/second were defined as rolling
leukocytes. This data allowed us to quantify the number of adherent leukocytes in a
predetermined area of vessel (cells'mm?) and the number of rolling leukocytes
(cells/minute). Functional capillary density (FCD) was used to quantify capillaries with
observable erythrocyte perfusion. The lengths of perfused capillaries were measured in a

defined area and the sum of the capillary lengths was used to calculate the FCD (um/um?).

2.7 Blood Collection

Following IVM, cardiac puncture was performed and blood was collected using a
I mL syringe with a 30-gauge needle pre-coated with 5 pL. heparin (Pharmaceutical
Partners of Canada Inc., Richmond Hill, ON, Canada). The blood sample was placed in a

1.5 mL microfuge tube and centrifuged at 10,000 x g for 10 minutes at room temperature.
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The plasma was collected and aliquoted into 0.5 mL microtubes. The plasma samples

were flash frozen in liquid nitrogen and stored at -80°C for subsequent use.

2.8 Plasma Cytokine and Chemokine Analysis

Cytokine levels in the plasma samples from all experimental groups were
measured using a custom-made 12-plex Mouse Magnetic Luminex Screening Assay
purchased from R&D Systems (Minneapolis, MN, USA). The cytokines and adhesion
molecules measured were TNF, IL-1p, IL-2, IL-4, IL-6, IL-10, IL-12 p70, IL-13, IL-17A,
IFN-y, P-Selectin and ICAM-1 using the Luminex Technology Analyzer and BioPlex
Manager software (Bio-Rad, Missisauga, ON, Canada). The detection of analytes was
performed on 5 biological and 2 technical replicates of all experimental groups.
According to the Procarta cytokine assay manual, the Luminex instruments were
calibrated before each experiment and validated once every 30 days. The experiments
were performed only when the calibration and validation were successful. The multiplex
assay was carried out according to the manufacturer’s specifications and the standard

Affymetrix multiplex immunoassay protocol for detection of mouse molecules.

2.9 Neutrophil Transmigration

2.9.1 Mouse Neutrophil Isolation

Mouse bone marrow polymorphonuclear neutrophils (PMNs) were isolated from

femurs and tibias of C57BL/6 mice (8 weeks old, male). Bone marrows were flushed
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using a 26-gauge needle and 3 cc syringe filled with 1X HBSS (1 mM EDTA, 10 mM
HEPES, 2% FBS). Bone marrow cells were centrifuged at 300 x g for 10 minutes at 4°C,
and resuspended in 1X HBSS (I mM EDTA, 10 mM HEPES, 2% FBS). PMNs were then
isolated from single cell suspensions of bone marrow by negative selection by using
EasySep™ Mouse Neutrophil Enrichment Kit and EasySep™ magnet (Stemcell
Technologies, Vancouver, BC, Canada) following the manufacturer’s instructions. Once
neutrophils were isolated, the total number of cells and the purity were calculated for the
transmigration assays. After the cells were washed, PMNs were resuspended in 1X HBSS

I mM EDTA, 10 mM HEPES, 2% FBS) (Figure 9).
g

2.9.2 Transwell Migration Assays

Transmigration assays were performed using the transwell system (3.0 um pores,
clear polyester membrane for 24-well plates, Cat # 3472, Corning, Corning, NY, USA)
inserted in 24-well plates. The transwell filters were pre-coated with 0.7 mL RPMI
supplemented with 5% fetal bovine serum (FBS) for 4 hours at 37°C/5% CO; prior to use.
Neutrophil migration was assessed in different concentrations of chemoattractant and
treatment drugs (Table 3). In microfuge tubes, 200,000 neutrophils were pre-incubated
with the vehicle or treatment drugs in 0.1 mL RPMI (1% FBS) for 30 minutes at 37°C/5%
COz. The bottom chamber was filled with 0.6 mL RPMI (1% FBS) with or without the
chemoattractant, N-formylmethionine-leucyl-phenylalanine (fMLP, 10 nM; Sigma
Aldrich, Oakville, ON, Canada). Treatment drugs were added to the bottom chamber as
well at an equal concentration with the top chamber. The pre-treated neutrophils were

then loaded into the top chamber and incubated at 37°C/5% CO> for 60 minutes. The cells
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in top and bottom chambers were subsequently collected into microfuge tubes and
counted using a hemocytometer. The percentage of migrate cells was calculated by
dividing the number of migrated cells over the total number of cells recovered from the

transwell (Figure 9).

2.10 Statistical Analyses

Results were analyzed by using the software GraphPad Prism 6.0 (GraphPad
Software, La Jolla, CA, USA). After Kolmogorov-Smirnov testing for normal distribution,
all data were analyzed using a one-way ANOVA followed by Newman-Keuls multiple
comparisons test for group wise comparisons. All data are expressed as mean + standard

deviation (SD). Significance was considered at p < 0.05.
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Figure 9: The neutrophil transmigration assay. Neutrophils were isolated from bone
marrow of C57BL/6 mice. Purified neutrophils were then pre-incubated with or without
treatment drugs for 30 minutes and added to the top chamber with the chemoattractant,

fMLP, in the bottom chamber and the transwell left to incubate for 60 minutes.
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Table 3: Experimental groups for neutrophil migration assay.

Groups Chemoattractant Treatment compound
Group 1: No treatment - Saline
Group 2: Chemoattractant 10 nM fMLP Saline
control
Group 3: IMLP + CB2R 10 nM fMLP 1 WM HU308
agonist (low dose)
Group 4: fMLP + CB2R
agonist (high dose) 10 nM fMLP 10 uM HU308
Group 5:. fMLP + GPR55 10 oM fMLP | uM LPI
agonist (low dose)
Group 6: fMLP + GPRS5
agonist (high dose) 10 nM fMLP 10 WM LPI
Group 7: IMLP + CB2R 10 nM fMLP I uM CID16020046
antagonist (low dose)
Group 8: IMLP + CB2R 10 nM fMLP 10 uM CID16020046
antagonist (high dose)
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CHAPTER 3: RESULTS

3.1 Endotoxemia in CB2KO Mice — CBR Modulation

3.1.1 Leukocyte Adherence

Previous studies in our lab demonstrated that direct agonist-induced CB2R
stimulation as well as enhanced CB2R activation through blocking the degradation
enzyme, monoacylglycerol lipase (MAGL) with JZL184, resulted in suppression of
leukocyte adhesion (Sardinha et al., 2014). To further investigate the role of CB2R in
leukocyte activation during endotoxemia, CB2R KO mice were administered either
JZ1.184 or the combination of JZL184 and a CB1R inhibitor, AM281. The outcome was
analyzed by intravital microscopy. First, leukocyte adherence in the intestinal submucosal
collecting venules (V1; > 50 um vessel diameter) was measured in CB2R KO mice
(Figure 10). Endotoxin challenge significantly increased the number of leukocytes
adhering to the submucosal collecting venules compared to control animals (p < 0.05).
Endotoxemic animals treated with JZL.184 had significantly lower numbers of adherent
leukocytes on V1 venules (Figure 10). JZL184 treatment combined with CB1R inhibition
through AM?281 administration also reduced leukocyte adherence in V1 venules
compared to LPS group at a similar level with the JZL184 group (Figure 10).
Considering an increase in endogenous cannabinoids significantly reverses adhesion in

