Microglia and astrocytoma cells
express alkylindole-sensitive receptors

Susan Fung

A dissertation submitted in partial fulfilment of the requirements for the degree of

Doctor of Philosophy

University of Washington

2014

Reading Committee:
Dr. Nephi Stella, Chair
Dr. Gwenn Garden

Dr. Neil Nathanson

Program Authorized to Offer Degree:

Neurobiology & Behavior



© Copyright 2014

Susan Fung



University of Washington

Abstract

Microglia and astrocytoma cells express alkylindole-sensitve receptors
Susan Fung

Chair of the Supervisory Committee:
Professor Nephi Stella

Department of Pharmacology

Two cannabinoid (CB) receptors, CB; and CB,, have been identified at the molecular
level. Evidence suggests that other cannabinoid and cannabinboid-like receptors remain
to be identified. Using newly developed compounds, our lab has identified receptors
sensitive to alkylindoles (Al) which exhibit a distinct pharmacological profile from CB1
and CB; receptors and are expressed by both microglia and astrocytomas.

Radioligand binding data show that WIN-2, and novel analogues, ST-11 and ST-48,
compete for [’H]WIN-2 binding in DBT mouse astrocytoma cells and primary microglia
in culture, while classic cannabinoid ligands did not. In microglia, ST-11 and ST-48
increase intracellular cAMP levels, suggesting that Al receptors are GPCRs that couple
to Gs.

As resident immune cells of the CNS, microglia play many roles in maintaining
homeostasis in a healthy brain. Al analogues inhibit both basal and ATP-stimulated
microglia cell migration. The compounds did not affect cell viability, yet they did inhibit
cell proliferation stimulated by macrophage colony stimulating factor (M-CSF).
Interestingly, Al analogues did not modulate effector proteins that characterize M1 or
M2 phenotypes.

Al analogues also inhibited DBT cell migration, though with lower efficacy. In contrast to
microglia, Al analogues did reduce cell viability and basal cell proliferation, suggesting
that Al-sensitive receptors expressed by cancer cells may be an effective target to
reduce tumor growth. In vivo study of ST-11 formulated in liposomes show that tumor



volume was reduced while microglia reactivity was increased. Further study of Al
analogues is needed to increase understanding of this phenomenon.
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Dedication

This is dedicated to Alfred. Thank you for not letting me go hungry on late
nights, organizing game night when a moment of levity was needed, for
encouraging me to run when | needed a mental reset. Thanks for the hugs
of victory and of solace, for letting me cry. Thank you for cheering me on.



INTRODUCTION: Targeting endocannabinoid signaling in
tumor-associated macrophages as treatment for
glioblastoma multiforme

Adapted from Fung, S, Stella N. 2014 Targeting endocannabinoid signaling in tumor-
associated macrophages as treatment for glioblastoma multiforme. WIRES Membr
Transp Signal 3:39-51

Abstract

Glioblastoma multiforme (GBM) is the most common form of primary brain tumor and is
diagnosed in approximately 10,000 people each year in the United States alone. No
cure for this type of cancer exists, and the current standard of care treatments provide
little benefit and are associated with debilitating side effects. Recent evidence shows
that a large number of tumor-associated macrophages (TAMs) invade the GBM tumor
mass and secrete factors that directly and indirectly promote tumor growth. TAMs
express a panel of unique receptors that could be targeted for therapeutic benefit. One
such receptor, cannabinoid receptor 2 (CB2), is a member of the endocannabinoid
(eCB) signaling system, and its activation has been shown to tightly control the
migration and phenotype of both macrophages and microglia. Additional receptors, also
engaged by eCBs and cannabinoid-like compounds, are expressed by macrophages
and microglia. These receptors also control cell migration and phenotype, but exhibit
distinct pharmacological profiles and operate through a different mechanism of action.
Strong evidence accumulated over the past decade indicates that membrane receptors
expressed by TAMs represent novel targeting opportunities to treat GBM tumor
progression. Here we review studies that significantly increased our understanding of
the molecular mechanism of action of receptors engaged by eCBs and cannabinoid-like
compounds expressed by GBM tumor cells and TAMs. This evidence provides a strong
rationale for developing new therapeutics that target the eCB signaling of TAMs for the
treatment of GBM while minimizing the typical side effects associated with standard
care.



GBM: origin, allies, and fate

Current treatment options for GBM patients

GBM tumors are the most severe, aggressive and common form of primary brain tumor,
accounting for one percent of cancer diagnoses in the U.S. each year'. Epidemiological
data gathered between 2005 and 2009 show that the incidence of GBM is 6.5 per
100,000 individuals, and that this type of cancer afflicts slightly more men (7.7 per
100,000) than women (5.4 per 100,000)2. It is estimated that roughly 20,000 new cases
of GBM will be diagnosed in 2013 with an average age at diagnosis of 64>2. With the
population living progressively longer lives, this fatal disease should be increasingly
diagnosed in the coming decades.

The first step in the current standard of care treatment for this disease consists of
surgical resection to debulk as much of the tumor mass as possible. Additionally, with
the skull kept intact, tumor removal can be augmented by gamma-knife surgery (GKS).
There are several daunting limitations to the initial resection of the tumor mass. First,
not all GBM tumors can be safely treated by GKS because of their size (maximum size
for GKS treatment being 35-40 mm) and the intervention depends on whether or not the
tumor location is close to vital brain structures®. Second, in the best case scenario,
although surgeries remove 95-97% of the GBM, the remaining percentage of GBM cells
typically leads to tumor recurrence. In fact, a multi-center clinical trial that evaluated the
use of GKS before traditional external beam radiotherapy plus carmustine (BCNU)
chemotherapy showed that GKS did not improve overall survival®.

Radiotherapy and chemotherapy are the next steps in the standard of care treatments
following debulking and are typically prescribed for patients younger than 70 years of
age™°. For elderly patients, either radiation or chemotherapy-only treatment is
recommended. Commonly prescribed chemotherapeutics for GBM are the DNA
alkylating agents BCNU and temazolamide (TMZ)". However, certain GBM types do not
respond to TMZ as they express the MGMT gene, leading to increased production of
the enzyme that reverses the alkylating effects of TMZ, and resulting in
chemotherapeutic resistance. Furthermore, both radiotherapy and chemotherapy are
associated with severe side-effects principally because these chemotherapeutics
indiscriminately damage tumor and healthy cells. As a result, patients undergoing such
treatment require additional medications to alleviate these side-effects. Considering the
serious limitations associated with these standard of care options for GBM patients,
there is an urgent need for novel and less toxic therapeutic approaches that will rapidly
and efficiently treat this type of deadly cancer.

Classification, origin, and genetic profile of GBM tumors
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GBM is classified as a World Health Organization (WHO) grade IV astrocytoma. Under
the WHO grading system, astrocytomas are categorized in four grades based on
histopathological features, including hypercellularity, pleomorphism, and
pseudopalisading necrosis, this last feature being typical of GBMs'®. More recently, a
new classification system has been introduced by The Cancer Genome Atlas Network
based on gene expression data and factor analysis. It is hypothesized that different
types of GBM tumors arise from different causes or from different GSC cells of origin.
Accordingly, GBM tumors have been subcategorized into four types: classical,
mesenchymal, neural, and proneural®. The classical type is characterized by an
amplification of chromosome 7 (where the oncogene epidermal growth factor receptor
[EGFR] and proto-oncogene mesenchymal-epithelial transition factor receptor [MET]
are located) and a loss of chromosome 10 (where the tumor suppresser phosphatase
and tensin homolog [PTEN] is located). EGFR amplification is a common occurrence in
a majority of these samples, whereas tumor protein 53 (TP53) mutations are rarely
present, an interesting finding considering that TP53 is thought to be the most common
mutation found in GBM*. The mesenchymal type shows low expression of
neurofibromin 1 (NF1) in comparison to other subtypes and prominent expression of the
mesenchymal markers chitinase-3-like protein 1 (CHI3L1) and MET. This study also
reported high expression of members of the tumor necrosis factor (TNF) and NF-kB
pathways, TNF receptor type 1-associated DEATH domain (TRADD), RELB, and TNF
receptor superfamily member 1A (TNFRSF1A), which corresponds to the higher amount
of necrosis and inflammatory molecules found in these GBMs. The neural type is
defined by typical neuronal marker expression, such as neurofilament light polypeptide
(NEFL), gamma-aminobutyric acid receptor subunit alpha-1 (GABRA1), and
synaptotagmin-1 (SYTL1). Lastly, the proneural type is typified by two mutations: platelet-
derived growth factor receptor alpha (PDGFRA) and isocitrate dehydrogenase 1 (IDH1).
Furthermore, several genes associated with oligodendrocytic cell development are also
highly expressed by this type of GBM. Interestingly, it is the proneural subtype that
associates with the highest rate of TP53 mutations. The information gained by these
studies provides a remarkable step towards providing personalized and effective
treatments to GBM patients, with the hope of tailoring therapies that will provide better
treatment.

GBMs are heterogenous in nature and are likely to originate from GBM stem cells
(GSCs). GSCs express CD133, can differentiate into various cell types when studied in
vitro'*, and suffice for initiating tumorogenesis****. Specifically, when implanted into
the mouse brain, CD133+ GSC spheres generated tumors while non-sphere-forming
cells did not, providing evidence of the self-renewal properties of GSC spheres and of
the mechanism of tumor recurrence. Supporting this notion of self-renewal, levels of
CD133 mRNA were higher in recurrent GBM samples compared with primary tumors™2.
CD133+ GSCs are more resistant to conventional chemotherapeutics than CD133-



11

GSC cells'® and any novel therapeutic approaches must accordingly target both
CD133+ and CD133- cells to successfully treat these tumors***®. Indeed, although
CD133- GSC cells are not as proliferative as CD133+ GSCs, they still are tumorigenic
after implantation in mice and thus should also be targeted by therapeutics*?. In
summary, multiple lines of evidence exist that suggest that GSCs are likely the source
of GBM tumors and are a culprit of drug resistance.

