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Summary

Endocannabinoids, such as anandamide and 2-arachidonoylglycerol (2-AG), are
thought to play an important role in intestinal inflammation. They exert their actions
via cannabinoid receptors 1 and 2 (CB1 and CB2) and probably via G protein-
coupled receptor 55 (GPR55), which are part of the endocannabinoid system.
Monoacylglycerol lipase (MAGL) is also part of the endocannabinoid system and is
the key enzyme responsible for degrading 2-AG and is expressed not only in the

brain, but also throughout the digestive tract.

GPRS55 is an atypical cannabinoid receptor and has been shown to be implicated
in several pathophysiologic functions. However, its main agonist is the
phospholipid lysophosphatidylinositol (LPI), which is not a cannabinoid, but some
endocannabinoids were shown to exert their actions also via the GPR55 receptor.
GPR557~ knockout mice have no evident phenotype but inhibition of GPR55 is

thought to be protective in models of neuroinflammation.

Here, | investigated the effects of the MAGL inhibitor (JZL184) as well as a GPR55
antagonist (CID16020046) in mouse models of experimental colitis and colitis-

associated cancer. In addition, | used MAGL™~ and GPR557~ knockout mice.

The GPR55 antagonist was able to reduce the severity of dextrane sulphate
sodium (DSS) and 2,4,6-trinitrobenzenesulfonic acid (TNBS) induced colitis, as
well as to reduce leukocyte recruitment into the lamina propria of the colon.
GPR557 mice were also protected from severe intestinal inflammation. Cytokine
expression was reduced in the selective GPR55 antagonist treated group.
Incubation of mouse macrophage cell line J774.1 with the GPR55 antagonist
decreased Cb5a-induced migration and CD11b expression. Chemotaxis of human

neutrophils was also inhibited by GPR55 antagonist treatment.

The MAGL inhibitor JZL184 decreased the extent of inflammation in the DSS-
induced colitis at a high dose of 32mg/kg, as well as it reduced total tumor area in
a model of colitis-driven colon cancer at a low dose. MAGL"- mice had significantly

less tumors and less severe intestinal inflammation compared to wild-type mice.



Unlike the cannabinoid receptors, GPR55 plays a proinflammatory role in
experimental colitis, and genetic and pharmacological inhibition of MAGL improved

the course of the colitis and may therefore represent interesting therapeutic targets

for inflammatory bowel diseases.



Zusammenfassung

Endocannabinoide, wie z. B. Anandamid und 2-Arachidonylglycerol (2-AG),
spielen eine wichtige Rolle bei der Darmentzindung. Sie wirken Uber
Cannabinoid- (CB1 und CB2) und GPRS55-Rezeptoren, die Teil des
Endocannabinoid-Systems  sind.  Monoacylglycerol Lipase (MAGL) das
Schlisselenzym fir den Abbau von 2-AG ist im Gehirn, und auch in dem

gesamten Verdauungstrakt exprimiert.

GPR55 ist ein atypischer Cannabinoid-Rezeptor, der mit einigen
pathophysiologischen Funktionen in Verbindung gebracht wird. Sein Agonist ist
das Phospholipid Lysophosphatidylinositol (LPI1), das selbst kein Cannabinoid ist.
Dennoch wirken einige Cannabinoide auch iber den GPR55-Rezeptor. GPR557
knockout Mause haben keinen offensichtlichen Phanotyp, aber in Modellen wurde
gezeigt, dass die Inhibierung von GPR55 einen gewissen Schutz vor

neuropathischen und entziindungsbedingten Schmerzen bewirkt.

In meiner Doktorarbeit untersuchte ich die Auswirkungen des MAGL Inhibitors
JZL184 sowie des GPRS55-Antagonisten CID16020046 in Modellen von

experimenteller Kolitis und Kolitis-assoziiertem Krebs in Mausen.

Der GPR55-Antagonist konnte das Ausmall der chemisch-induzierten
experimentellen Kolitis verringern, sowie auch die Leukozytenrekrutierung in die
Lamina propria des Kolons verringern. GPR557 knockout Mause waren vor einer
schweren Darmentzindung geschutzt. Die Zytokin-Expression war in der mit dem
selektiven GPR55 Antagonisten behandelten Gruppe reduziert. Die Inkubation der
Maus-Makrophagen-Zelllinie J774.1 mit dem GPRS55-Antagonist verringerte C5a-
induzierte Migration und die CD11b-Expression. Die Chemotaxis von humanen

Neutrophilen wurde durch den GPR55-Antagonisten gehemmit.

Der selektive Inhibitor von MAGL, JZL184, verringerte das Ausmal} der
Entzindung in der experimentellen Kolitis, sowie auch die Gesamtflache der
Tumore in einem Modell von Kolitis-induziertem Darmkrebs. MAGL - knockout



Mause hatten signifikant weniger Tumore und weniger schwere Darmentzindung

im Vergleich zu Wildtyp-Mausen.

Im Gegensatz zu den Cannabinoidrezeptoren spielt GPR55 eine
proinflammatorische Rolle in der experimentellen Kolitis. Genetische und
pharmakologische Hemmung der MAGL verbessert den Verlauf der Erkrankung.
Somit stellen diese Bestandteile des Endocannabinoid-Systems interessante

therapeutische Ziele fur entziindliche Darmerkrankungen da.
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1. Introduction

1.1. Role of endocannabinoid system in inflammation and colon cancer

Cannabis has been traditionally used to alleviate symptoms in a variety of
diseases and in many inflammatory conditions, such as neuroinflammation and
gastrointestinal diseases. How cannabinoids may provide a benefit to people with
intestinal inflammation, such as inflammatory bowel disease and neoplasm of the
bowel is largely unknown. My thesis, therefore, focused on the role of the
endocannabinoid system, specifically on two of its components, i.e. GPR55 and 2-
AG, in the pathophysiology of inflammatory bowel disease and colitis-associated

colon cancer.

1.2. Inflammatory bowel disease

Inflammatory bowel disease (IBD) in humans is a chronic relapsing and remitting
inflammatory condition of the gastrointestinal tract without yet known origin of the
disease (1,2). Two major forms of IBD are Crohn’s disease (CD) and ulcerative

colitis (UC) with an incidence of 0,15-0,2% of the western population (3).

Crohn’s disease affects the whole alimentary tract, but most frequently the
transmural granulomatous inflammation occurs in the terminal ileum and
ascending colon (4). Since all layers of the digestive tract may be affected,
fissures and fistula occur as a severe complication (5). The main characteristic of
UC is, distinct to the pathophysiology of CD, a superficial inflammation of the
mucosa causing disruption of crypt morphology and depletion of goblet cells which
leads to ulcers (6). The disease is prevalently centered in the rectum and colon

(4). Crohn’s disease is associated with a Th1-cell-mediated immune response
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induced by interleukin-12 (IL-12), tumor necrosis factor a (TNF-a), interferon a
(IFN-a) and possibly interleukin-23 (IL-23). UC is characterized with a Th2 type T-
cell-mediated response, mediated by interleukin-13 (IL-13) secreted by natural
Killer T (NKT) cells (4,7).

A mutual role of genetic and environmental factors has been suggested to be the
cause of IBD diseases (8,9). Up to 40% of first grade relatives might also develop
IBD throughout life (10). Environmental factors that might have an implication on
the development of IBD include childhood infections, oral contraceptives, diet,
hygiene, education, occupation, pollution, appendectomy, tonsillectomy, contact
with animals and physical activity (10). Various studies have suggested a
dysregulated, excessive and prolonged mucosal response to unknown antigens
present in the normal bacterial microflora (4,8,11,12) . This dysregulated response
might have its cause in genetic factors, which in turn are activated by
environmental factors. Some of these environmental factors might be those that
influence the composition of the bacterial microflora of the gut itself (8). In addition,
an imbalance between proinflammatory (TNF-aq, interferon-y (IFN-y), IL-1, IL-6, IL-
12) and antiinflammatory (IL-4, IL-10, IL-11) mediators (e.g. cytokines) has been
suggested to play an important role in the development of UC and CD (13).

Up to date, the main therapy of IBD is based on symptom-relieving treatments by
using aminosalicylates (5-amino salicylic acid derivatives) and glucocorticoids.
Other treatment possibilities include the use of immunosuppressive drugs such as
azathioprine, 6-mercaptopurine, methotrexate and cyclosporine. However, use of
all those medications is accompanied by serious side effects, like acute
pancreatitis, abdominal pain, diarrhea, nausea and headache after 5-amino
salicylic acid-based agents or Cushing’s syndrome after glucocorticoid treatment
(14). Because of the traditional knowledge that Cannabis may ameliorate
symptoms of IBD and because of a recent trial which showed that Cannabis
consumption may be helpful in alleviating abdominal pain, loss of appetite, nausea

and diarrhea via cannabinoid and possibly other receptors, cannabinoids and
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drugs that modulate the endocannabinoid system might be an interesting possible

target for treating inflammatory bowel diseases (15-17).

1.3. Inflammation and colon cancer

Patients with IBD have a significantly higher risk of developing colorectal cancer
than people with no IBD. Almost 50% of people with colitis-associated colorectal
cancer (CAC) will die within 30 years of disease onset (18). With about 5% of the
adult population being affected with CAC, it is one of the very common fatal
malignancies worldwide. During permanent colonic inflammation, reactive oxygen
and nitrogen species are produced that cause DNA damage and possibly alter cell
proliferation and survival, which then promotes oncogenesis (19). Interestingly,
chronic inflammation is being suggested as a tumor promoter rather than a tumor
initiator (20). It is suggested that immune cells that infiltrate preneoplastic lesions
and/or tumors produce cytokines and chemokines that, next to a localized
inflammatory response, boost the growth and survival of premalignant cells, as for
instance by activating nuclear factor kappa-light-chain-enhancer of activated B
cells (NFkB) (19). Colorectal cancer (CRC) and colitis-associated colorectal
cancer (CAC) have the main and essential stages of cancer development in
common (18). However, injury-dysplasia (develops without formation of a well-
defined adenoma) and chronic inflammation is characteristic only of CAC. Proteins
such as [-catenin, K-ras, p53, transforming growth factor B (TGFB) are
upregulated in both colorectal cancer forms (21). Interestingly, inflammation
without repeating cycles of injury and repair is not enough for tumor development
(18).

1.4. Cannabinoids and colon cancer

Cannabinoids were successfully used for centuries as a treatment against pain,

depression, lack of appetite and inflammation as well as a relief for cancer patients
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by alleviating nausea and vomiting caused by chemotherapy (22). Today,
cannabinoid receptor agonists are used for the treatment of anorexia, pain,
spasticity and emesis (23). The first indication that cannabinoids possibly have
antitumorigenic effects was in 1975, when the growth of Lewis lung
adenocarcinoma was inhibited after A°-tetrahydrocannabinol (A%-THC) and
cannabinol treatment in vitro, as well as after oral administration to the mice. In
following studies, antiproliferative, antimetastatic, antiangiogenic and proapoptotic
effects of cannabinoids were shown (24,25). These observations on effects of
cannabinoids (endogenous, plant-derived and synthetic analogues) were studied
both in vitro and in vivo in various cancer types, for instance prostate, breast,

pancreas, skin, lymphoma, thyroid, and lung cancer (22,26).