CB2R KO mice suggests the CB2R plays no role in adhesion during sepsis.
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Similar results as seen in V1 were observed with leukocyte adherence in post-
capillary venules (V3; < 50 um vessel diameter). LPS administration significantly (p <
0.05) increased the number of adherent leukocytes compared to the control group (Figure
11). Treatment with JZL184 or AM281 with JZL184 post LPS challenge reduced the
level of leukocyte adhesion to a similar level though lower than the LPS group (Figure

11).
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Figure 10: Leukocyte adhesion in intestinal collecting venules (V1; > 50 pm vessel
diameter) after systemic administration of saline or LPS and cannabinoid treatments in
CB2R KO mice. Bars represent the average number of adherent leukocytes in collecting
venules per area (cells/mm?). Data represented as mean = SD (n = 5 per group). * p <

0.05 compared to the CON group. # p < 0.05 compared to the LPS group.
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V3 Leukocyte Adhesion (CB2R KO)
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Figure 11: Leukocyte adhesion in intestinal post-capillary venules (V3; < 50 um vessel

diameter) after systemic administration of saline or LPS and cannabinoid treatments in

CB2R KO mice. Bars represent the average number of adherent leukocytes in collecting

venules per area (cells/mm?). Data represented as mean + SD (n = 5 per group). * p <

0.05 compared to the CON group. # p < 0.05 compared to the LPS group.
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3.1.2 Leukocyte Rolling

The step preceding leukocyte adhesion, rolling, was also measured as another
parameter of leukocyte activation and inflammation. The LPS challenge resulted in a
significant reduction (p < 0.05) in the number of rolling leukocytes in intestinal post-
capillary venules (V1) compared to control group. With administration of JZL184 or
combined administration of JZL184 and AM281 after LPS challenge both significantly
increased (p < 0.05) the number of rolling leukocytes in the collecting venules (V1) of
intestine (Figure 12).

The number of leukocytes rolling in V3 venules was significantly decreased (p <
0.05) with endotoxemia compared to control group. Administration of JZL184 did not
significantly increase (p > 0.05) leukocyte rolling compared to LPS. Furthermore,
combination treatment with JZL184 and AM281 also did not result in a significant

increase (p > 0.05) in V3 venules (Figure 13).

3.1.3Functional Capillary Density

A reduction in FCD is one of the sepsis-induced changes in the microcirculation.
In the intestinal muscle layers of CB2R KO mice, FCD was slightly decreased (n.s.) after
LPS administration (Figure 14). Treatment with JZL184 or JZL184 combined with
AM?281 after endotoxin challenge did not significantly change FCD compared to control
or untreated LPS group (Figure 14).

Similar to FCD in the intestinal muscle, FCD in the mucosal villi was not

impacted by endotoxemia and the drug treatments with JZL184 and AM281 (Figure 15).
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V1 Leukocyte Rolling (CB2R KO)
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Figure 12: Leukocyte rolling in intestinal collecting venules (V1; > 50 um vessel
diameter) after systemic administration of saline or LPS and cannabinoid treatments in
CB2R KO mice. Bar graphs represent the number of rolling leukocytes in collecting
venules (cells/min). Data represented as mean = SD (n = 5 per group). * p <0.05

compared to the CON group. # p < 0.05 compared to the LPS group.
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V3 Leukocyte Rolling (CB2R KO)
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Figure 13: Leukocyte rolling in intestinal post capillary venules (V3; < 50 um vessel
diameter) after systemic administration of saline or LPS and cannabinoid treatments in
CB2R KO mice. Bar graphs represent the number of rolling leukocytes in post capillary
venules (cells/min). Data represented as mean + SD (n = 5 per group). * p <0.05

compared to the CON group.
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FCD Intestinal Muscle (CB2R KO)
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Figure 14: Capillary perfusion quantified through FCD within the muscle layers of the

intestine after systemic administration of LPS/saline and cannabinoid treatments in CB2R

KO mice. FCD quantified as total length of perfused capillaries within a predetermined

rectangular area of the observed field (um/um?). Data represented as mean + SD (n =5

per group).
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FCD Mucosal Villi (CB2R KO)
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Figure 15: Capillary perfusion quantified through FCD within the mucosal villi of the
intestinal lumen after systemic administration of saline or LPS and cannabinoid
treatments in CB2R KO mice. FCD quantified as total length of perfused capillaries
within a predetermined rectangular area of the observed field (um/pum?). Data represented

as mean = SD (n = 5 per group).
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3.1.4 Cytokines and Adhesion Molecules

To investigate the effect of LPS and molecular mechanisms of the CBR
modulation in leukocyte activation, circulating pro-inflammatory and anti-inflammatory
cytokines were measured in the plasma samples. In the CB2R KO mice, LPS injection
significantly increased (p < 0.05) the circulating levels of TNF, IL-6 and IL-10 (Figure
16). The levels of TNF and IL-6 were unaffected by treatments, JZL184 or JZL184 with
AM?281, whereas the level of IL-10 increased significantly (p < 0.05) with JZL184
treatment (Figure 16). The concentrations of IL-1f (Figure 16), IL-2, IL-4, IL-12 p70, IL-
13, IL-17A, and IFN-y were not significantly altered after induction of endotoxemia or
administration of drug treatments (Figure 17).

The levels of soluble adhesion molecules, P-selectin and ICAM-1, were also
measured. The P-selectin level was significantly decreased (p < 0.05) in the group with
JZL184 treatment compared to LPS group (Figure 18). For the CON group, LPS group
and JZL184 + AM281 group, plasma levels of P-selectin were comparable with no
significant changes (Figure 18). The concentration of ICAM-1 had no significant

differences in all groups (Figure 18).
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Figure 16: Levels of plasma cytokines in CB2R KO mice (pg/mL). Bar graphs represent
the mean concentrations of TNF, IL-1f, IL-6 and IL-10. Results are represented as mean

+ SD (n =5 per group). * p < 0.05 compared to the CON group. # p < 0.05 compared to

the LPS group.