Blood brain barrier (BBB) integrity and brain tumor microenvironment

One difficulty of delivering therapeutics to the CNS is passing the blood brain barrier
(BBB)''". The brain is considered an immune-privileged site as the BBB restricts
access to peripheral molecules and cells, circulating immune cells in particular.
Specifically, the BBB is comprised of endothelial cells connected through tight junctions
that create a semi-impermeable barrier limiting the entry of circulating immune cells and
mediators into the brain and spinal cord parenchyma'®'’. Furthermore, cells forming the
BBB are equipped with active efflux transporters that control the entry of various
drugs®®*°. With this isolated setting, the CNS depends mainly on microglia as the first
line of defense to detect and respond to pathogens and cancer. However, under
pathological conditions the BBB may be compromised, allowing for the influx of
monocytes, other leukocytes, and a plethora of potentially harmful molecules that might
further damage the brain parenchyma?>%,

GBM progression leads to varying degrees of BBB breakdown?? and may be due to the
high levels of vascular endothelial growth factor (VEGF) secreted by GBM cells which is
known to disrupt BBB permeability®®. Specifically, based on immunohistochemical
analysis of human astrocytoma samples, serum proteins are detected in the brain
parenchyma surrounding the tumor (also known as “the tumor rim”)?3. In comparison,
the same study showed that such serum proteins are exclusively localized to the
meninges and within blood vessels of healthy brain tissue. The tumor rim is often also
associated with edema, suggesting that glial cell dysfunction may reach a larger area
than the tumor mass per se®*. For example, both aquaporin-4 up-regulation and
swollen cell bodies of GFAP+ glial cells are detected in the tumor rim?*. Thus, the BBB
disruption is associated with an increase in the influx of immune cells that interact with a
large number of tumor-associated macrophages (TAMs)*. Landmark studies show
that the number of the immune cells in and around the tumor correlate with severity of
the disease, indicating that TAMs represent a cell population that should strategically
targeted for GBM therapy?®’.

Microglia: the sentinels of the CNS
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Microglia are often referred to as “the resident macrophages of the brain” and are
known to play roles in both innate and adaptive immune responses in the brain.
Microglia detect pathogens and cell injuries, combat pathogens by releasing free
radicals, phagocytose cell debris, present antigens to invading immune cells, and
release mediators that modulate neighboring cells and invading immune cells***°. In
healthy brain, they exhibit a ramified morphology and constantly use their processes to
survey the local brain parenchyma®"®2. Until recently, it was thought that microglial cells
derive from hematopoietic stem cells; however, recent evidence shows that they
originate from primitive myeloid cells in the yolk sac between E7.25 and E7.5 in mice*3.
This short time window during embryogenesis precedes the time window of
hematopoiesis and clearly separates microglia from the bone marrow-derived
monocytes that eventually mature to tissue macrophages®. These new findings open a
set of novel hypotheses, including one that proposes a fundamental difference in how
resident microglia and invading macrophages interact with GBM cells and affect tumor
growth.

Factors used by GBMs to recruit microglia and TAMs

Tumor cells secrete both chemoattractants and growth factors that promote the
recruitment of microglia and circulating monocytes, and thus determine the number and
phenotype of microglia and TAMs invading the tumor mass. Select chemokines have
been involved in this process, including monocyte chemotactic protein-1 (MCP-1)3*3°
and/or MCP-3%¢, VEGF*"*, and hepatocyte growth factor/scatter factor (HGF/SF)*4°,
Tumor cells also secrete growth factors, such as granulocyte colony-stimulating factor
(G-CSF) and granulocyte-macrophage-CSF (GM-CSF), both of which are known to
induce microglial cell proliferation*.

Microglia and TAMs secrete a wide array of immune mediators. For example, they
release interleukin-10 (IL-10) that contributes to establishing an immunosuppressive
environment****, as well as matrix metalloproteases that break down extracellular
matrix and aid tumor propagation**. Both microglia and TAMs also secrete VEGF, which
promotes angiogenesis and ensures ample access to the nutrients and oxygen needed
to maintain and promote cancer cell survival *°. VEGF also acts as a chemoattractant
for VEGFR-1-expressing microglia and macrophages®’® and contributes to tumor
growth, yet it has become increasingly clear that targeting a single factor is impractical
and provides little benefit. With this evidence in hand, the field of brain cancer research
is now dedicating significant effort to better understanding the role of microglia and
macrophages invading the GBM tumor mass, as well as is testing whether drugs known
to limit the migration of TAMs provide therapeutic benefit for patients diagnosed with
these tumors.
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Multiple activation states and phenotypes of microglia

Microglia phenotype is highly malleable and adjusts depending on the stimuli and
disease state encountered in the brain parenchyma®. When homeostasis is disrupted,
microglial cells may adopt at least three broadly-classified phenotypes: an M1
phenotype (or classical activation), an M2 phenotype (or alternative activation), or a
tumor-associated phenotype, which encompasses facets of both M1 and M2%%*". This
evidence challenges the previous dogma stating that microglia undergo simple bimodal
phenotypic changes from resting to activated. Note that the mechanism by which
microglia return to a patrolling phenotype upon resolution of a neurotoxic event — if at all
— is poorly understood. Several studies indicate that IL-4 and transforming growth
factor-B (TGF-B) may play a role in their resolution*®, but a growing consensus suggests
that microglia may retain some amount of memory of their previous activation state,
which may confer an advantage in the future if a similar event occurs*®°. This same
result however, may be detrimental as the cells may contribute to the recurrence of
undesired events, such as tumors.

With regard to GBM tumors, TAMs assume phenotypes typified by specific markers. A
series of key studies showed that the TAM phenotype lies between the M1 and M2
phenotypes, suggesting a tailored response to GBM tumors. When analyzing the
phenotype of TAMs in an orthotopic rat GBM model, Badie and Schartner found that
CD45+/CD11b+ cells (classified as invading macrophages) were primarily located within
the tumor mass, whereas microglia (CD45-/CD11b+ cells) were located throughout the
tumor and brain parenchyma®, a distribution that mirrors what is found in human GBM
samples®. Note that these claims are based on the assumption that the expression of
the CD45/CD11b markers remains stable over time!. GBM cells also secrete TGF-
%23 which promotes an immunosuppressive phenotype in TAMs by down-regulating
major histocompatibility complex Il (MHC II) and other antigen presenting molecules®*.
Remarkably, in TAMs isolated from patients with GBM, both MHC Il and toll-like
receptors (TLRs) are expressed; yet the co-stimulatory surface markers (such as CD80,
CD86, CD40) are not. In fact, these cells do not produce pro-inflammatory cytokine
production except for IL-12%%. In line with these findings, TAMs are poor antigen
presenting cells when studied in vitro®. Additional markers change their expression in
TAMSs, and understanding their specific role in cell function would help enhance our
understanding of the phenotype adopted by TAMs. For example, Iba-1, which plays a
role in calcium homeostasis® and phagocytosis, is commonly used as a marker to
identify cells belonging to the monocytic lineage. Other surface markers commonly used
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to identify this cell population are CD11b and CD18, which are subunits of the integrin
Mac-1, as well as F4/80, all proteins that control and facilitate cell adhesion®*°’. CD68
is another commonly used protein marker to indicate phagocytosis®®. When attempting
to characterize the phenotype of cells belonging to the monocytic lineage, a
combination of markers that detect MHC Il, INOS and other M1 markers indicate a pro-
inflammatory (classical) phenotype, and markers that detect CD204 and CD206 and
other M2 markers indicate an anti-inflammatory (alternative) phenotype. Thus co-
immunostaining with a panel of cell surface markers should offer an opportunity to study
the dynamic change in the phenotype adopted by TAMs, and how such changes in TAM
phenotype are affected by regimented therapeutic treatment.

In summary, GBM is a devastating cancer that remains uniformly fatal. The recent
discovery that GBM can be further classified into four GBM types based on gene
expression profiles should help guide the next generation of therapeutics that will
directly target the cancer cells and stem cells. A promising new treatment venue is to
target TAMs as these cells invade the GBM tumor mass and have been shown to
significantly promote tumor growth. In the next section, we will first introduce our current
understanding of the eCB signaling system and then propose a rationale for targeting
eCB signaling in TAMs as a novel therapeutic approach to treat GBM.

Endocannabinoid and cannabinoid-like signaling in TAMs and GBM

Cannabinoid receptors

Two cannabinoid (CB) receptors have been identified at the molecular level®®*, and
both receptors, CB; and CB,, are G protein-coupled receptors (GPCRs). CB; is one of
the most widely expressed GPCRs in the brain and has particularly high expression
levels in GABAergic neurons®. However, it is CB; on glutamatergic neurons that
underlie most of the cannabinoid-induced behaviors, as well as couple to G proteins
more effectively than CB; on GABAergic neurons®*. Both CB; and CB, receptors couple
to G; proteins and regulate ion channels and second messengers, such as cAMP and
ERK kinase. Thus, CB; mediates the psychotropic effects of A%-tetrahydrocannabinol
(THC), the principal psychoactive component of the Cannabis plant. CB, receptors
share 44% homology with CB; and couple to G; but likely not G, proteins®*?. The
expression level of CB, receptors is low in the brains of healthy individuals®*®° but is
considerably up-regulated in microglia under chronic pro-inflammatory and autoimmune
conditions®*®©®”. CB, receptors control several immune functions carried by microglia,
for example, by tightly regulating actin polymerization, migration, cell phenotype and
pro-inflammatory cytokine release from these cells®®*®%%%  Thys, cannabinoid
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receptors are likely to play an integral part in regulating fundamental functions of
microglia, macrophages, and TAMs.