1.5. The endocannabinoid system and its components

The endocannabinoid system (EC) is defined as a system consisting of two G-
protein-coupled receptors (GPCRs), called cannabinoid receptors 1 and 2 (CB1
and CB2); two representative endogenous lipid ligands, N-
arachidonoylethanolamine (anandamide) and 2-arachidonoylglycerol (2-AG); as
well as the endocannabinoid biosynthetic (N-acyl phosphatidylethanolamine
phospholipase D (NAPE-PLD) and diacylglycerol lipase (DAGL)) and catabolic
enzymes (MAGL and FAAH) (27-29). GPRS55 and transient receptor potential
cation channel subfamily V. -member 1 (TRPV1), two receptors responsive to
endocannabinoids, can be considered part of an extended EC (16) (Figure 1). The
EC system is involved in the pathophysiology of several diseases such as obesity,
osteoporosis, neuropathic and inflammatory pain, cardiovascular disorders and

liver disease (30).
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Figure 1

The endocannabinoid system. Synthesis of endocannabinoids involves several steps using
membrane phospholipids as substrates. NAPE-PLD and lyso-PLD catalyze the final reaction in the
production of anandamide. DAG lipase uses diacylglycerols as substrates to produce 2-AG. After
diffusion into the extracellular space, anandamide and 2-AG bind to CB1 and CB2, to TRPV1 and
to a potentially novel CB receptor, such as GPR55. Their action is terminated by cellular reuptake
via the endocannabinoid membrane transporter (EMT) or by passive diffusion. Anandamide is
subsequently degraded by fatty acid amide hydrolase and 2-AG by monoacylglycerol-lipase and
FAAH, respectively. Picture taken from (31).

CB1 receptors are expressed mainly in the brain, but also in other tissues, as for
instance spleen, testis, adipose tissue and the gastrointestinal tract, whilst the
highest density of CB2 receptors is mainly found in cells and organs of the
immune system (22,32). The density of CB1 receptor expression in the brain is up
to 50-fold higher than of other GPCRs, such as dopamine and opioid receptors.
This makes it the most abundant GPCR in the brain (29). However, both

cannabinoid receptors are also expressed in the enteric nervous system,
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particularly on nerve fibers and terminals of cholinergic enteric neurons (24,33). In
experiments with intestines from mice, rats and guinea pigs, cannabinoids reduced
electrically-induced contractions of the colon mainly via CB1 receptor activation,
indicating a possibility for cannabinoids to reduce hypermotility of an inflamed
colon (24,34). Activation of the CB1 receptor increases food intake, inhibits
vomiting and gastric fundus contractions, as well as contractions of the ileum and
colon, and slows down the colonic transit (31). The inverse agonist of the CB1
receptor, rimonabant, was clinically introduced as an effective weight loss agent
(Acomplia®), but was withdrawn in October 2008 from the European market
because of its side effects like increased depression (35). In several models of
neuropathic pain and inflammation, cannabinoid receptor agonists exert

antinociceptive and antiinflammatory actions (23).

CB1 activation stimulates cellular signal transduction via Gio, but CB2 couples
strongly to Gi. CB receptor activation causes inhibition of adenylate cyclase, and
activation of the mitogen-activated protein kinases (MAPKs) and phosphoinositide
3-kinase (PI3K) thereby regulating many complex signaling pathways that for
instance influence cell death (apoptosis) and cell proliferation (36,37). Several
human colorectal cancer cell lines undergo apoptosis after treatment with
cannabinoids that act via CB1 receptors (38,39). CB1 receptors can also modulate
ion channels, thus inhibiting N-, and P/R-type calcium channels, stimulating
inwardly rectifying potassium channels and enhancing the activation of A-type

potassium channels (40,41).

1.6. The atypical cannabinoid receptor GPR55

In many studies, various effects of exogenous and endogenous cannabinoids
could not be explained by activation of CB1 or CB2 (42). Therefore, it has been
suggested that GPR55, which is responsive to certain cannabinoids, might
represent another cannabinoid receptor. But so far, this theory could not be proven
(43,44) since the only true endogenous ligand for GPRS5 is the phospholipid L-a-
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lysophosphatidylinositol (LPI), and the only cannabinoids that exert real affinity
towards the GPR55 are synthetic (61,62). GPR55 was the first time isolated and
cloned in 1999 (45). It is a phospholipid receptor that is expressed in the bone
marrow, spleen, immune cells, endothelial cells, central nervous system,
vasculature, placenta and throughout the intestine (duodenum, jejunum, ileum and
colon) and is also found in cancer tissues and cancer cell lines (29,45-47) (Figure
2). Particularly for the gastrointestinal tract, it was shown that GPR55 was
expressed in mucosal scrapings and in longitudinal-myenteric plexus preparations
(48).
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Figure 2

GPR55 is widely expressed in various organs as well as in the immune system, and also has an

important role in carcinogenesis. Picture taken from (46).
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GPR55 has a 13% homology with the CB1 receptor and 14% with the CB2
receptor (45). The biggest similarity GPR55 has with other receptors is the
purinergic receptor P2Y5 (44). In contrast to CB1 and CB2 receptors, GPR55
signals through Ga1213 G protein and not through Gio (49). GPR55 initiates
excitatory effects, whilst CB1 and CB2 initiate more inhibitory effects (48).
Activation of GPRS55 results in ERK phosphorylation and an increase in
intracellular Ca?* (Figure 3) (30,50). It has also been shown that upon GPR55
activation, nuclear factor of activated T-cells (NFAT), nuclear factor k-light chain-
enhancer of activated B cells (NFkB), and MAP kinases (p38 and ERK 1/2 MAPK)
are activated (51,52). Due to the fact that LPI alone is able to significantly activate
ERK1/2, but endocannabinoids (anandamide and 2-AG) caused little or no
response, it has been suggested that cannabinoids and LPI display functional
selectivity (42). GPR55 does not possess the typical “cannabinoid binding
pocket”, but has a rather deep, vertical and highly hydrophilic binding pocket in its
active conformation, and in addition a longer third extracellular loop (53). Recently,
it was shown that herbal cannabinoids like A°-tetrahydrocannabivarin,
cannabidivarin, and cannabigerovarin were able to non-competitively inhibit the
actions of LPI on GPR55 (54). Since those cannabinoids acted as agonists when
applied alone, it was suggested that GPR55 possesses an orthosteric and an

allosteric binding site (50) (Figure 4).
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Figure 3

Downstream signaling pathways of GPR55 activation by LPI in human embryonic kidney (HEK293)
cell overexpressing GPR55. Activation of Ga13 triggers Ras homologue gene family member A
(RhoA)-dependent release of oscillatory calcium from the endoplasmic reticulum (ER), which then
further results in extracellular signal-regulated kinase 1/2 (ERK1/2) phosphorylation. Nuclear factor
kappa light polypeptide gene (NFkB) enhances B cells and 30-50-cyclic adenosine
monophosphate response binding protein (CREB) activation. Elevated calcium release by the ER
activates nuclear factor of activated T cells (NFAT), which causes translocation from the cytosol to
the nucleus. GPR55 activation by LPI also causes p38 mitogen activated protein kinase (p38

MAPK) phosphorylation. Picture taken from (55)
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LPI is suggested to primarily bind the GPR55 orthosteric binding site. GPR55 may also contain an
allosteric binding site. These observations raise at least two possibilities as follows: left, one
possibility is that certain arylpyrazole ligands actually represent bitopic ligands of GPR55. These
ligands may have the capacity to modulate both the orthosteric (agonists) and the allosteric site
through different pharmacophores. The second possibility is that AM251 and certain arylpyrazole
analogues are only allosteric ligands. Right, in the presence of LPI, arylpyrazoles can also behave
as allosteric inhibitors and GW405833 as an allosteric enhancer. In addition, a number of Cannabis
sativa constituents appear to inhibit ERK1/2 phosphorylation in an allosteric manner. Picture taken
from (54).

Inhibition of GPR55 signaling was shown to reduce inflammation and neuropathic
pain (56). In lipopolysaccharide (LPS) - induced experimental gastrointestinal (Gl)
inflammation, cannabidiol (a cannabinoid acting as a GPR55 antagonist) was
shown to have a protective effect via reduction of proinflammatory cytokine
production, inhibition of neutrophil infiltration and prevention of tissue damage
(87). Also, LPS treatment caused higher GPR55 expression compared to the
control group (57). One year later, the protective effect of cannabidiol (CBD) was
shown in murine intestinal inflammation by intrarectal application (58). The
interesting fact about this study was that it was shown that even topically and not
only systemically applied CBD was protective against gastrointestinal damage
(58). A possible, albeit unspecific, agonist of GPR55, 0-1602, is a synthetic
cannabidiol analogue and is protective in murine colitis models (49). It is inactive
on CB1 and CB2, and also shows GPRS55 independent effects (49). It has been
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suggested that GPR55 has a higher impact on gut motility in pathological

conditions like inflammation than in healthy physiological conditions (48).

GPR55 has been shown to form heteromers with both cannabinoid receptors
(51,59). CB1-GPR55 heteromers were shown in HEK293 cells that overexpressed
both receptors (51). GPR55 signaling was inhibited when the CB1 receptors were
also inhibited, whilst this was not the case vice versa (51). On the contrary, CB1
receptor signaling is enhanced in the presence of GPR55 receptors. When CB1
receptors are activated, GPR55 signaling is restored (51). CB2-GPR55
heteromers were recently shown in cancer cells, where they have a major impact
on the cannabinoid signaling in these cells (60). Also, when both the CB2 and
GPR55 were activated on human neutrophils, chemotaxis was significantly
enhanced at the level of downstream signaling molecules, such as RhoA (47).
However, the heteromers seem to loosen after the initial functional synergism and
then GPR55 inhibits downstream signaling of CB2.

Recently, a promising selective GPR55 antagonist was described, CID16020046
(61). A big advantage of CID16020046 versus cannabidiol, is that it is inactive on
the TRPV4 channel, and that it is selective for GPR55 over CB1. The biggest
impact CID16020046 had outside GPR55 was on the phosphodiesterases PDE3A
and PDE4B. ERK 1/2 phosphorylation by LPI was successfully blocked with
CID16020046, but CID16020046 did not have any effect on CB1/CB2-mediated
ERK 1/2 phosphorylation. Also, pretreatment with CID16020046 inhibited GPR55
internalization (61). GPR557 knockout mice are protected in models of

neuroinflammation, but have no different phenotype to the wild type mice (56).

1.7. The main endocannabinoids: anandamide and 2-AG

Of the endogenous ligands of the CB receptors, the first of them, anandamide,
was described in 1992 (62). The ECs were discovered in studies that were trying

to elucidate the molecular mechanism of AS-THC, the main psychotropic
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compound of the Cannabis sativa plant (63). Two of the main ECs, 2-AG and
anandamide are derivatives of arachidonic acid, a n-6 polyunsaturated fatty acid
(28,64). Both of the ECs, unlike classical neurotransmitters, are synthesized and
released on demand by remodeling of membrane lipids, depending on different
pathological and physiological stimuli (30,37,65). They enter the intercellular
space, where they bind their receptors and then get inactivated by facilitated
diffusion via protein transporters (62,66). If the concentration of the
endocannabinoids is higher in the extracellular than in the intracellular space, they
probably can also diffuse though the plasma membrane, since they are lipophilic in
nature (29,67). Anandamide is a partial agonist of both cannabinoid receptors with
an approximately fourfold higher affinity to CB1 than to CB2 (27,28). It is produced
by cleavage of N-arachidonoyl-phosphathidylethanolamine (NAPE). The main
enzyme responsible for anandamide (and other N-acyl-ethanolamines)
degradation is fatty acid amide hydrolase (FAAH), a membrane-bound hydrolase
enzyme that has been found co-localized with the CB1 receptor in the brain of rats
(66). 2-AG is a full agonist on both the cannabinoid receptors, and its content in
mouse brain, ileum and colon tissues is a few orders of magnitude higher than that
of anandamide. 2-AG may also inhibit the cellular uptake of anandamide (67—-69).
In the digestive tract, 2-AG has a higher expression in the ileum than in the colon,
whilst anandamide has higher expression levels in the colon than in the ileum,
although a recent report finds that in MAGL knockout mice the 2-AG content is
higher in the colon than in the duodenum, jejunum, and ileum respectively (70,71).
In the brain, it is released from postsynaptic neurons and mediates retrograde
synaptic suppression through CB1 receptors found on presynaptic terminals
(Figure 5) (28,65). Hydrolysis of membrane phospholipids by phospholipase C
(PLC) produces 1,2-diacylglycerol, which is then hydrolyzed to 2-AG by the action
of diacylglycerol lipase (DAGL) (64). 2-AG has been shown to have many
beneficial properties, such as analgesic, antiinflammatory, neuroprotective and
hypotensive effects, as well as an important role in the regulation of the innate and
adaptive immune system (72). Although FAAH is also able to degrade 2-AG into
glycerol and arachidonic acid, this seems physiologically not relevant as brain 2-
AG levels remain unaltered after either pharmacological or genetic inhibition of
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FAAH (73). The main enzyme responsible for degrading 2-AG is monoacylglycerol
lipase (MAGL), a 33kDa cytosolic serine hydrolase that completes the hydrolysis
of metabolites of the lipoprotein lipase and the hormone-sensitive lipase
(66,73,74).
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Figure 5 Cannabioid receptors are located on the presynaptic neuron, whilst 2-AG and

anandamide are synthesized in the postsynaptic neuron acting as retrograde

messengers. Picture taken from (65).