58



IL-2

IL-4
15+ 80~
o | T
10+ T T T _I
E R
= = 40+
2 2
5
20+
c él L ; L] c él T ; T
N N
Q < N a° O <Q N >
(&) A% (&) A%
% Sb\, "?:& % Sb\, *vﬁ\
& o> & o>
< N < N
¥ &
o o
NJ NJ
IL-12 p70 IL-13
250+ 150+
200+ T T
100+
-EI 150+ —_ I TEI T —|_
2 1004 ® T T
504
50+
c T L] L] L] c T T L) T
KN » N ) > N
O Q N P ) Q o W4
¢ W (¢ v
S8 R
& ‘bb' & %bl
< N < N
M ¢
%X %x
N N
IL-17A IFN-y
60+ 25-
T 717 T T T
40- i T
- = 15+
E £
g 2 104
204
5-
c eI T L] L] c el T ; \I
> N
$) Q W ad ) < N d
(¢ v (¢ Vv
R RO
) %bs & q,h
< N <
v w 4
S b
%x %K
g §

A%
Figure 17: Levels of plasma cytokines in CB2R KO mice (pg/mL). Bar graphs represent

the mean concentrations of IL-2, IL-4, IL-12 p70, IL-13, IL-17A and IFN-y. Results are

represented as mean = SD (n = 5 per group).
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Figure 18: Levels of plasma adhesion molecules in CB2R KO mice (pg/mL). Bar graphs

represent the mean concentrations of P-selectin and ICAM-1. Results are represented as

mean £ SD (n = 5 per group). # p < 0.05 compared to the LPS group.
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3.2 Endotoxemia in WT Mice — GPR55 Modulation

3.2.1 Leukocyte Adherence

Although several studies have reported on the immune-modulatory activity of

GPR55 (Lin et al., 2011; Schicho et al., 2011), little is known about the role in sepsis.
Intravital microscopy analysis was used to investigate the potential function of GPR55 on

leukocyte activity during endotoxemia in wt mice. In control animals, the numbers of
adherent leukocytes in intestinal collecting venules were minimal. As expected, LPS
challenged animals showed significantly increased (p < 0.05) numbers of adherent
leukocytes in V1 venules compared to control group (Figure 18). In contrast to the
findings with CB2R, the levels of adherent leukocytes in V1 venules of animals treated
with GPRS55 activation by LPI and O-1602 were not anti-inflammatory, and instead did
not differ from LPS group (Figure 18). Furthermore, the administration of GPRS55
antagonists, CID16020046 or O-1918, showed significantly decreased (p < 0.05) numbers
of adherent leukocytes compared to endotoxemic mice with no treatment (Figure 18).
Similar to the results in V1 venules, administration of LPS significantly increased
(p < 0.05) leukocyte adhesion in V3 venules compared to controls (Figure 19).
Treatments with GPRS5S5 agonists, LPI and O-1602, resulted in a similar level of leukocyte
adhesion as the LPS group (Figure 19). In the groups treated with GPR55 antagonists,

CID16020046 and O-1918, were significantly decreased (Figure 19).
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Figure 19: Leukocyte adhesion in intestinal collecting venules (V1; > 50 pm vessel
diameter) after systemic administration of saline or LPS and GPRS55 agonist or antagonist
in wild type mice. Bar graphs represent the number of adherent leukocytes in collecting
venules per area (cells/mm?). Data represented as mean + SD (n = 5-7 per group). * p <

0.05 compared to the CON group. # p < 0.05 compared to the LPS group.
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Figure 20: Leukocyte adhesion in post capillary venules (V3; < 50 um vessel diameter)
after systemic administration of saline or LPS and GPRS5S5 agonist or antagonist in wild
type mice. Bar graphs represent the number of adherent leukocytes in post capillary

venules per area (cells/mm?). Data represented as mean + SD (n = 5-7 per group). * p <

0.05 compared to the CON group. # p < 0.05 compared to the LPS group.
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3.2.2 Leukocyte Rolling

LPS-challenged animals showed a significant reduction (p< 0.05) in the number of
rolling leukocytes in both V1 venules in comparison to control (Figure 20). The groups
treated with CID16020046 and O-1918, but not LPI and O-1602 resulted in a significant
increase (p< 0.05) in the number rolling leukocytes in V1 venules compared to LPS
challenge with no treatment (Figure 20).

Similarly with V1 venules, the number of leukocytes rolling in V3 venules was
significantly decreased (p < 0.05) with endotoxemia compared to the control group.
Administration of LPI or O-1602 did not significantly alter (p > 0.05) leukocyte rolling
compared to LPS. Furthermore, GPRS55 antagonists, CID16020046 and O-1918

significantly enhanced (p > 0.05) leukocyte rolling in V3 venules (Figure 21).

3.2.3 Functional Capillary Density

In WT mice, LPS administration and all drug treatments significantly reduced (p <
0.05) muscular FCD in comparison to control (Figure 22). The group treated with GPRS55
agonist, O-1602, showed a significant decrease (p < 0.05) of FCD in the intestinal muscle
layer compared to LPS group (Figure 22).

Also, FCD in the mucosal villi were significantly decreased (p < 0.05) with
endotoxemia and both GPR55 agonist and antagonist treatments compared to control
(Figure 23). The group treated with O-1602 exhibited a significant reduction in mucosal

villi FCD compared to LPS group (Figure 23).
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Figure 21: Leukocyte rolling in intestinal collecting venules (V1; > 50 um vessel
diameter) after systemic administration of saline or LPS and GPRS55 agonist or antagonist
in WT mice. Bar graphs represent the number of rolling leukocytes in collecting venules
(cells/min). Data represented as mean = SD (n = 5-7 per group). * p < 0.05 compared to

the CON group. # p < 0.05 compared to the LPS group.
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Figure 22: Leukocyte rolling in post capillary venules (V3; < 50 um vessel diameter) after
systemic administration of saline or LPS and GPRS55 agonist or antagonist in wild type
mice. Bar graphs represent the number of rolling leukocytes in collecting venules
(cells/min). Data represented as mean = SD (n = 5-7 per group). * p < 0.05 compared to

the CON group. # p < 0.05 compared to the LPS group.
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Figure 23: Capillary perfusion quantified through FCD within the muscle layers of the
intestine after systemic administration of saline or LPS and GPRS55 agonist or antagonist
in wild type mice. FCD quantified as total length of perfused capillaries within a
predetermined rectangular area of the observed field (um/pum?). Data represented as mean
+ SD (n = 5-7 per group). * p < 0.05 compared to the CON group. # p < 0.05 compared to

the LPS group.
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Figure 24: Capillary perfusion quantified through FCD within the mucosal villi of the
intestinal lumen after systemic administration of saline or LPS and GPR55 agonist or
antagonist in wild type mice. FCD quantified as total length of perfused capillaries within
a predetermined rectangular area of the observed field (um/um?). Data represented as
mean = SD (n = 5-7 per group). * p < 0.05 compared to the CON group. # p < 0.05

compared to the LPS group.
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3.2.4 Cytokines and Adhesion Molecules

GPR55 modulation, especially blockade, impacts leukocyte activation and FCD.
To provide additional indication for the inflammatory modulation and to examine the
mechanism of the GPR55 modulation in leukocyte activation, plasma was collected and
analyzed for cytokines in WT mice. Analysis of plasma cytokine levels indicated that the
administration of LPS significantly increased (p < 0.05) the circulating levels of TNF, IL-
6 and IL-10 in comparison to the control group (Figure 25). The level of TNF was
significantly increased (p < 0.05) in all groups compared to the control group, and in
GPRS55 activation by LPI or O-1602 treatments compared to the LPS group (Figure 25).
The concentration of IL-6 remained at a similar level with GPR55 agonist treatments, and
decreased significantly (p < 0.05) with the antagonists, CID16020046 and O-1918
compared to LPS group (Figure 25). Furthermore, the level of IL-10 was significantly
decreased (p < 0.05) with CID16020046 treatment compared to LPS group (Figure 25).
The concentrations of IL-1B (Figure 25), IL-2, IL-4, IL-12 p70, IL-13, IL-17A, and IFN-y
were not significantly altered after induction of endotoxemia or administration of drug
treatments (Figure 26).