Cannabinoid ligands

Cells produce eCBs on-demand that activate CB receptors and regulate specific cell
functions. Arachidonoylethanolamine (anandamide, AEA) acts as a partial agonist at CB
receptors, but 2-arachidonoyl glycerol (2-AG) acts as a full agonist’®"*. A large panel of
synthetic molecules that either activate or antagonize CB receptors have been
developed over the past 30 years and can be categorized into five main classes
Classical cannabinoids are tricyclic-dibenzopyran derivatives, including THC and HU-
210. Although both compounds are structurally similar and belong to the same class,
THC has much lower affinity to CB;/; than HU-210 and acts as a partial agonist.
Members of the non-classical group of compounds structurally resemble those of the
classical group but lack the pyran ring. A prototypical member of this family is CP-55940
(CP), which is a potent full agonist at both CB receptors. The third group of molecules is
the aminoalkylindoles, of which WIN 55,212-2 (WIN-2) is a member. This compound
also acts as a potent full agonist at CB; and CB;, receptors despite being structurally
very different from the classical and non-classical compounds. The fourth group of
compounds is the eicosanoids or derivatives of arachidonic acid which include the eCBs
2-AG and AEA. Finally, the last class is made up of diarylpyrazoles including SR141716
(SR1) and SR144528 (SR2)"*"°, which act as inverse-agonists at CB; and CB;
receptors, respectively.

72,73

eCB signaling in astrocytomas and the use of CB ligands in treating GBM

The practice of utilizing cannabis as medicine is not new; in fact, the plant has been
used medicinally for thousands of years’®. Today, patients continue to use cannabis
and specifically formulated cannabinoid compounds to stimulate appetite, alleviate pain,
nausea, and vomiting associated with cancer, chemotherapy treatment, and in some
cases neurodegenerative diseases’”’®. The study of cannabinoids as antitumor agents
began in 1975, when Munson et al. showed that growth of Lewis lung adenocarcinomas
was delayed by oral administration of cannabinoids’. Many landmark studies ensued,
including a remarkable set of studies on the effect of CB drugs on GBM pathogenesis.
For example, THC and WIN-2 improved lifespan in most rats implanted with C6 cells, a
rat glioma cell line; in some cases, the tumor was completely eradicated®. There is
evidence for the expression of CB1/CB, receptors in tumor cells as measured by
Western blot®, although the specificity of the CB; antibodies used in these studies
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remains to be validated. Accordingly, the mechanisms by which cannabinoid drugs
eliminate tumors are only beginning to be understood and require further research.

In vitro studies suggest that the cytotoxic effect that cannabinoids exert on GBM cells
may require ERK activation®"%# We have shown that apoptosis induced by CB drugs
depends on the expression level of CB receptors in astrocytoma cells®®. Interestingly,
low concentrations of CP induce apoptosis in cells expressing low levels of CB;
receptors in an ERK-dependent manner. Cells that express high levels of CB; or CB,
receptors do not promote apoptosis in response to CB agonists because these
receptors now couple to pro-survival AKT signaling mechanisms. Here, it is important to
emphasize that high concentrations of CP also induced apoptosis in cells lacking CB
receptor expression, indicating the these compounds are capable of activating the ERK
pathway independently of CB; and CB, receptors. These results also indicate that these
receptors are sensitive to CB drugs, but remain uncharacterized with respect to their
molecular identity, coupling mechanism, and pharmacological profile. Another study
found that CBs, notably THC, induces autophagy in glioma cells by up-regulating the
stress factor p8%*. This leads to tribbles-homologue 3 (TRIB3) inhibiting AKT inhibiting
mammalian target of rapamycin complex 1 (mTORC1) which can then initiate
autophagy and autophagy-mediated cell death’®%*. A study was also conducted
addressing the effect of cannabinoids specifically in GSCs and found that multiple
components of the eCB signaling system, including CB; and CB; receptors, were
present®®. Treating these cells with a selective CB; or CB, agonist increased markers of
glial and neuronal differentiation in vitro and significantly decreased flank tumor volume
when compared to controls®. Despite these promising results from in vitro and murine
models, a clinical study using THC on patients with recurrent GBM did not show a
significant improvement in survival over the standard regiment of TMZ®. It should be
noted however, that this was a safety study that remained underpowered to ascertain
treatment efficacy. In considering future clinical studies, the pathogenesis of recurrent
GBM is likely to be different from primary or secondary GBM and variations in drug
sensitivity may be related to changes the expression levels of various genes, including
transporters that allow for the development of drug resistance®. In response to this
concern, one may propose combinations of cannabinoid compounds and the
formulation of optimal treatment regimens to foster synergistic effects between various
cannabinoids®. An added advantage to combining cannabinoids such as THC with
cannabidiol (CBD) is the benefit of obtaining enhanced anticancer therapy and
concomitantly reducing psychotropic effects®’.

Other promising eCB targets are the CB; receptors expressed by endothelial cells of the
BBB located in an area undergoing an inflammatory response. In this area, circulating
immune cells adhere to endothelial cells, and this response is commonly interpreted as
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BBB disruption. Recent evidence shows that CB, receptor agonists both reduce
immune cell adherence to endothelial cells and increase the tight junction protein levels,
together suggesting that these drugs should promote the BBB to regain integrity and
consequently reduce leakiness®*®°. Whether a similar response is induced by CB,
agonist on the BBB in GBMs remains to be tested but is likely since this
microenvironment is largely immunosuppressive. In fact, cannabinoid drugs should
further help contain tumor growth by limiting the number of immune cells that invade the
GBM tumor mass. One disadvantage of such response would be that it also limits the
invasion of activated immune cells capable of combating the GBM and GCS cells.

eCB signaling in microglia

Under healthy conditions in the CNS, microglia are thought to express low levels — if
any — of CB; receptors. However, when homeostasis in the CNS is disrupted by
specific types of injuries, microglia may up-regulate CB, receptor expression®, and
activation of these receptors by selective compounds promote an anti-inflammatory
phenotype® while suppressing a pro-inflammatory activation®®. Results from in vitro
studies indicate that when microglia up-regulate CB, receptors, production of both eCBs
AEA and 2-AG is increased, enabling modulation of cell migration®®**%%, Microglia
treated with AEA reduced the production of pro-inflammatory cytokines IL-12 and IL-
23%. This anti-inflammatory response triggered by an eCB involves MKP-1, -3 which
lowers p-ERK expression and TNF-a production®, as well as the JAK/STAT signaling
pathway®®. Romero-Sandoval et al. found that CB; activation, most likely through the
inhibition of p-ERK, negatively regulated cell migration®. One may hypothesize that
cannabinoid treatment will also result in an anti-inflammatory phenotype in TAMs of
GBMs, but such hypothesis remains to be directly tested.

Cannabinoid-like receptors expressed by both microglia and astrocytomas

It is now clear that CB compounds activate a number of receptors that remain
uncharacterized with respect to their molecular identity, coupling mechanism and
pharmacological profile. For example, WIN-2 and AEA stimulate [**S]-GTPyS binding
and modulate synaptic transmission in CB; knockout mouse brain®~". An additional
set of evidence for the existence of such receptors comes from experiments performed
on microglial cells in vitro. Here, lipids closely related to eCBs dose-dependently
regulate microglia migration, and yet, it is known that they do not bind to CB; or CB;
receptors®. For example, palmitoylethanolamide (PEA) is structurally related to AEA,
does not bind CB; or CB; receptors and yet increases AEA-stimulated migration of BV-2
cells through a distinct receptor that couples to Gy, proteins’?®*. Accordingly,
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arachidonylcyclopropylamide (ACPA), a CB; agonist, regulates the migration of the
mouse microglial cell line BV-2, but this response is not affected by SR1, emphasizing
the distinct pharmacological profile of these uncharacterized receptors®. Evidence
shows that such receptors are also expressed by astrocytomas. Specifically, THC, CP,
and JWH-015 inhibit proliferation and promote apoptosis in the C6 rat glioma cell line,
and this response is not blocked by CB antagonists **'®°. Clearly, a large number of
studies are required to increase our understanding, identity, and function of these
receptors expressed by microglia and astrocytomas.

A number of receptors that have been identified at the molecular level and are
phylogenetically distant from CB; and CB; receptors are also activated or antagonized
by cannabinoids and cannabinoid-like compounds. A particularly well-studied example
is GPR55, which shares little homology with CB1; (13.5% and 14.4% respectively™®h).
This receptor has recently been deorphanized with the discovery that LPI is its
endogenous ligand, and it is antagonized by CBD***!%, To date, the precise
pharmacological profile of GPR55 remains uncertain, as eCBs, phytocannabinoids, and
synthetic cannabinoids bind this receptor and regulate cell signaling with varying
potencies'®>1%41%7  GPRS55 is expressed in microglia and cancer cell lines, including
GBM cell lines, regulates migration, proliferation and viability, and is an indicator of
tumor severity’®. There are several therapeutic opportunities for compounds that target
this receptor as it has been implicated in immune cell activation'®® and shown to interact

with CB, to regulate cytoskeletal reorganization and migration*°®.

GPR18 was originally discovered in testis and spleen and is currently thought to be
what was referred to as “the putative abnormal-CBD (abn-CBD) receptor’®*1%°. A study
pharmacologically profiling isolated human neutrophils pointed to the role of an abn-
CBD receptor in modulating cell migration*'°. By using a combination of cannabinoid
ligands, the authors concluded that this new receptor is distinct from CB; and GPR55
and that it may interact with CB, receptors. A follow-up study on BV-2 cell migration
demonstrated that GPR18 is indeed activated by abn-CBD*'* and corroborated earlier
findings that N-arachidonylglycine (NAGly) is an endogenous ligand**2. NAGly is a
metabolite of AEA that does not bind CB; and CB; receptors and yet, has profound anti-
inflammatory and anti-nociceptive properties in rodent models'***'°. These studies
provide a strong foundation to medicinal chemists that are developing new generation of
ligands that bind specifically to these targets and will ensure a high level of confidence
in the pharmacological profile of their drugs.
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Novel targets for GBM therapeutics - the next line of treatment

TAMs make up as much as thirty percent of the entire GBM tumor mass*® and play an
active role in both the survival and progression of GBM tumors. TAMs secrete factors
that promote angiogenesis and temper immune responses. Consequently, compounds
that modulate TAM number and phenotype represent promising therapeutics to treat
GBM tumors. As discussed above, cell migration is tightly controlled by both CB and
CB-like receptors. Accordingly, compounds targeting these receptors would represent a
distinct generation of therapeutics to indirectly affect GBM progression by blocking the
cell migration of TAMs and reducing the amount of support that these cells provide to
GBM cells. An alternative approach is based on taking advantage of TAMs as drug
delivery shuttles that deliver therapeutics directly into the GBM tumor mass. A recent
proof-of-concept study showed that a microglial cell line heterologously expressing
thymidine kinase may serve as a vector or shuttle for gene therapy and can undergo
apoptosis when gancyclovir is administered™****’. In line with these results, microglia
may be labeled with gadolinium, a commonly used contrast agent in MRI, and used to
image tumors. In fact, microglia can be packaged with both the thymidine kinase gene
and gadolinium and used both as diagnostic tool and therapy'*®. These studies
capitalize on the principal that TAMs are integrated as part of the tumor mass and
should be destroyed along with the rest of the tumor. Thus both chemical and genetic
approaches leading to a reduction or complete loss of TAMs will likely provide
therapeutic benefit to GBM patients.