1.8. Monoacylglycerol lipase (MAGL) - the main producer of 2-AG

MAGL has been extensively studied in the brain, where it was shown to co-localize
with CB1 receptors on presynaptic neurons, but it was not until recently, that
MAGL was also identified in the gastrointestinal tract, (33,69,75). However, MAGL

is also expressed in other peripheral tissues, such as in ovary, adrenal gland,
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adipose tissue, heard and the kidney. In the brain, MAGL is responsible for up to
85% of 2-AG hydrolysis. The remaining 15% are hydrolyzed by a/f hydrolase
domain 6 (ABHD6) and ABDH12 (76). Since 2-AG and anandamide are
retrograde signaling molecules, a presynaptical localization of their main
degrading enzymes seems logical but interestingly in rat hippocampus, cerebellum
and amygdala, FAAH was found to be localized postsynaptically and MAGL
presynaptically (75). It was shown that anandamide had no effect on the
depolarization-induced suppression of inhibition (DSI) by using a selective FAAH
inhibitor URB597 (77). MAGL is a biological dimer, a part of the a/f hydrolases
superfamily. Six a helices surround the central 3 sheet consisting of seven parallel
and one antiparallel strand. Below the cap domain that covers the active site a
catalytic triad is placed made of three residues, Ser 112, Asp239 and His 269. The
lipophylic and apolar residues of the a4 helix point to the outside of the protein,
indicating that MAGL is present as an amphitopic enzyme in the cell, with an
hydrophobic helix that allows the protein to get in close contact to the membrane
and thereby offering an optimal entry for the voluminous hydrophobic substrate 2-
AG (78).

In addition to 2-AG inactivation, it is thought that MAGL also produces a large pool
of arachidonic acid, a precursor of eicosanoids (prostaglandins, tromboxanes,
lipoxins, leukotrienes), making it an important link between endocannabinoid and
eicosanoid signaling (23,64,79). Thus, arachidonic acid that originates from 2-AG
breakdown could enter three different pathways; the cyclooxygenase pathway
(generating mostly prostaglandins), the lipoxygenase pathway (generating mostly
leukotrienes) and the P450 pathway (generating mostly hydroxyeicosatetraenoic
acids (HETEs) and hydroxyperoxyeicosatetreanoic acids (HPETEs)) (80). In this
context, it was discovered that patients with UC (and later, patients with CD as
well) had significantly elevated levels of prostaglandins in mucosa tissue. Later it
was shown that also tromboxanes, prostacyclines and leukotriene B4 were
elevated in mucosal tissue of UC and CD patients. Interestingly, the use of
nonsteroidal anti-inflammatory drugs (NSAID) to lower prostaglandin levels was of

no benefit to IBD patients, and symptoms were rather worsened by their use
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(10,81) suggesting a source other than Cox-2, possibly MAGL, for prostanoid

production.
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Figure 6

MAGL has been shown to be the main enzyme responsible for degrading 2-AG in the brain,
leading to an increased pool of arachidonic acid, which is a precursor for inflammatory mediators. |
hypothesized that MAGL inhibition could lead to a decreased inflammation in models of

experimental colitis

Because the breakdown of 2-AG could feed an arachidonic acid pool from which
many proinflammatory mediators may arise, (Figure 6). | hypothesized that
inhibition of MAGL could improve intestinal inflammation. To investigate this, a
MAGL inhibitor, JZL184, a substance that modifies the serine nucleophile of
MAGL by covalent carbamylation, was used. JZL184 is a potent irreversible MAGL
inhibitor that has been shown to significantly elevate 2-AG levels in the brain whilst

anandamide levels were not affected (28,82). JZL184 treatment has been shown
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to have CB1-dependent anti-allodynic and anti-edematous effects, and offered
protection against gastric hemorrhages in mice caused by diclofenac treatment
(27,83). Genetic or pharmacological (JZL184) inhibition of MAGL also showed
tumor growth inhibition in xenograft models of melanoma, ovarian and colorectal
cancer (84). A possible consequence of MAGL inhibition in ovarian cancer and
melanoma may be the reduction of free fatty acid formation from various glycerol
esters that are missing for the synthesis of oncogenic signaling lipids that promote
cancer aggressiveness (23,85). In addition, inhibition of MAGL has been shown to
affect general neurological functions, such as locomotor activity. These effects are
not observed when FAAH is inhibited (83). Finally, inhibition of MAGL led to a
lower bulk of arachidonic acid levels in the brain, and also reduced COX1-driven

prostaglandin and thromboxane production in the brain (86).

1.9. Cannabinoids in inflammation and gastrointestinal cancer

The role of the CB receptors in intestinal inflammation has been extensively
studied, and it was suggested that they play a protective role in inflammation by
modulating the inflammatory response in the colon (87). Both cannabinoid
receptors are expressed on natural killer cells, B cell and mast cells that are
involved in the immune response of the gut (88). However, immune cells appear to
be more modulated by CB2 receptor activation (89). Upon stimulation with
lipopolysaccharide (LPS), macrophages, dendritic cells and mononuclear cells
produce endocannabinoids (90). Genetic CB1 receptor depletion or
pharmacological inhibition by the specific CB1 antagonist SR141716A made mice
more susceptible to inflammation, indicating a protective role of CB1 during
intestinal inflammation (87,91) and cannabinoids were shown to act via CB1 to
promote epithelial wound healing (88,92). In a model of cholera toxin-induced
intestinal hypersecretion, CB1 receptors were shown to be overexpressed, and
exogenously administered anandamide had an protective effect on cholera toxin-
induced fluid accumulation (93). Like already mentioned, the endocannabinoid

system has a great impact on food intake and body weight regulation. Elevated
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levels of anandamide and 2-AG are closely correlated with intra-abdominal
adiposity (94). Mice lacking the CB1 receptor are resistant to diet-induced obesity
(95). Combining those two facts, fasted rats have been shown to have low CB1

expression, but in fed rats, the expression was increased again (96).

The endocannabinoid system influences cancer development of the digestive tract
in many ways, but mostly anticarcinogenic effect have been described for
cannabinoids by mechanisms such as autophagy, apoptosis and cell cycle arrest
(97) In colorectal cancer, cannabinoids have shown antiproliferative effects in
tumor cells (24,98). The human colorectal cancer cell lines SW480, HCT 116,
Caco-2 and several others underwent apoptosis after activation of CB1 by
cannabinoids (99). In cholangiocarcinoma cancer, 2-AG and anandamide have
shown differential effects on tumor progression. Whilst anandamide had
antiproliferative and proapoptotic effects, 2-AG caused proliferation on
cholangiocarcinoma cell growth. Both mechanisms of action were receptor-
independent. The authors suggested disruption of the lipid raft structure and

subsequent disturbance of cell signaling cascades upon 2-AG application (26).

In my thesis | investigated the role of 2-AG in models of experimental colitis and
colitis-associated colon cancer using MAGL knockout mice and pharmacological
inhibition of MAGL. | further investigated the role of GPR55 in experimental
models of colitis by use of a selective GPR55 antagonist and GPR55 knockout

mice.
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2. Materials and Methods

2.1. Mouse models

21.1. DSS-induced colitis

In order to induce colitis, male C57BL6/N mice (5-6 weeks old, 20-22g; Charles
River, Sulzfeld, Germany) received 2.5% dextran sulfate sodium (DSS) (MP
Biomedicals, Santa Ana, California, USA) supplemented in their drinking water ad
libitum for a period of 5 days (48). DSS colitis is a standard model with many
similarities of human ulcerative colitis (6,100,101). The recently characterized
GPR55 antagonist, CID16020046 ( (61), MolPort, Riga, Latvia) or vehicle was
administered s.c. for 7 days (20 mg/kg). On the first day of the experiment,
CID16020046 was injected 30 minutes before the exposure to DSS. The changes
in the weight of the mice were monitored daily during 8 days. In a different set of
experiments, JZL184 (Cayman Chemical, Ann Arbor, Michigan, USA) was injected
s.c. to inhibit MAGL activity and applied once or twice daily at the dosage of 16
mg/kg (27). GPR557- (Mutant Mouse Regional Resource centers, North Carolina,
USA) and MAGL” knockout mice (102) were exposed to DSS, without any
pharmacological treatment. The mice were sacrificed on the 8" day of the
experiment by cervical dislocation under isoflurane anesthesia. The colon was
macroscopically evaluated as recently described (49). Upon completion of the
scoring, parts of the colon were immediately snap-frozen in liquid nitrogen while

other parts were processed for histology.

2.1.2. TNBS-induced colitis

To investigate a model which more resembles Crohn’s disease than ulcerative

colitis (8,103), 2,4,6-trinitrobenzene sulfonic acid (TNBS; Sigma) was applied to
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mice as previously described (49,104). C57BL6/N mice received once intrarectally
(i.r.) 4 mg of TNBS dissolved in 30% ethanol. Mice were lightly anesthetized with
isoflurane before given TNBS i.r. by a gavage needle with a blunt end. Mice were
weighed on the consecutive 2 days, and sacrificed on the 4" day of the
experiment. The GPR55 antagonist, CID16020046 was administered for three
days once daily at the dosage of 20 mg/kg s.c. On the first day, CID16020046 was
injected half an hour before the TNBS administration. Upon completion of
macroscopic scoring (49), some parts of the colon were immediately snap-frozen

in liquid nitrogen while other parts were processed for histology.

2.1.3. Colitis-induced colon cancer

To study a potential inhibiting effect of the MAGL inhibitor JZL 184 on tumor
growth in the colon, a model of colitis-induced colon cancer was conducted on
male CD1 mice (4-5 weeks old; 20-22g; Charles River, Sulzfeld, Germany), which
consisted of an intraperitoneal (i.p.) injection of the carcinogen azoxymethane
(Sigma) (10mg/kg), after which the mice were given one week of rest followed by a
7 days exposure to DSS (2%) in their drinking water. After DSS exposure, three
different time points of JZL 184 administration or vehicle (s.c.) were chosen. The
time points were chosen after DSS application in order not to interfere with
induction of inflammation.

1. The first group was treated right away after the DSS exposure (only 3
days in between). Mice were administered 16 or 32mg/kg of the MAGL
inhibitor JZL 184 or vehicle for 15 consecutive days. Mice were sacrificed
9 weeks after DSS exposure.