The levels of plasma adhesion molecules, P-selectin and ICAM-1, were also
measured. P-selectin level was significantly increased (p < 0.05) in the LPS group and
with LPI or O-1602 treatments compared to the control group (Figure 27). Moreover, the
levels of P-selectin were significantly increased (p < 0.05) with LPI or O-1602
treatments. However, the groups with GPR55 antagonists remained at a similar level with

the control group (Figure 27). The concentration of ICAM-1 was significantly increased
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(p < 0.05) with O-1602 treatment compared to control, and showed no significant

differences in all other groups (Figure 27).
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Figure 25: Levels of plasma cytokines in wild type mice (pg/mL). Bar graphs represent
the mean concentrations of TNF, IL-1p, IL-6 and IL-10. Results are represented as mean

+ SD (n = 5 per group). * p < 0.05 compared to the CON group. # p < 0.05 compared to
the LPS group.
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Figure 26: Levels of plasma cytokines in wild type mice (pg/mL). Bar graphs represent

the mean concentrations of I1L-2, IL-4, IL-12 p70, IL-13, IL-17A and IFN-y. Results are

represented as mean £+ SD (n = 5 per group).
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Figure 27: Levels of soluble adhesion molecules in wild type mice (pg/mL). Bar graphs

represent the mean concentrations of P-selectin and ICAM-1. Results are represented as

mean £ SD (n = 5 per group). * p < 0.05 compared to the CON group. # p < 0.05

compared to the LPS group.
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3.3 Bone Marrow Neutrophil Transmigration

Neutrophils are considered as vital first-to-arrive players in the host defense
against infection. Also, cell surface expression of both CB2R and GPR55 were detected
in neutrophils (Henstridge et al., 2011; Pertwee, 2006), and endocannabinoids are thought
to exert modulatory functions on leukocytes including neutrophils under the pro-
inflammatory phase of sepsis (from the previous results). Therefore, in order to delineate
whether there is a direct effect, and the stage of neutrophil activation cascade that is
possibly affected by CB2R or GPRS55 modulation, murine bone marrow derived
neutrophils were examined in transmigration assays.

An in vitro transmigration assay was performed using the Transwell system, in
which bone marrow neutrophils were placed on top of a 3 um pore-size membrane and
allowed to migrate toward fMLP in the bottom chamber, with or without CB2R or
GPRS55 modulation. The chemoattractant concentration in the bottom chamber was
chosen based on the dose dependent migration curve, at a concentration of moderate
migration to observe both increase and decrease in migration (Figure 28).

In the absence of a chemoattractant in the bottom of the transmigration chamber,
approximately 5% of neutrophils (out of total recovered) transmigrated through filters
(Figure 29). Neutrophil transmigration showed a marked increase from 5% to
approximately 60% with fMLP in the bottom chamber (Figure 29). However,
transmigration with CB2R activation, GPRS55 activation or inhibition was not
significantly changed when compared to the group that received fMLP alone (Figures 29

and 30).
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Figure 28: fMLP concentration dependent transmigration of murine neutrophils.
Transmigration filters (3 um pores) were coated with media supplemented with 5% FBS.
Bone marrow-derived WT mouse neutrophils (2 x 10°) were placed on top of the filters
with diluent or different concentrations of fMLP. After an incubation period of 1 hour, the
cells in top and bottom chambers were collected and reported as % migrated cells of total
cells recovered. All samples were run in duplicate and the results are represented as mean

+ SD from three independent experiments.
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Figure 29: Transmigration of murine neutrophils with CB2R activation. Transmigration
filters (3 um pores) were coated with media supplemented with 5% FBS. WT bone
marrow-derived mouse neutrophils (2 x 10°) with or without CB2R agonist (HU308; 1uM
or 10uM) were placed on top of the filters with saline or 10 nM fMLP. The agonist was
also added to the bottom chamber. After an incubation period of 1 hour, the numbers of
transmigrated cells in top and bottom chambers was determined. All samples were run in
triplicate and the results are represented as mean + SD from three independent

experiments.
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Figure 30: Transmigration of murine neutrophils with GPR55 modulation.
Transmigration filters (3 wm pores) were coated with media supplemented with 5% FBS.
Bone marrow-derived mouse neutrophils (2 x 10%) with or without GPR55 agonist (LPI;
1uM or 10uM) or GPRSS antagonist (CID16020046; 1uM or 10uM) were placed on top
of the filters with saline or 10 nM fMLP. After an incubation period of 1 hour, the
numbers of transmigrated cells in top and bottom chambers was determined. All samples
were run in triplicate and the results are represented as mean = SD from three

independent experiments.
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CHAPTER 4: DISCUSSION

4.1 Summary of Major Findings

Although there have been a variety of drugs investigated for effectiveness in
improving mortality in experimental sepsis, none has been effective in clinical trials. Still,
given that the majority of infection-related deaths in intensive care units are due to sepsis,
therapies targeting exaggerated inflammatory responses during sepsis are in high demand
(Vincent et al., 2009). The endocannabinoid system is up-regulated during sepsis and its
manipulation offers potential options to modulate the dysregulated immune response in
sepsis (Lehmann et al., 2012; Li et al., 2010; Varga et al., 1998; Zhou et al., 2011).

Previous studies in our lab have shown that in the context of model sepsis, CB2R
is anti-inflammatory upon activation (Lehmann et al., 2012; Sardinha et al., 2014; Toguri
et al., 2014). Administration of endocannabinoid degradation enzyme inhibitor, JZL.184,
was used to amplify endogenous CB2R activation, which resulted in reduced pro-
inflammatory responses during sepsis in WT mice. Therefore, JZL 184 was suggested as a
promising treatment for sepsis, which then required further studies to confirm its
beneficial effects (Figure 31 and Table 4).