The need for novel therapies to treat GBMs remains unmet and urgent. Current
chemotherapeutic options only lengthen the survival time of these patients by a few
months and are associated with severe side effects that greatly reduce quality of life.
Since patients potentially face a limited amount of time after diagnosis, an effective and
efficient course of treatment is paramount following surgical debulking. As we
discussed above, because of the presence of GCS, there is a high probability that the
tumor will develop resistance to chemotherapy and radiation. This grim scenario
emphasizes the need to tackle the disease from many directions: directly treating the
remaining GBM and GCS cells, blocking angiogenesis, reestablishing BBB
impermeability, and promoting an environment that stimulates cellular repair. The next
generation of therapeutic approaches for treating GBM tumors will likely be based on
set combinations of compounds designed to hit selective receptor targets to kill tumor
cells based on their genetic fingerprint, and to modulate TAM migration and phenotype
to halt tumor progression (see Figure 1). The accumulating evidence on the function of
the eCB signaling system and CB-like receptors in the various cell types encompassed
within GBM tumors point to a novel therapeutic avenue for the treatment of this type of
cancer that can be pharmacologically enhanced to retain an optimal safety profile.
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Endothelial cells

Figure 1: CB receptors expressed in the GBM tumor mass. Schematic of the composition of
various cell types forming GBM tumors show that CB receptors can be targeted for the
treatment of this disease. CB; and CB; receptors are expressed by microglia, GBM cells, GBM
stem cells, and endothelial cells, and can be targeted to promote cell death in GBM and control
inflammation by modulating the phenotype of microglia. New CB receptors may also be
selectively targeted to promote these activities.
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CHAPTER 1: Alkylindole-sensitive receptors modulate
microglial cell migration and proliferation

Abstract

Ligands that target specific subtypes of G protein-coupled receptors (GPCR) expressed
by microglia regulate distinct components of microglial cell activation. Thus, such
agonists can regulate microglial cell proliferation, migration, and/or expression of
effector proteins characteristic of the M1 or M2 phenotypes and represent promising
therapeutics to treat brain diseases associated with microglial cell activation. Recent
evidence has shown that microglia express alkylindoles (Al) receptors, a recently-
identified class of cannabinoid-like receptors that couple to G proteins and are activated
by Al analogues, but not by other classes of cannabinoid ligands. To date, detailed
studies of Al receptor function in in controlling microglial cell activation has been difficult
as no selective pharmacological tools are available. Here, we used three newly-
developed Al receptors ligands, ST-11, ST-47, and ST-48 to determine if microglia
express functional Al receptors and to study how these novel targets regulate microglial
cell activation. We found that primary mouse microglia express functional Al receptors
by measuring radioligand binding and observing changes in intracellular cAMP levels,
and that these receptors control both basal and ATP-stimulated cell migration. Al-
receptor ligands inhibit cell proliferation stimulated by macrophage-colony stimulating
factor (M-CSF) without effecting basal cell proliferation. Remarkably, these agonists do
not control the expression level of select effector proteins characteristic of the M1 or M2
phenotypes. Our results suggest that microglia express functional Al receptors that
control distinct components of the microglial cell activation process and that agonists at
these novel targets might represent a promising approach for controlling microglia
accumulation at lesion sites.

Introduction

Microglia play a central role in the brain’s response to various types of injuries, including
injuries induced by changes in local metabolic supplies and homeostasis, infections and
pathological processes *°. The phenotype of microglia is generally accepted to be both
highly plastic and tailored by the distinct panels of mediators that are produced under
different types of brain injuries *®**°. Thus, microglia express membrane receptors that
sense the mediators associated with neuroinflammation, immune responses, and tissue
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repair. The combined activation of distinct sets of membrane receptor subtypes
expressed by microglia triggers diverse changes in their phenotype and cellular function
and thus, tailors microglial response to various types of insults.

Among the different classes of membrane receptors expressed by microglia, G protein-
coupled receptors (GPCR) have been shown to control distinct components of
microglial cell activation. For example, purinergic P2Y 1, receptors are activated by ATP
released from injured cells and control the extension and retraction amplitude of
microglial cell processes “patrolling” the local parenchyma *%°*%2, Cannabinoid CB;
receptors are activated by endocannabinoids produced by cell injury and control
multiple components of the microglia cell activation process, including cell proliferation,
cell migration and the expression of characteristic M1 phenotype effector proteins such
as pro-inflammatory cytokines and free radicals ®"93123124  Additional examples of
GPCR subtypes known to regulate distinct components of microglial cell activation,
such as stimulated cell migration, include GPR55 and GPR18, which are activated by
lysophosphatidylinositol and N-arachidonoyl glycine, respectively 10#104.111.112.125 'gqme
GPCR subtypes, such as mu opioid receptors, inhibit microglial cell chemotaxis induced
by C5a, providing a feedback mechanism to fine-tune microglia cell migration ?°.
Together, these studies indicate that the panels of mediators produced by each type of
injuries will regulate the density and phenotype of activated microglia accumulating at
lesion sites. Based on this evidence, GPCR expressed by microglia represent promising
targets for therapeutics developed to modulate their activation process and the resulting
course of the brain’s response to injury.

Recent evidence suggests that microglia express novel GPCR subtypes that remain
uncharacterized with regard to their pharmacological profile, coupling mechanism and
molecular identity . Specifically, microglia express cannabinoid-like receptors activated
by the prototypical Al agonist at CB1/CB; receptors, WIN55212-2, and not by the
phytocannabinoid, °A-tetrahydrocannabinol (THC), or the AC-bicyclic analogue of THC,
CP55940 "2. These receptors are commonly referred to as Al-sensitive receptors **’ and
likely regulate microglial cell activation. Thus, ligands acting on these receptors might
represent promising therapeutics to treat a variety of brain insults 12, We recently
developed new Al analogues that activate Al-sensitive receptors with nanomolar
potencies, exhibit reduced affinity at CB,/CB, receptors and allow to study the coupling
mechanism and biological role of these novel receptors in various model systems. Here,
we sought to utilize these novel pharmacological tools to determine if Al-sensitive
receptors are expressed by mouse microglia in primary culture and whether they control
microglia cell activation.
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Results

Microglia express functional Al-sensitive receptors

To determine if microglia express functional Al-sensitive receptors, we selected three Al
analogues that contain chemical characteristics required for binding selectivity and
receptor activation (Figure la-c) (manuscript in preparation). Specifically, ST-11 and
ST-48 activate Al-sensitive receptors with nanomolar potency and contain a methyl
moiety on the 2 position of the indole to reduce interaction with CB,/CB, receptors
(Figure 1a,b) **°. ST-11 represents the basic chemical scaffold used for designing the
new series of Al analogues. ST-48 contains a morpholino moiety linked to the indole
ring, which increases water solubility. We also selected one Al analogue (ST-47) that
does not bind to Al-sensitive receptors despite minimal chemical difference and
accordingly represents a useful selectivity control (Figure 1c). ST-47 contains a
methoxybenzene moiety instead of a 4-methylnaphthoyl moiety that precludes binding
to Al receptors. Thus, ST-11, ST-47, and ST-48 interrogate critical chemical
characteristics required for binding to and activation of Al-sensitive receptors.

Two lines of evidence obtained by measuring [?H]WIN55212-2 radioligand binding in
microglia membranes suggest the presence of Al-sensitive receptors and, as previously
shown, the absence of CB1/CB, receptors (unless microglia are activated by select
cytokines) %1213 First, WIN55212-2 competed for [*H]WIN55212-2 binding (ki = 74
nM), whereas the CB; antagonist O-2050 and CB, antagonist SR144528 (SR2) did not
compete (Figure 1d,e). Second, ST-11 and ST-48 competed for [*H]WIN-55212-2
binding (k; of 35 nM and 14 nM, respectively) while ST-47 did not compete (Figure 1d,
e).