2. The second time point was at the beginning of the 4" week after DSS
exposure, at the dosage of 8mg/kg JZL 184 or vehicle for 15 consecutive
days. Mice were sacrificed 7 weeks after DSS exposure.

3. The third time point was at the beginning of the 6" week after DSS
exposure, at the dosage of 8mg/kg JZL 184 or vehicle for 15 consecutive

days. Mice were sacrificed 8 weeks after DSS exposure.

29



The colon was evaluated under a dissection microscope (Olympus, Vienna,
Austria). Tumor number and tumor area of single tumors was measured using
electronic caliper #1112-150 (INSIZE, Germany). For each colon, the sum of all
single tumor areas was calculated. Samples for PCR, Western Blot, lipid
extractions and histology were taken. Male MAGL" knockout mice (and MAGL*"*
wild-types) were administered AOM (10mg/kg) and were exposed to 2 cycles of
2.5% DSS in their tap drinking water (105) one in the 1%t, and the second in the 4t
week of the experiment. Tumors were evaluated in the 13" week of the

experiment.

Spontaneous tumor growth was examined by repeated AOM injections (6x) once
weekly at the dosage of 10mg/kg in the first 6 weeks of the experiment. Mice were

sacrificed after 30 weeks and total tumor size was determined as described above.

214. Open field test

The open field test was done as previously described (106). Briefly, mice were
placed in the middle of an opaque gray plastic box (50 x 50 x 30 cm, length x
width x height) and their behavior during a 5 minutes test session was recorded
and tracked by a video camera and the VideoMot2 tracking software (TSE
Systems, Bad Homburg, Germany). The ground area of the box was divided into a
36 x 36 cm central area and a surrounding outer area. Time spent in the central
area was used to assess anxiety-like behavior and total distance travelled was

measured to evaluate locomotor activity.

All mouse models were approved by the Austrian Federal Ministry of Science and
Research  (protocol  numbers: BMWF-66.010/0039-11/3b/2013,  BMWF-
66.010/0008-11/3b/2014, BMWF-66.010/0037-11/3b/2013 and BMWF-66.010/0101-
[1/3b/2013) and performed in accordance with international guidelines. Great care

was taken to minimize all suffering and pain.
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2.2. Myeloperoxidase activity assay

Myeloperoxidase activity was determined as previously described (107) with minor
modifications. Colon samples were placed into hexadecyltrimethylammonium
bromide (HTAB) (Sigma-Aldrich, St.Louis, Missouri, USA) buffer (pH=6) containing
50mM KH2PO4 and 50mM K2HPO4 (both from Merck, Darmstadt, Germany) for
thawing. The samples were mechanically homogenized in the buffer (still keeping
the sample on ice) and afterwards centrifuged for 20 minutes at 9000 X g at 4°C.
10uL of supernatant were used for the assay and measured in triplicates in a 96-
well plate. 200uL of a solution containing 10% phosphate buffer, 0.0167% o-
dianizidine peroxidase substrate (Sigma-Aldrich, St.Louis, Missouri, USA) and
0.06% of H202 (Sigma-Aldrich, St.Louis, Missouri, USA) were added to the wells
and the absorbance was measured on 450nm on a Microplate Spectrophotometer
after 25 minutes (BioRad Hercules, California, USA).

2.3. RNA isolation and real-time reverse transcriptase PCR from mouse

colon samples

The mRNA was extracted using Dynabeads® mRNA Direct'™ Kit (Life
Technologies) according to manufacturer’s protocol in order to eliminate DSS
residues, after which the concentration was determined on a Nanodrop
spectrophotometer (Nanodrop, Wilmington, Delaware, USA). 1ug of mRNA was
used for cDNA transcription using the High Capacity cDNA Reverse Transcription
Kit (Thermo Scientific, Waltham, Massachusetts, USA). The RT-PCR program was
performed according to the manufacturer’s instructions. Fast SYBR® Green PCR
Master Mix (Applied Biosystems) was used for quantitative PCR, following
manufacturer’s instructions. The primers used are listed in Table 1 (108,109). The
specificity of the PCR products was assessed by melting curve analyses which
showed only single amplified products (108). Real-time PCR data was analyzed by
the 2-22¢t method (110).
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Table 1 — primers used for PCR experiments

IL1B forward 5'- GGACATAATTGACTTCACCATGGAA 3’
reverse 5'-CAGTCCAGCCCATACTTTAGGAA-3'

Cyclophilin  forward 5 -TTCCAGGATTCATGTGCCAG-3'
reverse 5'-CCATCCAGCCATTCAGTCTT-3'

COX-2 forward 5'-CATGATCTACCCTCCCCACG-3'
reverse 5'-CAGACCAAAGACTTCCTGCCC-3'

IL6 forward 5'-TAGTCCTTCCTACCCCAATTTCC-3'
reverse 5-TTGGTCCTTAGCCACTCCTTC-3'
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2.4. RNA isolation and real-time reverse transcriptase PCR from J774.1

mouse macrophages

Cells were frozen in liquid nitrogen and lysed in RNA buffer. Total RNA was then
extracted using QIAshredder and RNeasy Kit (QIAGEN, Hilden, Germany),
following the manufacturer’s instructions. RT-PCR was performed with 1 ug of
total RNA and a High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Life Technologies, Grand Island, NY, USA) for cDNA transcription.
Quantitative PCR (qPCR) was performed using SYBR® Green and GPR55
primers (#100-25636) from BioRad according to the manufacturer’s instructions.
Amplicons were electrophoresed in 1% agarose gel and stained with

ethidiumbromide.

2.5. Haematoxylin staining

Colon samples were taken and kept in Roti®-Histofix 10 % (Lactan, Graz, Austria)
for 48 hours, after which they were rehydrated in running water for approximately 1
hour. The dehydration steps included 4 hours dehydration in 50% ethanol, 4 hours
in 70% ethanol and overnight dehydration in 80% ethanol. On the second day,
samples were kept for 3 hours in 96% ethanol, 2 hours in 100% ethanol, and then
every half an hour changed from 50% ethanol/50% n-butyl acetate (Lactan, Graz,
Austria), 100% n-butyl acetate solution, 50% n-butyl acetate/50% paraffin
respectively. They were kept in paraffin (Roth, Karlsruhe, Germany) overnight in a
pre-heated oven at 70°C. On the next day, the samples were embedded in paraffin
and cut at 5 um on the microtom (Microm, Walldorf, Germany) on the following
day. Sections were mounted on superfrost ultra plus slides (Thermo Scientific,
Waltham, Massacusetts, USA). After overnight drying, the slides were incubated in
Gill No.2 haematoxylin solution (Roth, Karlsruhe, Germany) for 1 minute and
afterwards placed in a chamber filled with tap water where they were incubated for
another 10 minutes. The next day, the slides were incubated in xylol (Roth,

Karlsruhe, Germany) and 5 minutes in each of the ethanol solutions (50%, 70%,
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80%, and 100%) before submitting them to haematoxylin staining and

immunohistochemistry.

2.6. Protein concentration determination of colon samples

Frozen samples were mechanically crushed with a bio-pulveriser from Biospec
products (Bartlesville, Oklahoma, USA), and transferred into an Eppendorf tube
containing 300uL of extraction buffer which consisted of 50mM Tris (Roth,
Karlsruhe, Germany), 10mM EDTA (Roth, Karlsruhe, Germany), 1% TritonX-100
(Roth, Karlsruhe, Germany), and protease/ phosphatase inhibitors (Roche, Basel,
Switzerland) according to manufacturer’s instructions. Samples were then
homogenized using an Ultra Thurax (IKA, Staufen, Germany) and afterwards
centrifuged at 9000 X g for 10minutes on 4°C. The supernatants were collected
and stored at -80°C. For protein concentration determination purposes, a part of
the supernatant was diluted 1:100 and 100uL of the diluted sample was added in
triplicates to a 96-well plate. A bovine serum albumin (Sigma-Aldrich, St.Louis,
Missouri, USA) stock solution of 1mg/mL was prepared, and five different
concentrations (0.8 — 6.4ug/100uL) were used to form the standard curve. Protein
was determined with the BioRad Protein Assay Kit Il, according to the instructions
of the manufacturers, using a Microplate Spectrophotometer (BioRad Hercules,
California, USA).

2.7. Cytokine determination in colon samples

To determine the contents of different cytokines (tumor necrosis factor a (TNF-a),
interleukin 1B (IL-1B), interleukin6 (IL-6)), an enzyme linked immunoabsorbent
assay (ELISA) (Ready-SET-Go!, eBioscience (San Diego, California, USA) was

used, following the manufacturer’s instructions.
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2.8. Western blot analysis

30ug of protein extracts were diluted 1:1 with sample buffer containing 100mM
TRIS/HCL and 5% SDS (Roth, Karlsruhe, Germany), 15% Glycerol, 0.004%
Bromphenolblue and 5% Mercaptoethanol (all from Sigma-Aldrich, St.Louis,
Missouri, USA). The samples were run on 12% polyacrylamide gels. The transfer
was carried out using Invitrogen’s iBlot device (Waltham, Massachusetts, USA).
Afterwards, the membrane was blocked for 1 hour in 5% blocking solution (1mM
CaClz, 135mM NaCl, 2.5mM KCI, 25mM Tris-HCL, 0.1% [v/v] Tween20 and 5%
milk powder) and incubated with the first antibody overnight at 4°C followed by 1
hour incubation in the secondary antibody at room temperature. The following
antibodies were used: rabbit anti-Cox-2 (1:250, Abcam, Cambridgje, UK), rabbit
anti-pSTAT3 and tSTAT3 (both 1:1000, Cell Signaling, Danvers, Massachusetts,
USA) mouse anti-B-actin (1:7500, Sigma, St.Louis, Missouri, USA), goat anti-rabbit
and goat anti-mouse secondary antibodies (1:5000 and 1:4000 respectively;
Jackson Immuno Research, West Grove, Pennsylvania, USA). The proteins were
visualized with Pierce ECL Western blotting substrate (Thermo Scientific,
Waltham, Massachusetts, USA). Blots were analyzed for quantification with
ImagedJ Software (NIH, Bethesda, Maryland, USA).

2.9. Isolation of lamina propria leukocytes and flow cytometer analysis

The method was conducted as previously described (104,111). The colon was
opened longitudinally, rinsed in HBSS (Life Technologies), and cut into small
pieces (5mm) that were put in a 50 mL falcon containing HBSS (CMF), HEPES
(Life Technologies) and Penicillin/Streptomycin (PS) (Sigma). The falcons were
then put on a rotator at 37°C and the samples were washed 4x every 10 minutes
with fresh HBSS/HEPES/PS, followed by 4x washes of 20 minutes with
HBSS/EDTA/PS (EDTA from Life Technologies). Afterwards, the samples were
washed in complete RPMI medium, (Life Technologies) for 5 minutes and then
transferred into complete RPMI containing 100 units/mL of collagenase type 2
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(Thermo Scientific, Waltham, Massacusetts, USA) for 1 hour (until tissue was
almost transparent) at 37°C. The cell suspension was passed through a 40um cell
strainer into a new falcon tube and centrifuged at 400xg for 7 minutes. The pellet
was washed with PBS (CMF) and leukocytes were stained with Alexa Fluor 647-
conjugated CD11b Ab (1:100), PE-conjugated Siglec F Ab (1:100), Alexa Fluor
488-conjugated F4/80 Ab (1:20). All antibodies were purchased from eBioscience
(San Diego, California, USA). The leukocytes were stained for 30minutes at 4°C,
and afterwards washed with PBS (Life Technologies). After the washing step,
fixative solution was added and cells were analyzed on a FACSCalibur flow
cytometer (Becton Dickinson, California, USA). Data were normalized to colon

weight and are expressed as percentage of total living cells.