In the current study, the first objective was to confirm that the effect of JZL184
was indeed CB2R-mediated by using CB2R KO mice. CB2R KO mice were subjected to
endotoxemia combined with administration of JZL.184. Despite the finding in WT mice,
there was a significant reduction in LPS-induced leukocyte-endothelial interaction in both
collecting venules and post-capillary venules with JZL.184 treatment in the absence of

CB2R. JZL184 administration significantly increased IL-10 and decreased P-selectin in
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plasma of septic CB2R KO mice. Administration of AM281, an antagonist to CBIR,
which is also activated by 2-AG, did not abolish the effects of JZL184 treatment. This
result indicates that CB1R is not responsible for JZL184-mediated anti-inflammatory
effect in experimental sepsis, suggesting an alternative target of 2-AG that is both CB1R
and CB2R-independent (Figure 31 and Table 4).

GPR55 is also activated by 2-AG and therefore another candidate for the JZL184-
induced effects on leukocyte activation in experimental sepsis. Since there was no clear
understanding of the role of GPRS5S5 in the inflammatory response, the effect of GPR55
modulation was examined in our experimental sepsis model. Interestingly, GPRS5S5
inhibition (CID16020046 or O-1918), but not activation (LPI or O-1602), significantly
reduced leukocyte activation within the intestinal microcirculation in acute endotoxemia.
Furthermore, administration of GPR5S5 antagonists reduced the circulating plasma level of
IL-6. On the other hand, we report increased TNF and soluble P-selectin levels with
GPRSS5 activation. Therefore, these findings indicate an anti-inflammatory effect of
GPRSS5 inhibition in experimental sepsis (Figure 31 and Table 4).

Lastly, the subset of leukocytes, which are the first to arrive in considerable
numbers to the site of inflammation, is neutrophils. Therefore, the consequence of CB2R
and GPR55 modulation in transmigration of neutrophils were examined in vitro. The
results demonstrated that within the doses examined, neither CB2R nor GPRS55
modulation affected transmigration of bone marrow neutrophils toward the chemotactic

peptide produced by bacteria, fMLP.
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Figure 31: Schematic model of CBI1R, CB2R and GPRS5S5 signaling pathways and 2-AG

degradation during inflammation.



Table 4: Summary of CB2R and GPR55 activities on modulation of leukocyte-endothelial

interaction.
Leukocyte-endothelial interactions
CB2R GPRS55
JZL184 v 7
Agonist v A
Antagonist A 7
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4.2 Acute Endotoxemia Experiments

Endotoxemia experiments utilizing LPS represent a prominent feature of sepsis
without live infections. LPS, an oligomer of lipid and carbohydrate that constitutes the
endotoxin of Gram-negative bacteria, substitutes for live bacteria. LPS-induced
endotoxemia is a simple and reproducible model of sepsis (Remick and Ward, 2005). It
represents a subset of inflammatory pathways activated exclusively by LPS, increasing
production of pro-inflammatory cytokines, TNF, IL-1p and IL-6 (Cheng et al., 2015;

Morris et al., 2015; Zhou et al., 2005).

4.2.1 Intravital Microscopy (CB2R KO Mice)

Leukocyte-endothelial interactions were observed using [IVM to examine events in
the intestinal microvasculature. This technique allowed us to gain live in vivo images of
blood vessels and the leukocytes to assess various elements of inflammation. It has been
reported using IVM that leukocytes are recruited to small venules during LPS-induced
endotoxemia in rats and mice (Kianian et al., 2014; Lehmann et al., 2012; Sardinha et al.,
2014; Zhou et al., 2011).

First, the anti-inflammatory effect of JZL184 in CB2R KO mice was further
examined in order to confirm previous findings. In this study, LPS challenge significantly
increased the number of leukocytes adhering to both V1 and V3 venules compared to the
control group with saline injection (Figures 10 and 11). Increased leukocyte adhesion to
the endothelial cells of the intestinal microcirculation has been well described in the
literature (Matsuda and Hattori, 2007; Salomao et al., 2012). This increase in leukocyte

adhesion upon activation by bacterial toxins has been determined to be an up-regulated
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expression of adhesion molecules by endothelial cells and leukocytes (Cinel and Opal,
2009; Haraldsen et al., 1996). Administration of JZL184 was successful in attenuating the
increase in leukocyte activation at the time of IVM (Figure 10 and 11). Endocannabinoid
upregulation only prevented leukocyte activation at a moderate level instead of a
complete reversal to a similar level of controls. However, a modest reduction of leukocyte
activation is favored since an adequate level of pro-inflammatory response protects the
patient from infection by promoting bacterial clearance while avoiding exaggerated
cytokine production and subsequent damage to the host. JZL184 was also studied in
inflammatory models such as inflammatory bowel disease, acute lung injury and hepatic
ischemia/reperfusion injury resulting in decreased levels of leukocyte infiltration, pro-
inflammatory mediators and tissue ischemia (Alhouayek et al., 2011; Cao et al., 2013;
Costola-de-Souza et al., 2013). It has been shown that CB2R activation with specific
cannabinoid ligands, JWH133 or O-1966 reduces leukocyte-endothelial interaction by
suppressing the activity of adhesion molecules (Cinel and Opal, 2009; Ramirez et al.,
2012). Furthermore, CB2R has higher affinity for 2-AG and was reported to have the
immunomodulatory effect due to high expression levels. In our experiments, induction of
endotoxemia with no CB2R present to exert an anti-inflammatory response and
administration of treatment compounds were evaluated. Although CB1R was not reported
to be deeply associated with the immune system (as much as CB2R), CBIR was
suspected for eliciting the anti-inflammatory effects upon activation by JZL184 due to co-
activation by 2-AG. If CBIR was indeed driving the anti-inflammatory response then
administration of CBIR antagonist, AM281, presumably would reverse the decreased

leukocyte activation. However, administration of AM281 prior to JZL 184 treatment did
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not change leukocyte adhesion significantly, suggesting an alternative receptor is acting
that is CB1R and CB2R independent.

Conversely, the number of rolling leukocytes was decreased with intravenous
administration of LPS compared to control group in V1 and V3 venules (Figures 12 and
13). This decrease in number of rolling leukocytes can be translated as an indication of
the activated immune system. The disseminated inflammatory response elicited by LPS
administration not only increases the circulating leukocytes, but also promotes activation
and adhesion of the circulating leukocytes (Birnbaum et al., 2008; Hayes et al., 2004).
Thus, excessive immune activation may result in a significant reduction in the number of
rolling leukocytes and a robust increase in the number of adherent leukocytes, as seen in
our results.

The decrease in FCD is another key feature of microcirculatory dysfunction
during sepsis. It is crucial that oxygen and nutrient exchange occurs readily in the
microcirculation to avoid tissue ischemia and organ damage. Therefore, functional
capillary density was measured as a readout of physiologic impairment of the vasculature,
both in muscular and mucosal layers of the small intestine. The FCD in controls and LPS-
administered animals did not significantly differ; however, there was a decreasing trend
(Figure 14 and 15). Also, the treatment groups with JZL184 or JZL184 with AM281 did
not result in significant differences from controls or the LPS group, and we speculate that
perhaps a longer time is required prior to observation for the drugs to show statistically
significant effects.