Several studies have suggested that Al-sensitive receptors couple to G proteins

(manuscript in preparation). Thus, we tested whether Al analogues control microglial
cAMP levels as an index of GPCR coupling to Gs and/or Gy, proteins. We treated
microglia in primary culture with ST-11, ST-47 and ST-48 and measured changes in
intracellular cAMP levels using a radioimmunoassay. We found that both ST-11 and ST-
48 increased cAMP with maximal responses of 303 + 81% and 206 + 33% of basal
levels, respectively (Figure 1f), and ST-47 produced no effect (Figure 1g). In support of
an amplification mechanism mediated by GPCR coupling to effector proteins, the
potency of these responses (ECsp = 2 and 9.4 nM for ST-11 and ST-48, respectively)
were achieve with lower concentration of ligands compared with their binding affinities
(compare Figure 1d and 1f) **2. These results suggest that Al-sensitive receptors couple
to Gs, although with somewhat low efficacy, since by comparison, the B-adrenergic
receptor agonist isoproterenol increased microglial CAMP levels by an average 10-fold
over basal. To rule out the involvement of Gy, proteins, we incubated microglia for 24
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Figure 1: Microglia Al-sensitive receptors couple to Gs proteins. (A-C) Chemical structures of
ST-11 (A), ST-47 (B), and ST-48 (C). (D) WIN55212-2 (WIN), ST-11 and ST-48 dose-
dependent competition of [*HJWIN55212-2 binding in microglial membranes (WIN, n = 3-5; ST-
11, n = 4-6; and ST-48, n = 3-4). (E) ST-47 (1 uM) and cannabinoid ligands, SR2 (300 nM) and
0-2050 (100 nM) do not compete for [?H]WIN55212-2 binding in microglial membranes (SR2, n
= 4; and O-2050 and ST-47, n = 3). (F) ST-11 dose-dependently increases intracellular cAMP
levels in primary cultured microglia (**P < 0.01 and ***P < 0.001 compared with vehicle-treated
cells, n = 3-8 independent experiments, performed in triplicate). (G) PTX (1 pg/ml) does not
block the ST-11 (300 nM) or ST-48 (1 uM) stimulated increase of CAMP levels (*P < 0.05, **P <
0.01, and ***P < 0.001 compared with vehicle-treated cells, n = 3 independent experiments).
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hrs with pertussis toxin (PTX) to uncouple Gj, proteins and determined if this treatment
affected the responses induced by ST-11 and ST-48. As expected, PTX incubation did
not modify the ST-11- and ST-48-stimulated increase in CAMP levels suggesting that Al
receptors couple to G proteins (Figure 1g). Together, these results show that mouse
microglia in primary culture express functional Al-sensitive receptors and support
previous studies reporting the absence or very low expression of CB;/CB, receptors in
this model system 312,

Al-sensitive receptors control microglial cell migration and proliferation

GPCRs regulate distinct aspects of cell migration, including basal and stimulated
migration **. Specifically, basal cell migration can be categorized as the random motility
of the cell body occurring in the absence of a chemical stimulus. Stimulated migration
encompasses two main mechanisms: chemokinesis, the increased random cell
migration in response to a chemical stimulus, and chemotaxis, the stimulation-directed
migration towards an increasing chemical gradient ****3*. To determine whether Al-
sensitive receptors regulate basal and/or stimulated cell migration, we tested if the
prototypical Al analogue ST-11 alters basal and/or ATP-stimulated migration.
Specifically, we measured cell migration by quantifying the number of cells labelled with
a near infrared-emitting dye that had migrated to the bottom surface of a Boyden
chamber filter (Figure 2a) *°. ATP was chosen as a stimulus a because it is released by
injured cells and promotes both chemokinesis and chemotaxis in microglia *%2. We
found that the low levels of basal cell migration were significantly inhibited by ST-11 (34
+ 10%, n = 8, P < 0.001 compared with vehicle-treated cells) (Figure 2a). ATP
increased migration by 2.9 fold over basal migration (Figure 2b), and ST-11 dose-
dependently inhibited this response by 46 + 9% (ICso = 868 pM) (Figure 2c¢). To exclude
the possibility that this inhibitory response was produced by acute cellular toxicity of ST-
11, cell viability was assessed using the tetrazolium salt WST-1 3. We found that ST-
11 did not affect cell viability at concentrations up to 3 uM (Figure 2d). These results
suggest that Al receptors negatively modulate both basal and stimulated microglial cell
migration.
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Figure 2: Al-sensitive receptors negatively modulate microglial cell migration. (A)
Representative images of microglia that have migrated through a polycarbonate filter with 10-
pm pores. Background fluorescence was subtracted from all conditions tested and is
represented by the blank image. This filter shows ST-11 treatment (300 nM) in the presence or
absence of ATP (300 uM). (B) ATP (300 uM) stimulates primary microglia migration over basal
migration (***P < 0.001 compared with vehicle-treated cells, n = 33 independent experiments
performed in triplicate). (C) ST-11 dose-dependently inhibits ATP-stimulated migration (*P <
0.05, **P < 0.001 compared with vehicle-treated cells, n = 3-4 independent experiments
performed in triplicate). (D) ST-11 does not cause cellular toxicity to primary microglia during a

3-hr period (***P < 0.001 compared with vehicle-treated cells, n = 3 independent experiments
performed in triplicate).
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Along with cell migration, mediators acting through GPCRs have been shown to
increase and decrease cell proliferation depending on the receptor subtype *?***® To
determine if Al-sensitive receptors regulate basal cell proliferation, we incubated mouse
microglia in primary culture with [*H]thymidine and ST-11 for 72 hrs and measured the
amount of [*H]thymidine incorporated into the cells by liquid scintillation. We found that
ST-11 had no significant effect on basal proliferation (Figure 3a). To determine if Al
receptors regulate stimulated cell proliferation, we incubated microglia with L929-
conditioned media containing M-CSF, an agonist at CSF1R that triggers microglia cell
proliferation and is produced in response to certain brain injuries **"**. M-CSF
stimulated microglial cell proliferation by 208 £ 16% (P < 0.001 compared with vehicle
treated cells; Figure 3b), and ST-11 decreased this response by 53% with an ICsy of 23
nM (Figure 3a). We verified that the decrease in proliferation was not due to cellular
toxicity by concomitantly measuring cell viability with WST-1 and found no significant
effect on cell viability (Figure 3c). These data suggest that Al-sensitive receptors do not
affect the basal rate of cell proliferation yet inhibit cell proliferation stimulated by M-CSF.
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Figure 3: Al-sensitive receptor activation inhibits cell proliferation in primary microglial cells
stimulated by M-CSF. (A) ST-11 does not affect basal cell proliferation but dose-dependently
inhibits cell proliferation stimulated M-CSF (1% L929 condition media) (*P < 0.05, n = 4-5
independent experiments performed in triplicate). (B) 1% L929 added to cell culture media
significantly increases cell proliferation (***P < 0.001 compared with 0.01% DMSO vehicle-
treated cells, n = 6 independent experiments performed in triplicate). (C) ST-11 does not affect
microglial cell viability during 72 hrs (n = 3-8 independent experiments performed in triplicate).
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Al receptors do not control microglial cell M1 and M2 phenotypes

An M1 phenotype is typified by the production of pro-inflammatory cytokines and free
radicals and can be triggered by various stimuli, such as lipopolysaccharide (LPS) and
IFNy + TNFa. The M2 phenotype is characterized by the up-regulation of Arginase 1,
Chitinase-3-like protein 3 (Ym1), and Found in inflammatory zone 1 (FIZZ1) expression,
which participate in tissue repair and can be triggered by IL-4. Several subtypes of
GPCRs control microglial cell activation by modulating the key effector proteins that
characterize the M1 and M2 phenotypes '*. To determine if Al-sensitive receptors
control the M1 phenotype, we incubated mouse microglia in culture with TNFa and IFNy
and measured nitrite accumulation as an index of iNOS induction “® and IP-10
accumulation as index of cytokine production **%***. We found that TNFa- and IFNy-
stimulated microglia produced 4.2-fold more nitrites and 4.3-fold more IP-10 (Figure 4a-
c). Remarkably, ST-11 did not affect either of these responses (Figure 4d-g). We next
measured the effect of ST-11 on the M2 phenotype by incubating mouse microglia in
culture with IL-4 and quantifying Ym1 and FIZZ1 mRNA expression by gqRT-PCR **
(Figure 5a,b). We found that IL-4 increased Ym1 and FIZZ1 mRNA expression and that
ST-11 did not affect either basal or IL-4-stimulated Ym1 and FIZZ1 expression (Figure
5c). Together, these results suggest that Al-sensitive receptors do not control the
expression of select M1 or M2 phenotype effector proteins.
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Figure 4: Al-sensitive receptors do not modulate the microglial M1 phenotype. (A) Nitrite
accumulation measured based off of a calibration curve (n = 8 independent experiments
performed in triplicate). (B) TNFa and IFNy significantly increase nitrite levels (**P < 0.01
compared with vehicle-treated cells, n = 8 independent experiments performed in triplicate).
Both the basal and TNFa/IFNy-stimulated increase in nitrate levels are within the linear range of
the calibration curve (C) TNFa/IFNy treatment significantly increases IP-10 levels (**P < 0.01
compared with vehicle treated cells, n = 3 independent experiments performed in triplicate). (D,
E) Nitrite levels measured under vehicle (D) or TNFa / IFNy-stimulated (E) conditions show no
change when treated with ST-11 (300 nM) (n = 3 independent experiments performed in
triplicate). (F, G) Both IP-10 release under basal (vehicle-treated) (F) and stimulated with TNFa /
IFNy (G) are not changed by ST-11 (1 uM) (n = 3 independent experiments performed in
triplicate).
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Figure 5: Al-sensitive receptors do not modulate the microglial M2 phenotype. (A,B)
Representative C; curves of the alternatively activated microglial Ym1 (A) and FlZZ1 (B)
markers measured following treatment with vehicle or IL-4 (10 ng/mL). (C) The mRNA
expression levels of Ym1 and FIZZ1 in microglia were not significantly changed by ST-11 (300

nM) (n = 3 independent

experiments performed in triplicate).
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Discussion

We found that microglial cells express functional Al-sensitive receptors that couple to Gs
proteins. Agonists acting at Al receptors reduce both basal and stimulated microglial cell
migration suggesting that these novel receptors control both the random basal
movement of microglia and their directed migration toward lesion sites. Agonists acting
at Al-sensitive receptors do not affect basal cell proliferation but significantly reduce
their stimulated cell proliferation, which suggests that Al-sensitive receptors do not
directly control cell proliferation machinery but likely cross-talk with the signaling
pathways triggered by M-CSF. Agonists acting at Al-sensitive receptors do not
modulate the expression level of select effector proteins of M1 and M2 phenotypes,
indicating that these GPCR control a subset of the molecular machinery involved in
microglial cell activation.