2.10. Immunohistochemistry

Paraffin-embedded colon sections were prepared the same way as for the
haematoxylin staining. After overnight drying of the paraffin-cut sections, they were
deparaffinised in xylol (VWR, Radnor, Pennsylvania, USA) and dehydrated in
descending alcohol concentrations (100%, 80%, 70%, 50%) each time 10 minutes.
The sections were microwaved 2 x 5minutes in sodium citrate buffer (10mM
sodium citrate (Merck, Darmstadt, Germany)), 0.05% tween 20 (Sigma), pH 6.0),
and further processed by the ABC method according to manufacturer's
instructions (Vector Labs, Burlingame, CA, USA). Sections were then incubated
with anti-CD3 (1:1000, Serotec, Kidlington, UK), and anti-F4/80 (1:100, Serotec,
Kidlington, UK), visualized with 3-3’-diaminobenzidine and counterstained with
haematoxylin. Images were taken with an Olympus DP 50 camera, and processed
with Cell*A imaging software (Olympus, Vienna, Austria). Only brightness and

contrast of the entire picture were adjusted.
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2.11. Stimulation of J774.1 mouse macrophages

The method was conducted as previously described (109) with slight changes.
Cells were seeded in 6-well plates and at 80% confluence and starved overnight
with serum free media. 30 minutes before stimulation with 0.1uM Phorbol 12-
myristate 13-acetate (Sigma-Aldrich, St.Louis, Missouri, USA) for 2 hours,
CID16020046 (or vehicle) was added to the cells at three different doses (1, 5 and
10 uM). Cells were afterwards snap-frozen in liquid nitrogen. Changes in Cox-2

expression (1:250, Abcam, Cambridge, UK) were evaluated via Western Blot.

2.12. CD11b expression in J774.1 mouse macrophages

Approximately 2 x 108 cells were put in 500uL of PBS and preincubated for 30
minutes with 1, 5, 10, 20 yM CID16020046. Cells were then stimulated with 1nM
of MCP-1 (Peprotech, Rocky Hill, New Jersey, USA) for 30 minutes, and 1, 2, 4
hours in a 37°C water bath. Fifteen ul of Alexa Fluor 647 anti-mouse CD11b (BD
Biosciences, Franklin Lakes, New Jersey, USA) was added 15 minutes before the
end of the incubation time. After adding the fixative solution, the cells were
measured on the FACSCalibur flow cytometer. Data were expressed as

percentage change to the vehicle treatment.

2.13. Migration of J774.1 mouse macrophages

Migration assays with J774.1 cells were performed in 24-well Transwell plates with
8 um membrane inserts (Corning Inc., Lowell, MA, USA). Cells were starved in
DMEM containing 0.5% FBS (Life Technologies) overnight and then incubated
with CID16020046. A suspension of 3 x 10° cells was placed in the upper
compartment, and Cb5a (5 nM; Sigma) (1) was added to medium as a
chemoattractant to the lower compartment. Cells were allowed to migrate for 2
hours at 37°C and 5% CO2 in a humidified incubator. Upon completion of
migration, the upper sides of the filters were cleaned with a cotton swab, and filters
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were dried and fixed in formaldehyde for 30 minutes. After a wash in PBS, filters
were mounted and coverslipped in Vectashield ® (Vector Labs). Cell nuclei were
counted under a fluorescent microscope (Olympus IX 70). Each migration
experiment was performed in duplicates. The average number of migrated cells

was determined from at least three independent experiments.

2.14. Neutrophil chemotaxis

Isolated human neutrophils were resuspended in phosphate buffered saline (Ca**
and Mg** free) at a density of 2 x 10° cells/mL. The chemoattractant (27puL)
(100nM Formyl-Methionyl-Leucyl-Phenylalanine (fMLP)) or PBS(-) was placed in
the bottom well of a 48-well microBoyden chamber. A 5um polycarbonate
membrane was preincubated in PBS(-). The cell suspension (45uL) was placed
into the upper wells of the chemotaxis chamber. The chamber was afterwards
incubated at 37°C for 1hour. The remaining cells were removed from the upper
compartment of the chamber, the chamber was reassembled and the cells of the
lower compartment were placed into polypopylene micro tubes. Fixative solution

(150uL) was added and the samples were analyzed by the flow Cytometer.

2.15. Data analysis

All statistical analysis was performed using Prism 4.03 (GraphPad Software,
USA). Experimental data were analyzed either by one-way ANOVA with Bonfferoni
multiple comparison post-test or Student’s t-test. Significance was defined as
P<0.05.
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3. Results

3.1. Antagonism and genetic deletion of GPR55 and decreases the
inflammatory macroscopic score and MPO activity in DSS and
TNBS colitis

In preliminary experiments, different dosages of CID16020046 were tested, to
determine an effective dose of the GPRS55 inhibitor for the in vivo DSS colitis
model (Figure 7A). Only a dosage of 20 mg/kg (s.c.) of CID16020046 induced a
significant reduction of the inflammatory macroscopic score of around 40%, and
this dosage was, therefore, used for all further in vivo experiments. Inhibition of
GPR55 pharmacologically (Figure 7B) or genetically (Figure 8A) decreased the
macroscopic score significantly in the DSS model. The GPR55 inhibitor was also
used in a different colitis model, a model of TNBS colitis, and led to the same
effect as in the DSS colitis model, namely to a significant decrease in the
macroscopic score compared to the vehicle (DMSO)-treated group (Figure 7C). To
investigate whether the macroscopically observed effect of CID16020046 changed
inflammatory markers, MPO activity was assessed and revealed a significantly
decreased activity in CID16020046-treated animals in both the DSS and TNBS
colitis models (Figure 7D and E). Haematoxylin staining of colon sections from
DSS (Figure 7F) and TNBS (Figure 8B) -exposed animals showed a more
preserved architecture of the crypts and a thinner submucosal layer after
CID16020046 treatment, confirming the macroscopic observation of an
improvement of colitis in CID16020046-treated animals. In the TNBS model of
colitis, reduction in the macroscopic score in GPR557- mice compared to their wild-

type littermates, did not reach significance (Figure 8C).
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Figure 7

Pharmacological inhibition of GPR55 in the DSS colitis model decreases the inflammatory
macroscopic score and the MPO activity, as well as the macroscopic score and MPO

activity in the TNBS colitis model

Macroscopic evaluation of DSS colitis was performed at different dosages of the GPR55 inhibitor
CID16020046 to determine an effective dosage (A) (n=4-10, one-way ANOVA; *p<0.05). The
dosage of 20 mg/kg (s.c.) was used for all further in vivo experiments. Macroscopic scores for the
DSS (B) (n=5-17, one-way ANOVA,; ***p<0.001) and TNBS (C) (n=6-16, one-way ANOVA;
*p<0.05) colitis models revealed a decreased macroscopic score for CID16020046 treated animals.
Myeloperoxidase (MPO) activity was determined to evaluate the severity of inflammation in both
colitis models (D, E) and was decreased in CID16020046-treated animals (n=3-10 and 3-16, one-

way ANOVA,; *p<0.05). Haematoxylin staining of colon sections from animals treated with GPR55
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inhibitor revealed a more preserved architecture of crypts together with reduced muscle thickness

compared to the vehicle animals (F).
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Figure 8

Genetic deletion of GPR55 is protective in the DSS colitis model

GPR55" knockout mice had a significantly decreased macroscopic score compared to their
GPR55 ** wild-type litermates (A) in the DSS model of experimental colitis (n=3-9, one-way
ANOVA; **p<0.001). Haematoxylin staining of colon sections from animals TNBS colitis revealed
a more preserved architecture of crypts together with reduced muscle thickness after treatment
with GPR55 inhibitor compared to the vehicle group (B). GPR55 knockout mice showed no
significant difference in the macroscopic score index compared to the wild-type animals in the
TNBS colitis (n=11-15, Student’s t-test; not significant (n.s.)) probably because of the low sample
size (C). WT indicates GPR55 */*,
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Figure 9

Treatment with GPR55 inhibitor CID16020046 reduces proinflammatory cytokines and
markers in DSS colitis TNF-a (A), IL-1B (B) and IL-6 (C) levels were examined in the colon tissue
of DSS-treated mice after treatment with the GPR55 inhibitor CID16020046 (n=3-10, one-way
ANOVA, *p<0.05). Western blots of whole colon tissue demonstrated reduced Cox-2 expression
after treatment with CID16020046 in the DSS colitis (D). Representative blots of DSS colitis show
bands of Cox-2 in colon tissue from four animals (F). Band densities of samples were normalized to
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actin (n=6-12, Student’s t-test; ***p<0.001). pSTAT3 levels were reduced in the DSS colitis model
for the inhibitor treated group (E). Representative blots show bands of pSTAT3 in colon tissue from
four animals (F). Band densities of samples were normalized to total STAT3 (tSTAT3) (n=6,
Student’s t-test; **p<0.01

3.2. Treatment with GPR55 antagonist CID16020046 alters
proinflammatory  cytokine profile @ and expression of

proinflammatory markers in DSS and TNBS colitis

| next explored the effects of CID16020046 in more detail and used the colonic
tissue of DSS and TNBS colitic mice to measure possible changes in the
proinflammatory cytokine levels. In the DSS colitis model, inhibition of GPR55
caused significant reductions in TNF-a and IL-1B levels (Figure 9 A and B) whilst
IL-6 levels stayed unaltered. Mice that underwent TNBS colitis revealed a distinct
cytokine profile. IL-18 and IL-6 levels were significantly decreased in
CID16020046 treated animals (Figure 10 B and C) while TNF-a levels also
decreased, however, not significantly (Figure 10A). To investigate changes in Cox-
2 levels, Western blots of whole colon protein extracts were performed. In both
colitis models, Cox-2 expression was significantly decreased in CID16020046-
treated animals (Figure 9D and F and Figure 10 D and F) but interestingly, GPR55
inhibition produced different effects on STAT3 phosphorylation showing a
decrease in the DSS, but an increase in the TNBS colitis model (Figure 9E and
Figure 10E).
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Figure 10

CIiD16020046 treatment induces an increase in pSTAT-3 but a decrease in proinflammatory

cytokines in the TNBS model

In the TNBS model, IL-13 (B) and IL-6 (C) levels were significantly decreased while TNF-a levels
(A) were also lowered, however not significantly, after treatment with CID16020046 (n=4-15, one-
way ANOVA; Tukey's multiple comparison *p<0.05). Western bots of whole colon tissue
demonstrated reduced Cox-2 expression after treatment with CID16020046 in the TNBS colitis (D).
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Representative blots show bands of Cox-2 in colon tissue from four animals (F). Band densities of
samples were normalized to actin (n=6-12, Student’s t-test; ***p<0.001). pSTAT3 levels were
increased in the TNBS colitis model (E) for the GPR55 inhibitor-treated group. Representative blots
show bands of pSTAT3 in colon tissue from four animals (F). Band densities of samples were
normalized to total STAT3 (tSTAT3) (n=6, Student’s t-test; *p<0.05).

3.3. GPRS55 inhibitor CID16020046 alters leukocyte recruitment into the

lamina propria of DSS-colitic mice

I next measured and quantified leukocyte recruitment into the lamina propria in the
DSS colitis model (Figure 11). GPR55 inhibition by CID16020046 significantly
decreased the infiltration of lymphocytes (Figure 11A) and macrophages (Figure
11B), whilst interestingly increasing the number of infiltrating neutrophils as
compared to the vehicle treatment (Figure 11D). No changes in the number of

infiltrating monocytes (Figure 11C) and eosinophils (Figure 11E) were observed.