With regard to the anti-inflammatory effect via 2-AG that are independent of
CBIR and CB2R, there are suggestions that some cannabinoid agonists may be anti-

inflammatory in the absence of cannabinoid receptors, from studies using genetic
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knockout mice. This suggests that endocannabinoids can mediate their effects through
CBR-independent mechanisms (Braun et al., 2011; Rockwell et al., 2006; Schicho et al.,
2011). It has been reported that 2-AG can suppress activated leukocytes from releasing
cytokines such as IL-2 by a cannabinoid receptor independent pathway through
peroxisome proliferator-activated receptor y. Moreover, pharmacologic and genetic
blockade of CB1R and CB2R did not alter the anti-inflammatory effects of 2-AG,

indicating that alternative pathways become activated (Rockwell et al., 2006).

4.2.2 Intravital Microscopy (Wild type mice)

Using the endotoxemia model in WT mice, we revealed that GPR55 inhibition
alters leukocyte-endothelial interactions during systemic inflammation. Similar to
endotoxemia in CB2R KO animals, WT mice produced significant increases in leukocyte
adhesion concomitant with a decrease in leukocyte rolling in response to LPS. GPRS55
activation did not significantly impact leukocyte activation compared to the LPS group in
either V1 or V3 venules (Figures 19 and 20). Obviously the exaggerated leukocyte
activation already reached its maximum by the chosen LPS dose (Figure 19 and 20). It
could be further examined with lower doses of LPS, whether GPR55 activation is indeed
pro-inflammatory and can modulate leukocyte activation. The most notable finding of the
current research was that GPRSS5 antagonism is as effective as CB2R agonism in reducing
leukocyte adhesion in endotoxemic mice (Figures 19, 20, 21 and 22). This action of
GPR55 was mediated independent of CBIR and CB2R as confirmed by highly specific

GPRS55 antagonist, CID16020046.
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The detrimental effect of GPRSS5 activation was observed as significantly lowered
FCD in intestinal muscle and mucosa layers but not in leukocyte activity. However, it
appears that GPRS55 inhibition did not improve FCD (Figures 23 and 24). It is not
completely understood how GPRS55 modulation affects intestinal FCD. It is speculated
that the decreased capillary perfusion in our endotoxemia experiments may be not only
due to increased leukocyte activation but also related to decreased blood pressure and
impaired red blood cell deformability (De Backer et al., 2014, 2011; Ince, 2005).

The exact pharmacology and mechanism by which GPR55 mediates an immune
modulatory effect is still controversial in the literature. LPI is reported to activate GPRS55
and GPR119 (Henstridge et al., 2010; Offertéler et al., 2003; Oka et al., 2007; Soga et al.,
2005), and O-1602 activates both GPR55 and GPR18 (McHugh et al., 2012). Thus, the
effect of LPI and O-1602 could be an additive effect by overlapping activation of non-
GPRSS5 receptors and possibility through other off-target effects. It is especially difficult
to identify the exact molecular mechanism of GPRS55 modulation due to its biased
pharmacology with ligand-specific and concentration-specific downstream signaling
(Zeng et al., 2015). Both agonism and antagonism of GPR55 were reported from the use
of different assays and cell systems (Pertwee et al., 2010). For instance, one study
reported that GPRS5 activation with O-1602 was protective against intestinal
inflammation, and a second study reported that GPRS5 inhibition with CIC16020046 was
beneficial (Schicho et al., 2011; Stanci¢ et al., 2015). Moreover, GPR5S5 can interact with
the classical cannabinoid receptors via receptor coupling and heteroreceptor complex
formation with CB1R and CB2R to elicit different signaling pathways and modulate
CBR-regulated responses (Balenga et al., 2014; Henstridge et al., 2010; Kargl et al., 2012;

Moreno et al., 2014; Yang et al., 2015). Additional studies are necessary in order to have

86



a clearer understanding of GPR55 pharmacology. Nevertheless, the results from the
current study highlight the effectiveness of GPRS55 inhibition and involvement in the anti-
inflammatory response, and the therapeutic potential of GPRS55 in inflammation and

sepsis.

4.2.3 Plasma Cytokine Measurements

One hallmark of sepsis is an overwhelming production of pro-inflammatory
cytokines such as TNF, IL-1p, and IL-6 (Cinel and Opal, 2009; Lerman et al., 2015; Yao
et al., 2015). TNF is a key player in the progression of inflammation from multiple causes
and induces the production of other pro-inflammatory cytokines. Excessive production of
pro-inflammatory cytokines in acute endotoxemia has been previously reported, and TNF
would peak within one to two hours-post LPS challenge (Angele and Chaudry, 2005;
Lehmann et al., 1999). Therefore, treatments attenuating release of TNF have therapeutic
potential (Clark, 2007; Lorente and Marshall, 2005). The results from the endotoxemia
experiments in both CB2R KO and WT mice showed significant increases in circulating
levels of TNF, IL-6 and IL-10 post LPS challenge, which represents characteristic
concurrent pro- and anti-inflammatory response in sepsis (Figures 16, 18, 25 and 27).

From the literature and previous studies in our lab, a reduction in plasma levels of
TNF and IL-6 by CB2R activation was observed during inflammation (Alhouayek et al.,
2011; Cao et al., 2013). However, JZL184 treatment with or without AM281 in CB2R
KO mice did not alter the levels of TNF and IL-6 compared to the LPS alone group,
which presumably is due to the lack of CB2R (Figure 16). On the other hand, GPR55

activation with LPI and O-1602 significantly increased plasma levels of TNF, indicating
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its pro-inflammatory role, whereas a significant reduction of IL-6 was observed with
GPRS55 antagonists (Figure 25). In the literature, activation of GPRS55 is suspected to
produce pro-inflammatory cytokines at the expense of anti-inflammatory cytokines
(Lanuti et al., 2015). Inhibition of GPR55 has been also reported to result in lower
increases of TNF and IL-6 during experimental models of intestinal inflammation, which
is in agreement with our results (Stanci¢ et al., 2015).

IL-1B is another important mediator of inflammation which is released by
monocytes, macrophages, and intestinal epithelial cells, among other cell types
(Haraldsen et al., 1996; Stadnyk, 2002; Toguri et al., 2014). Both CB2R KO and WT
mice showed an increasing trend of IL-1B though levels did not reach statistical
significance. With JZL184 treatment and GPRS5S5 treatments, there was no significant
change in IL-1 levels in our results (Figures 16 and 25). Similar to our findings, there are
studies also showing inconsistent results in levels of IL-1B changes. In some studies, it
was shown that activation of CB2R or inhibition of GPR 55 reduces the production of IL-
1B (Cao et al., 2013; Stanci¢ et al., 2015), while others report no impact on IL-1f levels
(D1 Filippo et al., 2004; Greineisen and Turner, 2010). It seems that changes in IL-1 are
highly context dependent.