Multiple studies suggest that microglia express novel cannabinoid-like receptors
91.143.144 \Whether these receptors were alkylindole-activated GPCRs (Al-sensitive
receptors) or other unknown protein targets activated by cannabinoid-like ligands,
including phyocannabinoids and other synthetic cannabinoids, remained unclear.
Specifically, conclusions regarding the involvement of a specific subtype of
cannabinoid-like receptor were difficult to resolve because these studies used
micromolar concentrations of cannabinoid agonists known to both activate CB1/CB;
receptors with nanomolar potency and several off-target, unknown receptors and other
protein targets. For example, micromolar concentrations of CP55940 and the Al
analogue JWH-015 were required to decrease microglial NO production induced by
IFNy and LPS % cytokine production induced by LPS **3**> and cell migration
stimulated by ADP %°, which raised the question of whether these effects were
mediated through CB,/CB; receptors, Al-sensitive receptors or other unknown targets.
The novel Al analogues used in our study exhibit nanomolar potencies at Al-sensitive
receptors, reduced affinity at CB1/CB; receptors and allowed us to determine the
components of microglia activation that are regulated by this novel subtype of GPCR.

Microglial cell migration can be triggered by an array of chemoattractants acting at
GPCR, including peptides and proteins (e.g., chemokines), small hydrophilic molecules
(e.g., nucleotides) and bioactive lipids (e.g. endocannabinoids) 33146147 \while
stimulated microglial migration has been extensively studied, little data is available
detailing the microglial cell migration “stop signal”, a response studied in more detail in
other immune cell types, including T cells **®. Such a “stop signal” may serve not only to
instruct microglial cells to become less motile but may be used to guide microglial cell
migration toward lesions by decreasing migration speed as the gradients of such signals
increase closer to the injury site. Examples of GPCR subtypes that reduce cell migration
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include CB; receptors stimulated by the HIV Tat protein *°, mu opioid receptors
stimulated by C5a *?°, and Y1 receptors stimulated by the pro-inflammatory cytokine IL-
1B **°. Our results indicate that agonists acting at Al-sensitive receptors reduce both
basal and stimulated microglial cell migration, a result suggesting that the signaling
network modulated by these GPCR likely exhibit direct control of the cell migration
machinery.

Growth factors, such as M-CSF, increase cell proliferation by activating CSF1R and
tyrosine kinase activity within the signaling network that controls cell proliferation **'.
Moreover, endocannbinoids acting on CB, receptors increases cell proliferation
stimulated by CD40 activation or M-CSF and this response most likely involves a cross-
talk between GPCRs and tyrosine kinase signaling **>**. Thus, while some studies
suggest that some GPCR subtypes may control the initiation of cell proliferation, others,
ours included, indicate that other GPCR subtypes modulate the effect of specific stimuli
123136151 |ndeed, a study has shown that a cannabinoid-like receptor inhibits basal
proliferation of a microglial cell line **2. Our study indicates that the signaling network
controlled by Al-sensitive receptors likely cross-talks with signaling networks controlled
by the tyrosine kinase receptor CSF1R.

In summary, we have shown that mouse microglia in culture express functional Al-
sensitive receptors that control cell migration and stimulated proliferation. Accordingly,
agonists activating through this novel target are likely to reduce the number of microglia
migrating towards and accumulating at lesion sites, while not affecting their M1 or M2
phenotypes. Such compounds could be valuable to elucidate how reducing microglia
cell number at lesion sites without affecting their phenotype might affect brain diseases
associated with strong accumulation of microglial cells, such as has been demonstrated
for malignant brain tumors and ischemic injuries ******. Several important questions
remain unanswered with regard to Al-sensitive receptors expressed by microglia.
Among these unknowns are the molecular identity of these GPCR and their
endogenous ligand(s), and whether other cell types in the brain and peripheral tissues
express this target. Additional unknowns include the mechanism by which Al-sensitive
receptors control the signaling network modulating microglia cell migration and
proliferation and why they do not affect M1 or M2 phenotypes. The results obtained in
our study provide a foundation for answering these questions. Based on the therapeutic
potential of novel drugs capable of selectively controlling discrete components of
microglial cell activation, our study clarifies the presence and role of Al-sensitive
receptors in microglia, and provides initial evidence for the importance of further
studying the therapeutic potential of targeting these GPCR to treat brain injuries.
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Materials and Methods

Reagents: ST-11 was synthesized by John W. Huffman at Clemson University, and ST-
47 and ST-48 were synthesized by Medchem Source (Seattle, WA). SR144528 was
provided by the NIDA drug supply program (RTI International, Research Triangle Park,
NC). WIN55212-2 and O-2050 were purchased from Tocris (Minneapolis, MN), and
ATP and isoproterenol were purchased from Sigma (St Louis, MO). [*H]WIN55212-2
and [*H]thymidine were purchased from Perkin Elmer (Boston, MA).

Cell culture and migration: All experiments were performed in accordance with
Institutional Animal Care and Use Committee at the University of Washington. Primary
cultures of mouse microglial cells were generated from 1-3 days old C57BL-6 pups as
previously described®®°. Briefly, mixed glial cell cultures were maintained in T75 flasks
(BD Biosciences, San Jose, CA) in DMEM supplemented with 10% FBS, 10% F12
media, 5 mM HEPES, 100 Ul penicillin and 100 pg/ml streptomycin up to six weeks.
Starting on week two and every week thereafter, floating and loosely adherent microglia
were harvested by shaking. Cells were used in Boyden chamber migration assays as
previously described with minor modifications*?°. Specifically, filters with a pore
diameter of 10 um (Neuroprobe, Gaithersburg, MD) were incubated in 10 ml of a
collagen solution (2.5 mg rat tail collagen | (BD Biosciences, San Jose, CA), 57 ul
glacial acetic acid (Fisher, Santa Clara, CA) in 50 ml distilled water) for 30 min at 37°C.
Filters were rinsed 3 times with PBS and allowed to dry before use. Following a 3 hrs
migration period at 37°C, the number of NIR-labelled cells was quantified using the
Odyssey Infrared Imaging System (LI-COR, Lincoln, NE) and the following scanning
settings: resolution, 169 um; quality, low; focus off-set, 1 mm; and intensity, 4.0.

Radioligand binding: Microglia membranes were prepared by lysing cells with ice-cold
homogenization buffer composed of the following: Tris (50 mM), EDTA (1 mM), and
MgCl, (3 mM). Lysed cells were homogenized with a Dounce homogenizer (Wheaton
Science Products, Millville, NJ). Homogenates were centrifuged at 200 x g for 10 min at
4°C, and the supernatant was collected and stored at -80°C until further use. On the day
of experiments, membranes were thawed and pooled, and the protein concentration
was quantified with the DC protein assay (BioRad, Hercules, CA) using BSA as a




35

standard. All experiments were performed using silanized glass test tubes (Alltech,
Deerfield, IL) and silanized pipette tips (VWR Scientific, Brisbane, CA) to minimize the
loss of hydrophobic compounds. Binding buffer (pH 7.4) contained the following: Tris-
base (50 mM), EDTA (1 mM), MgCl;, (3 mM), and BSA (1 mg/ml). The following
components were added to test tubes placed on ice: 50 ul of binding buffer with
compound, 50 pl of binding buffer with radioligand, and 100 yl of binding buffer
containing membranes (100 pg of protein). Tubes were then covered and incubated for
1 hr in a 30°C-water bath with mild agitation. Reactions were stopped by rapid filtration
using a Brandel harvester (Brandel, Gaithersburg, MD), collecting radioactive
membranes on Whatman GFB filter strips (Brandel, Gaithersburg MD), and rinsing with
ice-cold binding buffer. Filters were transferred to 7-ml glass scintillation vials (VWR
Scientific, Brisbane, CA) using the Brandel Manual Deposit System (Brandel,
Gaithersburg, MD), and 4 ml scintillation fluid (National Diagnostics, Atlanta GA,
Ecoscint XR) was added to each scintillation vial. Samples were vortexed for 10 sec
and followed by 18 hrs incubation at room temperature prior to quantifying radioactivity
with a scintillation counter (PerkinElmer, Boston, MA).

cAMP measurement: cAMP levels were measured as previously described . Briefly,
microglia were seeded at 5 x 10* cells per well in 48-well plates (Corning, Tewksbury,
MA) and maintained for 24 hrs in the cell culture conditions described above. When
required, PTX (1 pg/ml) was added to the culture media 24 hrs after cell seeding. To
measure cAMP levels, cells were placed in a shaking water bath at 37°C with mild
agitation, and culture media were replaced with 500 ul of assay buffer: composed of the
following: HEPES (20 mM), NaHCO3; (5 mM), NaCl (100 mM), KCI (5 mM), CaCl; (2
mM), MgSO4 (1 mM), NaH,PO4 (1 mM), and D-(+)-glucose (10 mM). After 15 min, the
buffer was replaced by a pre-incubation buffer containing non-specific phosphdiesterase
inhibitor IBMX (1 mM), and after 10 min, this buffer was replaced with buffer containing
both IBMX and the indicated ST-compounds for 15 min at 37°C. The reaction was
stopped by the addition of 75 pl of 0.1% Triton X-100 in NaOH (0.1 M) and 75 pL of
0.1% Triton X-100 in HCI (0.1 M). Sample lysates were used to quantify CAMP levels
using a [**1]cAMP radioimmunoassay kit according to the manufacturer’s guidelines
(PerkinElmer, Waltham, MA).

Cell viability and proliferation: Microglia were plated at a density of 2.5 x 10* cells/well in
48-well plates (Corning, Tewksbury, MA) and maintained in normal cell culture
conditions for 24 hrs. Cells were treated with ST-compounds and [*H]thymidine
(PerkinElmer, Waltham, MA) for 72 hrs at 37°C. To measure cell viability concomitantly
with cell proliferation, cells were incubated with 10 ul WST-1 (Roche, Indianapolis, IN)
60 min before cell lysis and returned to 37°C. The WST-1 absorbance was measured
using a SpectraCount BS10000 (PerkinElmer, Waltham, MA.) at a wavelength of 450
nm. Culture media was removed, and cells were rinsed with 250 pl ice-cold PBS and
lysed with 250 pl NaOH (1 M). Cell lysates were kept on ice for 10 min and then
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transferred to 7-ml glass scintillation vials (VWR Scientific, Brisbane, CA). Distilled H,O
(250 pl) was added to each vial followed by 4 ml scintillation fluid (National Diagnostics,
Atlanta GA; Ecoscint XR). Samples were vortexed and radioactivity was measured
using a scintillation counter (PerkinElmer, Waltham, MA).