To visually demonstrate the leukocyte populations that were found reduced in the
recruitment experiment, immunohistochemical staining for the T Ilymphocyte
marker CD3 and the macrophage marker F4/80 was employed and revealed
significantly decreased immunoreactivity in the colon submucosa after GPR55

inhibitor treatment (as compared to treatment with vehicle) (Figure 11F).
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Figure 11
Leukocyte recruitment into the colon in DSS colitis is modulated by CID16020046

CID16020046 inhibited lymphocyte (A) and macrophage (B) infiltration into the lamina propria of the colon in
DSS-colitic mice while the number of monocytes (C) and eosinophils (E) stayed unaltered. Neutrophils
showed increased influx upon CID16020046 treatment (D) (n=9, Student’s t-test; *p<0.05). F4/80 and CD3
staining is also reduced in the submucosa of GPR55 inhibitor-treated mice as compared to the vehicle-treated
ones (F). Images are representative of sections from 3 different mice from each group; ep, epithelium; mm,

muscularis mucosae; sm, submucosa. For cell counting, 6-10 sections from non-overlapping areas (from 3

different mice each group) were used (*p<0.05; Student’s t-test).
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3.4. GPR55 inhibitor CID16020046 alters leukocyte recruitment into the

lamina propria of TNBS-colitic mice

After | have observed interesting effects of CID16020046 treatment on the
infiltration of leukocytes into the lamina propria in the DSS-colitis model, | was also
curious to see the effect of GPR55 inhibition on the infiltration of leukocytes in the
TNBS-colitis model. However, GPR55 inhibition by CID16020046 was able to
inhibit only lymphocytes infiltration (Figure 12A), while other cell populations were
not affected by CID16020046 treatment (Figure 12 B-E).
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Figure 12

Only lymphocyte recruitment into the colon in TNBS colitis is modulated by CID16020046
CID16020046 inhibited lymphocyte (A) infiltration into the lamina propria of the colon in TNBS-

colitic mice while the number of other cell populations (macrophages (B), monocytes (C),

neutrophils (D) and eosinophils (E) stayed unaltered. n=5 (*p<0.05; Student’s t-test).
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3.5. GPRS55 inhibitor CID16020046 modulates migration and activation
of mouse macrophage cell line J774.1 and inhibits human

neutrophil chemotaxis

Effects of CID16020046 observed in vivo were further investigated at a cellular
level. Due to the prominent effect of CID16020046 on the macrophage recruitment
in the DSS model, | determined effects of CID16020046 on the migration and
inflammatory activity of the mouse macrophage cell line J774.1. This cell line
showed high expression of GPR55 mRNA, as compared to RAW264.7 mouse
macrophages, and was therefore used in the in vitro assays (Figure 13A). A
concentration of 5nM of C5a induced the migration of J774.1 cells and this effect
was concentration-dependently reduced after incubation with 1 and 5 uM
CID16020046 (Figure 13B and C). Similarly, expression of CD11b, a B2-integrin
that is rapidly activated and upregulated on the leukocyte membrane upon
activation, was concentration-dependently decreased after incubation with 1-10
pM CID16020046 (Figure 13D). Treatment with 1 and 2.5 yM CID16020046 also
strongly diminished migration of human neutrophils when using 100 nM of fMLP as

a chemoattractant (Figure 13E).
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Effects of the GPR55 inhibitor CID16020046 on migration and activation of the mouse

macrophage cell line J774.1

The PCR gels shows amplification of GPR55 transcripts in the mouse macrophage cell lines
RAW264.7 and J774.1 using validated primers from BioRad GPR55 cDNA obtained from the
manufacturer served as a positive control (#100-29101; BioRad). (A). Amplicons were
electrophoresed in 1% agarose gel and stained with ethidiumbromide. Transwell migration assays
with J774.1 cells and 5nM of C5a as a chemoattractant showed a reduction in migration after
incubation with 1 and 5 yM of GPR55 inhibitor CID16020046 (n = 4; ANOVA; Tukey's post-hoc
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test) (B). Representative images from cells that have migrated to the lower side of the migration
filter are shown in (C). For visualization and counting, cell nuclei were stained with DAPI; Size bar:
200 pm (C). CD11b expression was concentration-dependently reduced by CID16020046 in
J774.1 cells (D). CID16020046 also reduced concentration-dependently human neutrophil
migration (E). Data are from three independent experiments; ANOVA; Tukey’s post hoc test;
*p<0.05, **p<0.01, ***p<0.001.

3.6. CID16020046 does not change the locomotor and anxiety behavior

of healthy mice

Since GPR55 is widely expressed in the brain, it may be linked to motor behavior
(112).

As GPR55 agonists have been also shown to exert central effects (113), we used
an open field test to investigate whether CID16020046 would change the
locomotor and anxiety behavior of mice. Daily treatment of healthy mice with 20
mg/kg of CID16020046 (6 x s.c.) did not alter their locomotor activity (Figure 14A)
(measured as total travelling distance) or anxiety behavior (Figure 14B) (measured
as time spent in the center of the box), as compared to vehicle-treated animals.
Additionally, mean body weights and body temperatures did not differ between the
treatment groups (Figure 14D and E) suggesting that CID16020046 does not

induce central activity or sickness behavior.
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Figure 14

GPRS5S5 inhibitor CID16020046 does not change locomotor and sickness behavior in healthy
mice. Locomotor behavior of CID16020046 (20 mg/kg) - and vehicle (DMSO)-treated healthy mice
was determined in an open field test as distance travelled within the plastic box (in meters; m) (A).
Anxiety behavior was measured as time spent in the center of the box (in seconds; sec) (B). Body
weight of healthy mice receiving CID 16020046- or vehicle (DMSO) was also measured daily and
showed no change of weight (C). In addition, a rectal thermometer was used to daily monitor the
body temperature of mice receiving GPR55 inhibitor or vehicle. No differences in body temperature

were observed between these two groups (D).
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3.7. Pharmacological and genetic inhibition of MAGL reduces severity
of DSS colitis

According to the macroscopical evaluation of the disease severity, MAGL"
knockout mice showed less severe colitis after being exposed to 2.5% DSS as
compared to their MAGL** wild-type litermates (Figure 15A). The macroscopical
observation was confirmed microscopically by hematoxylin staining of colon
sections from DSS-exposed animals, which revealed a more preserved
architecture of crypts together with reduced muscle thickness in MAGL"- knockout

compared to MAGL** wild-type mice (Figure 15G).

| was curious to see whether the same effect could be achieved by
pharmacological inhibition of the MAGL enzyme. Thus, 16mg/kg of the MAGL
inhibitor JZL 184 (91) was applied once daily s.c. to the mice to examine the
effects of the MAGL inhibitor on colitis. The results revealed a robust effect of the
MAGL inhibitor on the macroscopic scoring of animals in which DSS colitis was
induced (Figure 15B). When applied twice daily at the dosage of 16mg/kg (s.c.),
JZL 184 caused a slightly bigger decrease compared to the once daily treatment
of in the inflammatory macroscopic score as compared to the vehicle-treated
animals (Figure 15C). Upon checking for a decrease in the Cox-2 levels in the
colon, the effect of JZL184 that was observed macroscopically was supported by a
reduced expression of Cox-2 mRNA in the inhibitor-treated animals as compared
to the vehicle-treated mice (Figure 15D). Proinflammatory cytokine levels in JZL
184-treated animals were unaltered, but showed a high tendency towards a
decreased expression with nearly significant p-values (p=0.06 for IL-18 and
p=0.09 for IL-6, Figure 15E and F).
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Figure 15

MAGL inhibition improves macroscopic inflammatory scores and reduces proinflammatory

marker expression in DSS-induced colitis

MAGL" knockout mice showed a decreased macroscopic colitis score in comparison to their
MAGL ** wild-type littermates (A) (n=5-16, one-way ANOVA; Tukey’'s multiple comparison
*p<0.05). Pharmacological inhibition of MAGL by JZL 184 in C57BL/6N at the dosage of 16mg/kg,
given to the mice once (B) (n=5-8, one-way ANOVA; Tukey's multiple comparison **p<0.01) or
twice daily s.c. (C) (n=5-16, one-way ANOVA; Tukey’'s multiple comparison ***p<0.001) also
decreased the macroscopic scoring significantly. Mice treated with JZL 184 s.c. 2 x daily 16mg/kg
also showed a decreased Cox-2 expression (D) determined by gPCR (n=3-7, one way ANOVA,;
Tukey’s multiple comparison *p<0.05). ). IL-6 (E) and IL-1B (F) expression levels in animals treated
with the MAGL inhibitor were reduced, however, not significantly (n=3-7, one-way ANOVA; Tukey’s
multiple comparison p=0.09 and p=0.06). Hematoxylin staining of colon sections animals revealed
a more preserved architecture of crypts together with reduced muscle thickness in DSS-exposed
MAGL -~ knockout as compared to MAGL ** wild-type mice (G). WT indicates MAGL **.
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3.8. Pharmacological and genetic inhibition of MAGL inhibits tumor

growth in a colitis-associated colon cancer model

Since there was an obvious effect on the colonic inflammation by inhibition of
MAGL during DSS colitis, | was curious to see whether the inhibition of MAGL
could inhibit tumor growth in vivo in a colitis-associated colon cancer model (105).
Like in the DSS colitis model, mice received 16mg/kg of JZL 184 for 15 days i.p.
and total tumor area per mouse was evaluated 9 weeks after DSS exposure
(Figure 16A). No difference between the vehicle and JZL 184 treated group was
observed (Figure 18A). A higher dose of the inhibitor was then used, since in the
DSS colitis model, a twice daily application of 16mg/kg of JZL 184 s.c. had a
stronger effect on the macroscopic scoring than the once daily treatment. Since in
the colitis-associated colon cancer model, the mice received the inhibitor after the
DSS exposure, | did not administer the drug twice daily, but in a single daily dose
(Figure 16B). Administration of 32mg/kg of JZL184 s.c. did not show any
significant difference to the vehicle-treated group regarding the total tumor area of
the colon (Figure 18B). The administration of JZL 184, which started 3 days after
the end of the DSS exposure acts at the very early stage of tumor initiation, and
may have been too early to show any effect on the total tumor size at the end of
the experiment. |, therefore, tried a different approach, and applied JZL 184 at two
different later timepoints, the first between the week 6-8 (Figure 16C) of the
experiment and the second in the weeks 8-10 (Figure 16D) of the experiment. An
outline of the experiments is shown in Figure 16. Mice were sacrificed in the 9t
and 11" week of the experiment, respectively. Treatment with JZL 184 reduced
total tumor area of the colon only in the experiment in which JZL 184 was
administered at the later timepoint, between weeks 8 and 10, indicating an effect
of MAGL inhibition on tumor promotion rather than on tumor initiation (Figure 18 C
and D). Genetic deletion of MAGL expression caused significantly less tumor
growth as observed to MAGL ** wild-type littermates (Figure 18E). The outline of
the experiments is shown in Figure 17. MAGL - knockout mice were also exposed
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to repeated AOM injections for 6 weeks to evaluate spontaneous tumor
development without the inflammatory boost with DSS (outline of the spontaneous
cancer experiment is shown in Figure 17B). MAGL * knockout mice revealed
reduced total tumor area, but the difference to the MAGL ** wild-type littermates
did not reach significance (Figure 18F). The histopathological evaluation of the
tumors by Prof. Dr. Johannes Hayback (Institute of Pathology, Medical University
of Graz) revealed no significant difference between MAGL - knockout and
MAGL** wild-type tumors, which resemble human tubular adenomas. A
representative histological picture of a hematoxylin stained section of a colon

tumor (from a MAGL - knockout mouse) is shown in Figure 18G.
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Figure 16