IL-10 is a potent anti-inflammatory cytokine released by cells such as monocytes,
lymphocytes and endothelial cells, aiding in limiting and the resolution of inflammation
(Oberholzer et al., 2002). IL-10 was shown to impede the release of pro-inflammatory
cytokines and improve experimental outcome in sepsis models (Gérard et al., 1993;
Howard et al., 1993). In this study, it was observed that using JZL184 resulted in
increased IL-10 levels, presumably thereby having anti-inflammatory effects (Figure 16).

On the other hand, using CID16020046 resulted in a significantly lower level of IL-10
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while O-1918 showed minimal effects, suggesting that the anti-inflammatory effect of
GPRS55 antagonism is via an IL-10-independent mechanism (Figure 25).

P-selectin and ICAM-1 are adhesion molecules highly expressed by leukocytes
and endothelial cells, which plays an important role in leukocyte recruitment and
activation during inflammatory diseases such as sepsis (Liu and Kubes, 2003;
Osuchowski et al., 2012). In the absence of CB2R, mice had high baseline levels of both
P-selectin and ICAM-1 compared to WT animals (Figures 18 and 27). Since CB2R is
anti-inflammatory, absence of the receptor might have contributed to a pro-inflammatory
state, which was our observation. A significant reduction in P-selectin was observed only
with JZL184 treatment in CB2R KO mice, suggesting another mechanism of 2-AG
induced anti-inflammation in the absence of CB2R. It has been shown by others that
GPR55 activation promotes migration and adhesion of cancer cells (Andradas et al.,
2016; Kargl et al., 2016). For example, colon cancer cells showed a significant decrease
in adhesion to endothelial cells after GPR55 inhibition with CID16020046 (Kargl et al.,
2016). In agreement with other’s published results, soluble P-selectin levels significantly
increased with GPRS5 agonists in comparison to endotoxemic animals with no treatment
(Figure 27). Furthermore, administration of GPRS55 antagonists showed a trend of
reduction of P-selectin. The levels of ICAM-1 in both CB2R KO and WT mice were not
significantly changed, albeit with an increasing trend with LPS administration (Figure 18
and 27). These results suggest that CB2R and GPRS55 modulation is predominantly at the
level of selectins. However, the levels of circulating (shed) adhesion molecules in the
plasma are most likely not a direct proportion of the expression on leukocytes and
endothelial cells. Furthermore, the pathological significance and the role of soluble

adhesion molecules in leukocyte adhesion are not yet clarified. Thus, investigation on the
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levels of adhesion molecules on endothelial cells is necessary in order to determine the
relativity of the levels of soluble adhesion molecules to the expression on endothelium.
Overall, CB2R KO mice typically had higher cytokine levels compared to WT
mice. However, we cannot exclude underlying compensatory mechanisms activated in
CB2R KO mice. Moreover, the pro-inflammatory cytokines, such as TNF, IL-6 and IL-
1B, are produced at the early phase of inflammation. It is possible that cytokine levels
peaked early and are decreasing or have plateaued at the time of plasma collection,
resulting in insignificant differences. Noteworthy, the receptors for these cytokines are all
cleaved at the extracellular domain and circulate at concentrations that may antagonize
the cytokine (Burkovskiy et al., 2013; Cortez-Cooper et al., 2013). Therefore, readout of
the circulating concentrations of soluble receptor subunits for TNF, IL-6 and IL-1p could
potentially serve as indicators of inflammation. Although the current findings were
preliminary, cytokine profiling provided us with some insight into the impact of CB2R

and GPR55 modulation on the acute inflammation in experimental sepsis.

4.3 Bone Marrow Neutrophil Transmigration Experiments

Polymorphonuclear neutrophils are the first-line defense of the innate leukocytes
and are activated by microbes or microbial toxins. Neutrophils circulate within the blood,
sensing inflammatory mediators along the endothelial linings for activation (Leoni et al.,
2015; Sundd et al., 2013). In our experimental sepsis model using i.v. endotoxin, we were
able to study the first stages of leukocyte-endothelial interactions (rolling, adhesion) in

vivo. However, migration of leukocytes into the tissue is not usually observed in systemic
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endotoxemia. Therefore, to study the impact of CB2R and GPR55 modulation on
transmigration of neutrophils we performed in vitro experiments using the bacteria-
derived chemoattractant fMLP.

When neutrophils are activated by chemoattractants such as fMLP, they undergo
morphological changes from spherical to a polarized elongated shape, degranulate,
upregulate the number and affinity of adhesion molecules in the cell membrane and
migrate into the positive gradient of chemoattractant, presumably toward the site of
infection. There is evidence for CB2R modulation of neutrophil chemotaxis: treatment
with the selective CB2R agonist JWH-015 and 2-AG inhibited neutrophil migration
toward fMLP (Kurihara et al., 2006; Miller and Stella, 2008). Neutrophils treated with
these drugs showed morphological changes and motility but lacked front and rear polarity
(Kurihara et al., 2006). In addition, CB2R activation by WIN55,212-2 inhibited TNF-
induced neutrophil transmigration, confirming the anti-inflammatory effects of activation
of CB2R (Nilsson et al., 2006). GPRS55 has produced conflicting results with regard to
effects on neutrophil migration. In one study, the GPRS55 agonist O-1602 inhibited
neutrophil recruitment, and in a second study, GPRS55 activation by LPI augmented
neutrophil migration synergistically with CB2R activation, while preventing neutrophil
degranulation and ROS production (Balenga et al., 2011; Schicho et al., 2011), so more
selective effects on the neutrophil state of activation.

In our assay, no effect on neutrophil transmigration across bare filters was
observed in comparison to fMLP with either CB2R activation or GPR55 modulation
(Figures 29 and 30). Certainly, these findings are based on a reductionist model of
transmigration. Further refinement of the transmigration apparatus including neutrophil

priming with LPS and migration across an endothelial monolayer would enhance the
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applicability of the experimental results to the in vivo situation. This is especially true
when neutrophil transendothelial migration is Mac-1 (CD11b/CD18) dependent while
transmigration across acellular filters is independent of Mac-1 (Carrigan et al., 2007;
Zhou et al., 2005). In one report, neutrophil transmigration was unaffected by leukocyte
adhesion deficiency or the lack of Mac-1, which implies that neutrophil transmigration to
chemoattractants is dependent on the affinity and not the increase in the expression of
Mac-1 (Malawista et al., 2000). Therefore, additional studies focused on the effects of the
endocannabinoid system of adhesion molecule properties remain to be done before
excluding the potential of CB2R and GPR55 modulation as a means of reducing

inflammation.