Nitric Oxide and IP-10 measurements: Microglial were plated at a density of 2 x 10°
cells/well in 24-well plates (Corning, Tewksbury, MA) and maintained in standard cell
culture conditions for 24 hrs. Culture media was switched to MEM supplemented with
10% Cellgro, 5 mM HEPES, 100 Ul penicillin and 100 pg/ml streptomycin. Cells were
pre-incubated with ST-11 for 24 hrs before treatment with TNF [ (5 ng/ml) and IFNCI (30
IU) (R&D Systems, Minneapolis, MN) for 24 hrs. Culture media (100 ul) was removed
from each well and combined with 100 pl Griess reagent to measure nitrite levels by
absorbance at 540 nm. The remaining culture media was removed and saved at -80°C
for cytokine measurements. Cytokines were measured via a Luminex multiplex assay
according to the manufacturer’s instructions (Luminex, Austin, TX).

Quantitative RT-PCR: Microglia were plated at a density of 5 x 10 cells/well in 6-well
culture plates (Corning, Tewksbury, MA) and maintained in standard cell culture
conditions for 24 hrs. Cells were switched to macrophage-serum free media (Life
Technologies, Grand Island, NY) for 24 hrs, and ST-11 pre-treatment occurred for 1 hr
before the end of the serum deprivation period. Cells were rinsed and returned to
standard cell culture media and treated with IL-4 (10 ng/ml) (R&D Systems,
Minneapolis, MN) or vehicle. Twenty-four hours later, cells were rinsed with PBS and
frozen at -80°C until further use. RNA was isolated using a PerfectPure RNA Cultured
Cell kit according to the manufacturer’s instructions (5 PRIME, Gaithersburg, MD). The
guantitative RT-PCR kit used was the LightCycler ® 480 RNA Master Hydrolysis Probes
(Roche, Indianapolis, IN) using the following primers: FIZZ1 (probe 3) forward,
tatgaacagatgggcctcct and reverse, aggcagttgcaagtatctcca; Yml (probe 88) forward,
aagaacactgagctaaaaactctcct and reverse, gagaccatggcactgaacg; Ribosomal protein S5
(probe 71) forward, cactgcgtcgagtgaatcag and reverse, gctcatctgcaaggcactc; Eukaryotic
translation initiation factor 4A2 (probe 53) forward, cgatctacctaccaatcgtgaa and reverse,
acctttcctcccaaatcgac; Ubiquitin C (probe 11) forward, gaccagcagaggctgatctt and
reverse, cctctgaggcgaaggactaa.

Statistics: Prism software version 5.01 was used to conduct statistical analysis. Data are
presented as mean £ S.E.M., and statistical significance was determined with a one-
way ANOVA followed by a post-hoc Dunnett’s multiple comparison test or a two-tailed t-
test.
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CHAPTER 2: In vivo evidence that alkylindole compounds
promote apoptosis in astrocytomas independently of CB;
and CB, receptors

Abstract

Alkylindoles (Al) bind to and activate several protein targets, including the cannabinoid
CB; and CB; receptors, and the Al-sensitive receptors that remain uncharacterized with
regard to their molecular identity, pharmacological profile and coupling mechanism.
Evidence shows that Al represent promising new anti-cancer drugs as they induce
apoptosis selectively in tumor cells, including in astrocytomas. Whether the anti-tumor
effects of Al occurs through CB;, CB; or Al-sensitive receptors has been difficult to
resolve because of the absence of selective ligands for Al-sensitive versus CB; and CB;
receptors. Here we investigated the therapeutic value and mechanism of action of a
novel Al compound, ST-11, that exhibits nanomolar potency at Al-sensitive receptors
and does not interact with CB; and CB,. ST-11 binds to Al-sensitive receptors
expressed by the mouse astrocytoma cell line, DBT, and reduces cell migration and
proliferation, and induces apoptosis. In vivo, ST-11 induces dose-dependent activation
of apoptosis in DBT tumors implanted in mouse brain leading to tumor volume reduction
and microglial cell activation, without inducing overt side effects. Our data show that Al
analogues targeting Al-sensitive receptors represent a new class of anti-tumor
compounds that exhibit a promising therapeutic index and act through a novel
mechanism of action.

Introduction

Astrocytomas are the most common primary brain tumors diagnosed in young and adult
brains, and they are graded by the WHO to correspond with increases in malignancy
and poorer prognosis. Thus, over 10,000 new patients are diagnosed with each year
with grade IV astrocytoma (also known as glioblastoma multiforme) and the prognosis
for these patients treated with standard of care is 17 months with 95% of patients dying
within 5 years of diagnosis **°. These dramatic numbers advocate for the development
of new therapeutic approaches that will treat and hopefully cure this devastating type of
cancer. Ideally, novel therapeutics would kill astrocytomas and reduce the severity of
side effects. Evidence accumulated over several decades of research show that several
classes of cannabinoid compounds carry these characteristics, as they selectively
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promote apoptosis in malignant cells without affecting the viability of healthy cells or
producing overt side effects %°. As such, cannabinoid compounds represent a promising
new class of anti-cancer drugs for the treatment of astrocytomas.

A wide range of biological effects produced by cannabinoid compounds are mediated
via two cannabinoid receptors, CB; and CB,, yet recent evidence shows that a portion
of the therapeutic properties carried by these compounds act through other targets.
Over 40 years of medicinal chemistry led to the development of distinct classes of
synthetic cannabinoid agonists based on distinct chemical scaffolds that exhibit
nanomolar potencies at CB; and CB, receptors *?’. One such scaffold that has been
extensively explored for its ability to interact with CB; and CB; receptors is Al **°. The
prototypical Al compound, WIN55212-2 (WIN-2), exhibits nanomolar potency at both
CB; and CB; receptors and is often used to test for the involvement of these receptors
in regulating various cell functions. Starting in the 1990s, several laboratories reported
that WIN-2 lacks pharmacological selectivity at cannabinoid receptors and regulates
distinct cell functions and signaling pathways independently of CB; and CB; receptors,
suggesting the existence of novel protein targets that remain unidentified at the
molecular level . These receptors are commonly referred to as Al-sensitive receptors
and evidence suggests that they can control astrocytoma pathogenesis. Specifically, the
Al compound, JWH-015, inhibits C6 glioma cell division both in vitro and in vivo, and yet
the pharmacological profile of these effects does not correspond to the known
pharmacology of JWH-015 at CB; and CB; receptors %>’ To date, there are more
than a dozen reports on the existence of Al-sensitive receptors in astrocytomas and yet
few pharmacological tools are available to study this therapeutic target .

We recently developed a novel series of Al analogues as first generation selective
ligands for Al-sensitive receptors (unpublished data). Here we sought to use these
novel pharmacological tools to determine if DBT cells, a mouse astrocytoma cell line
known to lack CB; and CB, receptors ®, express functional Al-sensitive receptors and
whether activation of this novel target regulates key cell functions linked to astrocytoma
pathogenesis, including cell migration, proliferation and viability. We also tested the
therapeutic index of ST-11 by examining the in vivo safety profile and efficacy in a
syngeneic mouse model of astrocytoma.

Results
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The mouse astrocytoma cell line, DBT, expresses Al-sensitive receptors and lack
CB; and CB, receptors.

The six novel Al compounds that were selected for this study (ST-11, ST-23, ST-25, ST-
29, ST-47 and ST-48) contain critical chemical modifications within the indole ring that
dictate their binding affinities at Al-sensitive versus CB1/CB; receptors (Figure 1a-b and
supplementary figure 1). Specifically, ST-11 represents the basic chemical scaffold
used to design the novel series of Al compounds and contains a methyl moiety on the
C2 position of the indole known to reduce interaction with cannabinoid receptors (Figure
1a) 1*°. ST-23, ST-25, ST-29 and ST-48 bind to Al-sensitive receptors with nanomolar
affinity and contain structural differences at both the C-2 and N-1 positions of their
indole that differentially affect their affinity at Al-sensitive and cannabinoid receptors,
and thus can be leveraged to further optimize selectivity (supplementary figure 1). ST-
47 represents a useful selectivity control as it does not bind to Al-sensitive receptors
despite minimal chemical difference (a methoxybenzene moiety instead of a 4-
methylnaphthoyl moiety) (supplementary figure 1).

We tested whether these novel Al compounds and control cannabinoid compounds
compete for [°H]WIN55212-2 binding, we determined if the DBT mouse astrocytoma cell
line expresses Al-sensitive, CB; and CB; receptors and found three sets of evidence
indicating that DBT cells express Al-sensitive receptors and lack CB; and CB,
receptors. First, the non-selective compound WIN55212-2 competes for [?H]WIN55212-
2 binding to DBT membranes (ki = 66.6 nM) (Figure 1c), whereas the selective CB1/CB;
agonist CP55940, CB; antagonist SR141617 and CB, antagonist SR144528 did not
compete for binding (supplementary figure 1e). Second, the prototypical Al compound,
ST-11, competed for [?H]WIN55212-2 binding with a ki of 18.5 nM and the inactive Al
compound, ST-47, did not compete for binding (supplementary figure 1e). Third, ST-23,
ST-25, ST-29 and ST-48 competed for [*PH]JWIN55212-2 binding with decreasing affinity
and in the same rank order as measured for human Al-sensitive receptors (ki = 40.4
nM, 20.9 nM, 4.1 uM, and 7.9 nM respectively, Figure 1c and data not shown). Using a
saturating concentration of ST-11 (3 uM), we found that [°H]JWIN55212-2 binds to Al-
sensitive receptor with a kd of 6.2 nM and the DBT cells express significant amount of
Al-sensitive receptors (Bmax 0f 248.7 fmol/mg) (supplementary figure 1f). Together,
these results indicate that the prototypical Al compound ST-11 exhibits nanomolar
affinity at mouse Al-sensitive receptors and does not significantly activate mCB; and
mCB; receptors, providing powerful pharmacological tools to study the function of Al-
sensitive receptors in various model system, including DBT cells.
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Figure 1: Al-sensitive receptors in astrocytoma cells are activated by ST compounds. (A-B)
Chemical structures of (A) ST-11 and (B) ST-48. (C) WIN55212-2 (WIN), ST-11 and ST-48
dose-dependent competition of [PH]WIN55212-2 binding in DBT membranes (WIN and ST-11, n
= 3-5; ST-48, n = 4 independent experiments, in triplicate). (D) Saturation binding data showing
one binding site for WIN55212-2 (n = 4-5 independent experiments, in ftriplicate). (E)
Competition binding of cannabinoid ligands SR2 (300 nM), CP (3 nM), SR1 (30 nM), O-2050
(100 nM), and inactive Al ST-47 (1 uM) showing minimal displacement of [*HWIN55212-2.
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Supplementary Figure 1: Al-sensitive receptors in astrocytoma cells do not bind cannabinoid
compounds. (A-D) Chemical structures of (A) ST-47, (B) ST-23, (C) ST-25, and (D) ST-29. (E)
Competition binding of cannabinoid ligands SR2 (300 nM), CP (3 nM), SR1 (30 nM), O-2050
(100 nM), and inactive Al ST-47 (1 uM) showing minimal displacement of [*H]WIN55212-2. (n =
3 independent experiments, in triplicate). (F) Saturation binding data showing one binding site
for WIN55212-2 (n = 4-5 independent experiments, in triplicate).
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Al receptors control cell migration, proliferation, and viability