Outline of the colitis-induced cancer model with 16mg/kg i.p. of JZL 184 (A), 32mg/kg s.c. of JZL
184 (B), 8mg/kg s.c. JZL 184 between the weeks 6 and 8 (C) and 8mg/kg s.c. JZL 184 treatment
between the weeks 8 and 10 (D).
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Figure 17

Outline of the colitis-induced cancer (A) and the spontaneous cancer model (B) in MAGL - mice.
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Figure 18

Genetic deletion and pharmacological inhibition of MAGL (at a low dosage) inhibits tumor

growth in a colitis-induced cancer model

Treatment of CD1 mice with 16mg/kg (i.p.) (A) and 32mg/kg (s.c.) (B) JZL 184 in the colitis-induced
cancer model showed no reduction of the total tumor area in comparison to the vehicle-treated
group (n=8-9 and n=10, Student’s t-test; p=n.s.) Treatment with a lower dose (8mg/kg (s.c.))
between the 4-6 weeks of the experiment did not reveal any difference between the vehicle and
JZL 184 treated group either (C) (n=4-8, Student’s t-test; p=n.s.). When JZL 184 was applied at a
dosage of 8mg/kg (s.c.) and at a later time point (between weeks 6-8) (D), mice showed a smaller
total tumor area as compared to the vehicle-treated animals (n=4-8, Student’s t-test; **p<0.01).
MAGL -~ knockout mice showed a decreased total tumor area in the colitis-induced cancer model
compared to their MAGL ** wild-type littermates (E) (n=41-44, Student’s t-test; *p<0.05). The
spontaneous cancer model also demonstrated a tendency towards a reduced total tumor area, but
failed to reach significance (F) (n=8-9, Student’s t-test; p=0.13). A representative picture of a
section from a colonic tumor stained with haematoxylin is shown on picture G (magnification x100)

(courtesy of Prof. Dr. Johannes Hayback). WT indicates MAGL **.
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4. Discussion

In this thesis, the role of two components of the EC system were investigated.
First, the role of the GPR55 receptor in experimental colitis and then the role of the
endocannabinoid 2-AG in experimental colitis and colitis associated cancer. The
data revealed that GPR55, unlike the cannabinoids receptors CB1 and CB2, might
play a proinflammatory role in experimental colitis in mice. Treatment with a
selective GPR55 antagonist decreased the expression of inflammatory markers
(TNFa, IL-1B, COX-2) in DSS and TNBS models of colitis as well as the influx of
lymphocytes into the lamina propria. Through selective inhibition of MAGL, the
main enzyme responsible for degrading 2-AG, mice had macroscopically less
inflammation in DSS colitis, as well as reduced tumor growth in an colitis-

associated cancer model.

4.1. Part 1 - Pharmacological and genetic inhibition of GPR55 in

experimental colitis: Role of GPR55 in intestinal inflammation

GPR55 has been suggested as a potential third cannabinoid receptor. Some
cannabinoids, such as anandamide, activate GPR55, however, the only consistent
endogenous ligand is LPI, a phospholipid (40). The signaling pathways as well as
the structure are also very distinct to those of the cannabinoid receptors. However,
| was curious to see what effects could be achieved by modulating the GPR55
activity with an antagonist, CID16020046, that has already been investigated by
our group (61). GPR55 is highly expressed in leukocytes, such as lymphocytes,
macrophages, neutrophils and platelets (46). GPR557" mice exert less
inflammation compared to wild-type mice in the DSS model of colitis (49). The
GPR55 antagonist CID16020046 has previously been characterized by our group
and has shown significant in vitro effects on platelet function by completely

reversing LPI-inhibited aggregation (61).
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The intestinal epithelium acts as a physical barrier against microbes and metabolic
factors of the colon. The turnover of these cells is high (every 3-5-days) and is
closely dependent on regulation of proliferation and apoptosis (114). Dextrane
sulphate sodium (DSS) is a physical agent that disrupts that epithelial cell barrier,
allowing the microbes and their metabolic products to activate mucosal
macrophages to produce inflammatory cytokines (7,115,116). It is the
concentration of the administered DSS, but not the total amount that is responsible
for the extent of colonic damage, which is why minor differences in DSS
consumption between animal do not affect the severity of the colonic injury (117).
The DSS-induced experimental model of colitis is a predominantly macrophage-
driven model of experimental colitis (117). The regeneration in this colitis model is
rather slow because DSS is toxic to the basal crypts, causing a full destruction of
the crypts. Therefore, the regeneration has to start from the adjacent crypts to
produce a bridge over large focal defects. Another possible explanation for the
slow regeneration process is also the impaired phagocytosis of macrophages that
are saturated with DSS (118). During active DSS colitis, the basal part of the
lamina propria were shown to have significantly higher amounts of CD4+ T cells as
compared to healthy animals (117). In the trinitrobenzene sulfonic acid (TNBS)
colitis model, the colitis is induced by haptenation of colonic proteins (119). This
further causes a hypersensitivity reaction caused by CD4+ helper (Th1) reaction to
self-antigens. This course of the disease resembles Crohn’s disease in human
(120). Our experiments revealed that inhibition of GPR55 with the antagonist as
well as the genetic deletion of GPR55 protected against both DSS- and TNBS-
induced colitis macroscopically and microscopically. MPO activity, as an
inflammation marker, was also reduced in both colitis models, indicating a

proinflammatory role of GPR55 in experimental colitis.

In our experiments we saw a decrease of COX-2 and that coincided with an
improvement of the inflammation. The decrease seen in the colitis models may be
helpful for healing, however the role of COX-2 in the inflammatory process is still
not clear. Severity of DSS-induced colitis was shown to be exacerbated when
COX-2 was inhibited at the early stage of DSS exposure, therefore, NSAIDs may
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be able to exacerbate the inflammatory response in UC patients (81). In other
studies of DSS colitis, it was suggested that selective COX-2 inhibition by
Rofecoxib treatment improved DSS colitis most probably by reducing neutrophil
infiltration, decreasing IL-13 expression and normalizing COX-1 expression levels
in the inflamed mucosa, suggesting that COX-2 does not contribute to the
observed protective effect (121). NSAIDs that non-selectively inhibit both COX-1
and COX-2 isoforms cause damage to the intestinal mucosa and promote
inflammation, also they cause gastrointestinal bleeding and increase the risk of
myocardial infarction (100,122). Despite the clinical evidence that selective COX-2
inhibitors have less Gl side effects, it has been argued that COX-2 might also be
responsible for the production of prostaglandins that are involved in the healing

process of ulcers (123,124).

Cytokines are important mediators of the immune system (12). IL-18 was the only
cytokine that was significantly reduced in both the DSS and TNBS colitis models in
the CID1020046 treated group of mice. TNF-a was only reduced in the DSS
model, however, a tendency towards the decrease in the CID16020046 treated
group was also observed in the TNBS model. IL-6 appears to have different
effects in these two experimental colitis models, being reduced in the TNBS model
but unaltered in the DSS model. TNF-a has been shown to be involved in the
pathogenesis of various inflammatory diseases, for instance rheumatoid arthritis,
multiple sclerosis and IBD (125). During the active phase of IBD, in human (126)
as well as in experimental mouse models (127,128), tumor necrosis factor
receptor 2 (TNF-R2) expression is increased (127). Interestingly, in humans,
polymorphisms of the TNF-R2 gene have been connected to a higher
susceptibility to Crohn’s disease (126). IL-1B is responsible for recruitment of
inflammatory cells to the site of bacterial infection (129). Treatment of DSS-
exposed mice with a IL-1B antibody weakened the severity of the disease (130).
Although the use of TNF-a as an inflammation marker and the use of TNF-a
antibodies in the treatment of ulcerative colitis is widespread, the precise role of
TNF-a in colitis is not fully understood. In the TNBS model, an infiltration of

inflammatory cells into all layers of the is characteristic (131). Whilst the survival
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rate of TNF-a”’- knockout mice in a DSS model was lower than that of TNF-a** wild
types, in the TNBS model TNF-a’ knockouts do not even develop disease after
being challenged with TNBS (132,120). While TNFR1”- mice (that have a deletion
of TNF a receptor1) survive lethal doses of LPS, in the TNBS colitis model,
TNFR1” mice had a worse clinical course of disease compared to TNFR2" mice
(133).

TNF-a can interact with two different soluble forms of TNF receptors, the p55 and
p75 form. Both forms inhibit the binding of TNF to cellular receptors, thereby
diminishing its biologic effects (134). TNFR1 contains a death domain that
mediates apoptosis and further downstream activation of NFkB through caspase
activation. TNFR2 does not have a death domain but is still capable to activate
apoptosis through the kinase receptor interacting protein (RIP) (120). It is,
however, not clear if differences like these were responsible that we had no

significant reduction in the TNBS colitis after application of the GPR55 inhibitor.

IL-6 has a role in supporting hematopoiesis, modulating immune responses and
regulation of acute phase reactions (135). It acts primarily on protecting the
mucosal surface against infection-induced epithelial ulceration (136). It was also
suggested that STAT3 inhibition in vivo and in vitro leads to tumor cell apoptosis
and inhibition of growth (137). The IL-6/STAT3 signaling has been suggested to
influence the development of disease severity (138,139). The IL-6 receptor
consists of a IL-6 specific binding unit, an a chain and a signal-transduction unit
gp130 (135). CD4+ T cells have the gp130 expressed on their membranes that
interact with the IL-6-sIL-6R complexes (138). Further downstream signaling
pathways cause induction of antiapoptotic genes as for instance Bcl-2 and Bcl-xL,
causing resistance of lamina propria T cells to apoptosis. Accumulation of T cells
and resistance to apoptosis then lead to chronic inflammation (6). But IL-6 has
also a tissue-protective role in the gastrointestinal mucosa where it is involved in
mucosal regeneration after injury (18). STAT1- and STAT 3-activation is observed
in inflamed tissues of UC and CD patients, and STAT3 is found to strongly

correlate to the severity of inflammation (140). IL-6 is consistently elevated in IBD
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tissues, and next to macrophages can also be produced by epithelial cells (10).
Crohn’s disease patients have elevated IL-6 levels in the blood, whilst this effect

was not observed in UC patients (141).

Due to the described differences of various cytokines in these two experimental
colitis models, it might be that in the TNBS model IL-6 acts more as a
proinflammatory cytokine, whilst in the DSS model it acts on mucosal
regeneration. Also, the time points of regeneration to set in differ in these two
colitis models, which might also explain differences in the expression between IL-6
and STATS3. Either way, the macroscopic outcome is the same: the CID16020046
group had a significantly less severe colitis compared to the vehicle groups.
Similarly, the CID16020046-induced COX-2 reduction observed in both models

went hand in hand with improved scores.