4.4 Final Thoughts: Limitations of the Experimental Models and Future Directions

This thesis is based on the work utilizing young (6-8 weeks old), male C57BL/6
mice. Mice are the most frequently used animal models in early-stage preclinical studies
(Angus et al., 2001). However, there are a number of limitations with use of the mice in
comparison with human physiology and the epidemiology of sepsis. First of all, severe
sepsis cases are more frequent in females over 60-years-old. The physiology and immune
response differs not only by sex, but also weakens with age. With the use of young male
mice in our research, one can argue that it does not reflect the clinically relevant
epidemiology as well as pathophysiology of human sepsis (Poli-de-Figueiredo et al.,
2008). It is difficult to collect important data on vital parameters of the mice such as

blood pressure and cardiac output due to their small size. Also compared to humans,
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rodents are highly resistant to endotoxin, have smaller volume of blood and different
hemodynamics (Dyson and Singer, 2009; Michie, 1998).

Despite the limitations of murine models of sepsis, there are a number of benefits
associated with murine models. They are small and relatively inexpensive and therefore
can be used in studies that require a large numbers of animals for statistical power. Also,
the manipulation and genetics of mice are quite well exploited, and specific gene deficient
or transgenic strains are readily available. Moreover, the variety of reagents available for
immunologic studies of rodents are beyond that of any other animal models (Nemzek et
al., 2008).

Secondly, the current study was limited to LPS-induced endotoxemia as a
representation of acute sepsis. Endotoxemia is a popular method because of the
convenience and reproducible results (Buras et al., 2005; Fink and Heard, 1990).
Endotoxemia also carries fewer concerns with cost and animal welfare due to minimal
invasiveness. However, LPS administration is limited to activation of a fragment of sepsis
pathophysiology such as the TLR4 pathway. Also, administration of high doses of LPS to
endotoxin-resistant animals has toxic effects that are not seen when low doses are
administered to endotoxin-sensitive species, such as humans (Copeland et al., 2005; Piper
et al., 1996). Furthermore, a characteristic of endotoxemia is the extremely rapid
production of inflammatory cytokines and disease progression compared to human sepsis.
Therefore, administration of LPS does not accurately replicate all of the features of
human sepsis. Due to the aforementioned reasons, endotoxemia can be accompanied with
a surgical, clinically relevant polymicrobial model of sepsis. One such model is Colon
Ascendens Stent Peritonitis (CASP) or Cecal Ligation and Puncture. Effective treatments

identified in the endotoxemia models can confirm their efficacy with live bacterial
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infection. Thus, selected effective treatments such as CID16020046 and O-1918 should
be tested in polymicrobial sepsis in the future studies.

The length of endotoxemia, the effect of drug vehicle, the dose and timing of
drugs administered are important in the development of sepsis treatment. In previous
studies, the vehicle excipients used to dissolve pharmacologic agents at the concentration
used in the current study have been determined ineffective on leukocyte activity
(Sardinha et al., 2014; Toguri et al., 2014). In this study, single doses of drugs were
administered at 15 minutes post LPS challenge. Although the doses were selected based
on pilot studies and literature, addition of experimental groups of lower or higher doses of
the treatments, or combination of effective treatments could be explored to identify
maximized immune modulation. Further studies should be done in the focus of
investigating various time points of drug administration, preferably with survival data, in
order to pinpoint the optimal treatment window for CB2R and GPRS55 modulation in
sepsis. Furthermore, some of the agonists and antagonists used have reported off-targets
although at lower affinity. LPI is reported to also be an agonist for GPR119, and O-1602
is known to activate GPR18, though neither receptor is well characterized with regards to
inflammation (McHugh et al., 2012; Soga et al., 2005). Also, the GPR55 antagonist, O-
1918, is known to inhibit GPR18 (Offertaler et al., 2003). Therefore, the possibility
remains that there are confounding direct and indirect effects on inflammation due to
these drugs acting on other receptors.

Additionally, in order to further clarify the alternative pathways eliciting the anti-
inflammatory effect in CB2R KO mice, CB1R and CB2R double KO mice can be used to

confirm our data. Also, GPR55 KO mice can be subjected to sepsis survival studies to
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determine whether GPRS55 is a critical regulator of the inflammatory response to sepsis
and to confirm their novelty and therapeutic potential.

Lastly, intravital microscopy is an effective method for visualizing leukocyte-
endothelial interaction in vivo. However, the fluorescent labelling with Rhodamine-6G
does not permit leukocyte-type specific observations, nor observations of platelets. There
are alternate approaches to studying single leukocyte-type interactions and our results are
strong enough to recommend undertaking that effort, particularly for studying neutrophils.
For example, adoptive transfer of labeled cells is one method to study a subtype of

leukocyte using IVM.

4.5 Clinical Implications

Specific and effective treatments for sepsis and septic shock are currently lacking,
especially related to resolving whole body hyper- or hypo-inflammation with specific
inflammatory mediators as targets. In recent clinical trials, therapies targeting pro-
inflammatory cytokines such as TNF and IL-1 have failed to increase patient survival,
and patient outcomes have only slightly improved. Considering prior evidence for anti-
inflammatory effects of CB2R activation and GPRS55 inhibition and now the evidence in
the current research, the prospects are favorable for further investigation of CB2R
activation and GPRS5S5 inhibition as a treatment for patients diagnosed with sepsis in their
pro-inflammatory phase. We have shown here that by inducing endotoxemia with LPS
and then targeting CB2R and GPRS55 using receptor specific drugs can be beneficial in

inflamed intestinal microcirculation. Although various titrations of timing and doses of
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treatment need to be examined, CB2R and GPR55 modulation was effective in at least
dampening hyper-activation of leukocytes within 2 hours, which could be enough time
for other treatments to have an effect and extend survival of the patient. Several
treatments will likely be necessary in humans in the event of complex disease such as
sepsis, and here, we have identified possible immunomodulatory treatments that can be

applied in addition to current treatment regimen such as fluid resuscitation and antibiotics.

4.6 Conclusion

The present study investigated the effects of CB2R and GPR55 modulation with
various pharmacological agents and genetically modified animals in an acute model of
sepsis. The results obtained from this study showed that 2-AG up-regulation and GPR55
inhibition decreases leukocyte activation measured by interaction between leukocytes and
endothelium in the intestinal microcirculation elicited by LPS administration. In the
absence of CB2R, 2-AG up-regulation (by JZL184) exerted an anti-inflammatory effect
associated with increased plasma levels of IL-10 and reduced P-selectin, whereas GPR55
antagonism showed an anti-inflammatory effect associated with reduced IL-6 in septic
WT mice. We speculate that CB2R activation and GPRS5 inhibition may significantly
attenuate the hyper-inflammatory response of sepsis and therefore possibly improve

patient outcomes, and even reduce mortality.
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