Due to the differences in IL-6 levels observed in the two models, | was interested if
levels of phosphorylated STAT3 (pSTAT3) were also different. Indeed, in the DSS
model, in which IL-6 levels were unaltered as compared to the vehicle group,
pSTATS3 levels were significantly reduced, while in the TNBS model, in which IL-6
levels were significantly decreased in the GPR55 antagonist-treated group,
pSTAT3 levels were significantly increased. It would be interesting to investigate
the IL-6/STAT3 signaling in more detail to find out what exact mechanism
contributes to the different effects, whether they are due to the different courses of
the diseases or due to different onsets of mucosal restitution. About 70% of all
lymphocytes are located in the mucosal immune system of the gut (142), and
about 10% of all lamina propria mononuclear cells are macrophages (143).
Leukocyte recruitment into the mucosa is characteristic for the active disease
phase (10,144). Patients who suffer from UC or CD have a constant
overproduction of monocytes, probably due to an increased demand of
macrophages in the inflamed mucosa (10). Macrophages and neutrophils are the
first to invade the inflamed mucosa, and thereby contribute significantly to the
pathogenesis of the disease because they produce a wide variety of inflammatory

mediators such as TNF-qa, IL-13, IL-6 and reactive oxygen species (14,116,145).
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They also present antigens to T lymphocytes (146). It is known that the number of
macrophages increases during the course of colitis, this is in agreement with our
observation of a significant increase of macrophages at the end of the experiment.
Besides, macrophages are able to phagocytose DSS (147). CID16020046 caused
reduction of lymphocyte recruitment, measured by CD3 staining, into the lamina
propria in both the DSS and TNBS model. Macrophage influx was also diminished
in the DSS model in CID16020046 treated animals, which was also confirmed by
the immunohistological staining. Interestingly, the number of recruited neutrophils
in CID16020046 treated mice was increased, which seems contradictory to the
observed reduction of MPO activity in CID16020046 treated mice. It should be
mentioned that cannabidiol, which inhibits GPR55 activity (41,148) was shown to
inhibit MPO activity in neutrophils (149). This also could have been the case for
CID16020046.

Neutrophils activation and accumulation is one of the crucial pathological features
of active IBD. Neutrophils significantly contribute to the development of the
disease and their depletion was shown to be protective for the development of the
disease although there are also reports stating the contrary, that neutrophil
depletion might worsen the course of the disease (150,151). In human neutrophils,
GPRS55 has been shown to increase migratory responses of CB2 to 2-AG. This
interesting finding might suggest a possibility of an interaction between the
cannabinoid receptors and GPR55 (48). Also we found that neutrophils slowed in
their migration after incubation with CID which is in perfect agreement with the
finding by Balenga et al. that GPR55 activation induces migration in neutrophils
(47).

In the mouse macrophage cell line J774.1, CID160020046 was able to reduce
transwell migration to C5a and MCP-1-induced expression of CD11b, a marker
that is increased in the inflamed colonic mucosa (152). This indicates that the
effect of reduced macrophage recruitment into the lamina propria might be due to

a direct impact of CID16020046 on macrophages.
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4.2. Part 2 - Pharmacological and genetic inhibition of MAGL in

experimental colitis and colitis-associated colon cancer: Role of 2-AG

Current treatment of IBD includes the use of glucocorticoids. They affect monocyte
chemotaxis, reduce the production of prostaglandins, monokines and leukotrienes,
as well as inhibit T cell proliferation and differentiation of B cells (12). Also, 5-
aminosalicylic acid drugs are standard therapeutics for relieving IBD symptoms.
They act by inhibiting cyclooxygenase, lipoxygenase and thromboxane synthesis
(153). As COX-2 expression is heightened in certain cancers, non-steroidal anti-
inflammatory drugs (NSAIDs) have been shown to reduce the risk of
carcinogenesis of breast, colon, lung and prostate cancer by inhibiting COX
activity, (154,155). However, the safe use of NSAIDs in IBD is still unclear (156).
Besides, the use of all of those pharmacological agents has side effects and is not

an optimal treatment solution (14).

The effects of cannabinoids in intestinal inflammation have been known for quite
some time now. They have been well studied revealing that both cannabinoid
receptors play a role in the pathogenesis of experimental colitis (39). Both
cannabinoid receptors have been shown to be protective in models of
experimental colitis (87,123). Monoacylglycerol lipase is the main enzyme
responsible for degrading 2-AG, which is a full agonist of both cannabinoid
receptors (91). Therefore, it has been thought that raising 2-AG levels through
inhibition of MAGL, should have protective effects on the development of
experimental colitis (102). Recently, it was shown that MAGL"- mice have high 2-
AG expression in the colon as compared to other parts of the intestinal tract,
namely the duodenum, jejunum and ileum (71). The inhibition of intracellular
degradation of 2-AG has been shown to be protective against intestinal
inflammation (91). Both the genetic and pharmacological inhibition of MAGL

showed macroscopic improvement of DSS-induced colitis. | was curious to see
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whether the observed improvement could also be seen at the molecular base, and
| therefore measured COX-2 expression in colon samples of JZL184-treated and
vehicle-treated mice with colitis, as well as IL-6 and IL-1j3, two cytokines that have
been shown to be involved in the pathology of IBD (81). JZL184 treatment was
shown to raise 2-AG levels at the dosage of 40mg/kg (82). At the dosage | used,
32mg/kg, it was able to significantly inhibit COX-2 expression and showed a strong
tendency towards decrease of IL-6 and IL-1B levels. The improvement of colitis
was also visible in MAGL” mice, showing crypt architecture that is much better

preserved than in the wild-type mice.

MAGL, being the enzyme responsible for 2-AG degradation, could also provide a
pool of arachidonic acid that is the substrate for COX enzymes, and as COX
products may influence colon carcinogenesis (154), | wondered what effect MAGL
inhibition could have on tumor development in a model of AOM-DSS induced
colon cancer. The model of DSS+azoxymethane (AOM) colitis-associated cancer
is well established and widely used. AOM is used to increase the incidence of
tumors, because when mice are administered only DSS, tumors develop only in
15-20% (157). My experiments showed that low dose of JZL184 administered in
weeks 8-10 did decrease total tumor size, whilst JZL184 treatment at earlier time
points at different dosages did not show any effect on tumor size compared to the
vehicle treated animals suggesting inhibition of tumor growth later in the

development.

In a TNBS-induced colitis model, JZL184 treatment reduced macroscopic and
histological colon alterations and it also restored the integrity of the intestinal
barrier function (91). When JZL184 was applied in a model of pain at a low dose
(8mg/kg) for 6 days, anti-allodynic and anti-edematous effects were maintained,
but after prolonged inactivation of MAGL with a high dose of JZL184 (40mg/kg, 6
days) caused CB1 receptor downregulation and desensitization in several brain
regions such as cingulated cortex, hippocampus, somatosensory cortex and
peraqueductal grey was observed. Through application of specific antagonists, the

authors of the study found that the anti-allodynic effects were CB1-mediated and
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the anti-edematous were CB2 mediated (27). In another study, MAGL"- knockout
mice also showed partial desensitization of CB1 receptors (67). Such effects were
not observed when FAAH was inhibited by PF-3845. It was shown that sustained
elevations in 2-AG levels of the brain caused functional antagonism and
disruptions in endocannabinoid-dependent synaptic plasticity. Also, JZL184
treatment caused a more pronounced cross-tolerance to CB1 than the genetic
disruption of MAGL (67). In a recent paper (102), Taschler and coworkers could
show that CB1 receptors are desensitized in the intestine of MAGL"- knockout
mice suggesting that the lower tumorigenesis in MAGL”- mice observed in our
experiments does not include CB1 activity. This is of particular interest as deletion
of the CB1 receptor in APC ™"* accelerates intestinal tumorigenesis (158)
therefore, presence of the CB1 receptor in the gut likely protects against
tumorigenesis. Thus, the ameliorating effect of MAGL inhibition on cancer growth
seen in our experiments likely uses non-CB1 mediated pathways. Thus, for
instance, less arachidonic acid could have been produced, thereby causing a

reduction in inflammatory and protumorigenic mediator production.

Since | administered JZL184 for more than 10 days, which was shown in a
different study to be enough to cause cross-tolerance and CB1 receptor
desensitization (63). Hence, a possible explanation could be that CB1 receptors
were desensitized and therefore the protective effect of MAGL inhibition by
JZL.184 was blunted. Interestingly, when JZL184 was given at a later time point
and a lower dosage was administered, JZL184 in fact did cause a significant total
tumor area reduction, indicating that pharmacological MAGL inhibition in an
inflammation-driven colon cancer model might not lead to CB1 desensitization.
MAGL inhibition seems to have a greater effect on tumor promotion than on tumor
initiation. MAGL"- mice showed decreased total tumor area compared to wild type
mice. MAGL inactivation has also been shown to have a protective role in colitis
(91). Interestingly, another study showed that in human cancers (breast, lung and
ovary) MAGL expression was reduced or lost, and exogenous expression of
MAGL in tumor cells lacking this enzyme suppressed their growth (159). Other

studies however, showed that in aggressive cancer cells, MAGL provides free fatty
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acids that are needed for the production of protumorigenic signaling lipids (79).
Nonaggressive cancer cell lines became aggressive and invasive when MAGL
was overexpressed. Therefore, MAGL has been suggested to be both sufficient
and necessary (both aggressive and nonaggressive cancer cells exhibited similar
levels of fatty acid synthase; FAS) to elevate free fatty acid content and thereby
increase migratory and tumorigenic activity in cancer cells (79,84,160).
Interestingly, it was shown that MAGL blockade protected gastrointestinal bleeding
that was caused by diclofenac (a dual COX-1/COX-2 inhibitor), through CB1
receptor (161). When applied alone, JZL184 did not cause gastric hemorrhaging
that was observed in either COX-1 or COX1/COX-2 inhibitors (86). Anandamide
and 2-AG content was shown to increase during colon carcinogenesis when
passing from normal mucosa to adenomatous polyps, and then again the levels
slightly decreased in the colorectal cancer tissue. Levels of anandamide were
enough in the adenomatous polyps to activate CB1 receptors, and 2-AG levels
were sufficient even in the healthy mucosa, but it has to be kept in mind that
probably not all the 2-AG may be used as an endocannabinoid. 2-AG is only
partially released outside the cells to activate the cannabinoid receptors, as it is
also involved in the (phospho)glyceride metabolism (38). Applying 2-AG
exogenously was shown to reduce NFkB phosphorylation and COX-2 expression,
but was also shown to increase the invasion of prostate cancer cells, presumably
due to increased arachidonic acid (AA) levels (162,163). In vitro studies have
shown that LPS stimulations cause anandamide and 2-AG production by immune

cells, including macrophages (164).

In our AOM+DSS experiments, total tumor area was reduced in the two models of
pharmacological and genetic inhibition of MAGL. Inhibition of MAGL also showed
a strong tendency to decrease total tumor area in the spontaneous model of colon
cancer indicating a protumorigenic role of MAGL even in the spontaneous cancer
model, where the inflammatory drive of DSS was not present. MAGL might indeed
provide free fatty acids that are needed for building new membranes of tumor
cells, that way driving carcinogenesis. This suggests that the anti-tumorigenic

effect of MAGL inhibition could be due to a decreased pool of free fatty acids and
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a smaller pool of arachidonic acid than through enhanced cannabinoid signaling.
However, this remains speculative, as arachidonic acid and free fatty acid levels
were not measured in our experiments. Further experiments are necessary to

investigate whether these speculations may hold true.

In conclusion, | could demonstrate that the novel GPR55 inhibitor CID1602004
was protective in two models of experimental IBD by interfering with lymphocyte
and macrophage recruitment to the colon. The GPR55 inhibitor exerted direct
effects on the mouse macrophage cell line J774.1 by reducing migration and
CD11b activation. GPR55 has therefore functions different to CB receptors in
bowel inflammation, which are primarily antiinflammatory. Since GPR55 is
responsive to cannabinoids, it may represent an important modulator of CB
receptor actions during bowel inflammation and an interesting drug target. | further
showed that MAGL knockout mice, which express high levels of the
endocannabinoid 2-AG, were protected against intestinal inflammation and colitis-
associated cancer. This is of particular interest because it was shown that CB1
receptors in the gut of MAGL knockout mice are desensitized and an
antiinflammatory/anticarcinogenic effect of 2-AG is therefore not likely. Future
experiments will hopefully reveal the non-CB1 receptor pathways by which 2-AG

may act as an antiinflammatory/anticarcinogenic mediator.
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