To determine if activation of Al-sensitive receptors expressed by DBT cells will affect
the growth of these tumor cells, we investigated whether ST-11 regulates DBT cell
migration, proliferation and viability. To measure cell migration, we quantified the
number of DBT cells that migrated toward the bottom surface of a Boyden chamber filter
using a near infrared-emitting dye **°. Migration was stimulated with 300 nM LPA by 5.1
fold over basal migration (Figure 2a). ST-11 and ST-48 dose-dependently inhibited this
response (ICso = 56 nM, 3 nM respectively) (Figure 2b). To determine if Al-sensitive
receptors control cell proliferation, DBT cells were treated with ST-11 and [°H]thymidine
for 72 hrs, and thymidine incorporation was quantified by liquid scintillation. We found
that ST-11 reduced thymidine incorporation by 58.3% * 2.9% SEM, n=3 independent
experiments) with an I1Csp of 1.1 uM (Figure 3a). We concomitantly examined if ST
compounds negatively affected cell viability by measuring when treating the cells for 72
hrs (Figure 3b). ST-11 induced a dose-dependent decrease in DBT cell viability.
Remarkably, ST-11 treatment of mouse neurons in primary culture did not affect their
viability, thus providing initial evidence for a promising therapeutic effect of this
analogue. Several reports suggest that Al analogues kill astrocytomas by inducing
apoptosis. To explore this possibility, we treated DBT cells in culture with ST-11 and
visualized caspase 3 activation by ICC. We found that ST-11 promoted apoptosis as
indicated by a clear increase in the amount of cleaved caspase 3 in DBT cells after
treatment with ST-11 for 2 hrs (Figure 3c). Note that cells with elevated levels of active
caspase 3 also exhibited a condensed nucleus and a rounded cell body compared to
vehicle-treated controls (Figure 3c inset). Together, these results suggest that DBT cells
express functional Al-sensitive receptors that control key components of GBM
pathogenesis, including cell migration, proliferation, and viability by promoting
apoptosis.
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Figure 2: Al-sensitive receptors negatively modulate cell migration in astrocytoma cells. (A) LPA
(300 nM) stimulates migration in DBT cells (***P < 0.001 compared with vehicle-treated cells, n
= 42 independent experiments performed in triplicate). (B) ST-11 and ST-48 dose-dependently
inhibit LPA-stimulated migration (*P < 0.05, **P < 0.01, **P < 0.001 compared with vehicle-
treated cells, ST-11 and ST-48, n = 3-5 independent experiments performed in triplicate).
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Figure 3: Al-sensitive receptor activation inhibits proliferation and reduces viability in
astrocytoma cells. (A) ST-11 reduces basal cell proliferation (***P < 0.001, n = 3 independent
experiments performed in triplicate). (B) ST-11 inhibits DBT cell viability within 72 hrs. By
comparison, primary neurons treated with ST-11 for the same period are unharmed (*P < 0.05,
***P < 0.001, DBT, n = 3-4; neurons, n = 3 independent experiments performed in triplicate). (C)
Caspase 3 activation is apparent in DBT cells treated with ST-11 (10 pM) within 2 hrs and
absent in vehicle-treated cells.
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Solubility, pharmacokinetic profile, and safety of ST-11

Based on the pharmacological profile of ST-11, which includes nanomolar potency at
Al-sensitive receptors and a lack of activity at CB; and CB, receptors, we selected this
prototypical compound to test its safety and pharmacokinetic (PK) profile in mice. Our
first goal was to test different formulations to ascertain solubility and stability of the drug.
We found that ST-11 was less soluble compared to WIN-2 and that it was stable for only
24 hrs at 4°C in Cremophor® RH 40, ethanol, and saline (1:1:18), the most common
formulation used for Al compounds (supplementary table 1). To circumvent this
limitation, we explored formulations composed of combinations of lipids that form semi-
solid nanospheres or liposomes. Liposomes are currently being used as FDA-approved
drug delivery vehicles in humans for different diseases, including cancer, and represent
an efficacious and non-toxic delivery system **#*°_Our results suggest that liposomes
represent a viable formulation approach that maintains ST-11 stability for at least 2
weeks.

Using this liposome formulation, we determined the maximal tolerated dose (MTD) of
ST-11 injected to mice acutely and under a semi-chronic regimen (daily injections for 5
days). Thus mice were treated with ST-11 formulated at 5 mg/ml in liposomes using
escalating doses up to 240 mg/kg administered via intraperitoneal (i.p.) injection either
once or daily for 5 days, and signs of toxicity or distress were monitored (see materials
and methods). Remarkably, we did not observe any adverse effects, including
cannabimimetic symptoms, when administrating up to 240 mg/kg daily over 5 days,
indicating that the maximal administrable dose of ST-11 at 240 mg/kg remains well-
tolerated. Because regimented use of Al compounds has been associated with tissue
toxicity *°°*%! we harvested six principal organs (heart, liver, kidney, lungs, spleen and
brain) from mice in the semi-chronic study and used an H&E stain to assess organ
toxicity. We found no sign of toxicity in these organs when surveying tissue treated with
ST-11 at 240 mg/kg. We did find that the highest volume of liposomes administered and
the corresponding highest dose of ST-11 (240 mg/kg), both of which represent 1.2 ml
injections per mouse, produced a small lymphoid hyperplasia in the marginal zone in
the spleen. These results suggest a high rate of liposome phagocytosis linked to the
large amounts of liposomes administered under both these conditions and independent
of ST-11 (data not shown).
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30% mouse serum
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1% DMSO
1% Tween-80
2% Tween-80
EtOH:Cre:Sal (1:1:18)
1% Tween-80 + 10% FBS

Key remained in solution
precipitated
partially dissolved

Supplementary Table 1: Solubility of WIN-2 and ST-11 in various formulations after 2 weeks.
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To study the PK profile of ST-11 in mouse blood and brain, first we developed and
validated an LC-MS method that quantifies ST-11 amounts in biological matrices using
JWH-015 as external standard. When analyzed by LC-MS, both compounds co-elute at
2.80 min (Figure 4a) and are independently detected when monitoring their respective
base peaks of 169.0 and 155.0 (Figure 4b and 4c). Resolution of ST-11 and the internal
standard, JWH-015, was performed by monitoring parent ions with m/z 328.2 and
identifying diagnostic daughter ions with either m/z 169 (cone=43V) or m/z 155 (cone=
25V) respectively (Figure 4b-c). ST-11 was quantified in a linear range from 30 fg to 1
ng (r>>0.99) after spiking ST-11 into either blood or brain matrix, extracting the
compound and injecting the resultant extraction into the HPLC/MS with a fixed amount
of internal standard (1 ng JWH-015) (Figure 4d). We calculated the limit of detection
(LOD) at 100 fg and limit of quantitation (LOQ) at 3 pg (error <10%). These results
indicate that our newly developed method allows for the precise quantification from 0.1
to 1 ng of ST-11 present mouse blood serum and brain tissue.

After determining the quantification limits of ST-11, a time-course pharmacokinetic study
was performed that analyzed the concentrations of ST-11 in blood and brain at 10, 30,
60, 90, and 480 min after i.p. administraton of 40 mg/kg ST-11 (n=2 per time point).
Plasma levels of ST-11 peaked at 10 min (15.3 uM % 3.6), declined steadily thereafter
and reached undetectable levels 8 hrs post- injection (Figure 4e). In contrast, brain ST-
11 levels peaked at 60 min post-injection (8.7 + 0.9 uM) and remained at a
concentration exceeding its ECs at killing DBT cells for up to 8 hrs (1.8 + 0.2 uM). We
also sought to determine if a lower dose of ST-11 could achieve similarly high
concentrations of ST-11 in the brain. Thus, i.p. injections of 5, 15, or 40 mg/kg ST-11
(n=2 per dose) were administered and blood serum and brain were collected 60 min
post-injection. These data reveal that the optimal dose of ST-11 was 40 mg/kg, which
resulted in brain ST-11 levels above ECsq for at least 60 min (Figure 4f). These results
indicate that formulating ST-11 into liposomes delivers micromolar concentrations of
ST-11 to the mouse brain lasting 4-6 hrs.
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Figure 4: ST-11 formulated in liposomes and injected i.p. reaches the brains of mice. (A-C) ST-
11 and JWH-015 co-elute at the same time of 2.80 min. (D) Ratio of ST-11 and JWH-015
detected from brain and serum show that ST-11 can be precisely quantified. (E) PK of ST-11 in
serum and brain showing serum peak at 10 min and declining afterwards while brain peak
occurs at 60 min and is still detectable at 1.8 = 0.2 uM after 8 hrs. (F) Serum and brain samples
of mice injected with 5, 15, and 40 mg/kg doses of ST-11 collected after 60 min show that 40
mg/kg is optimal, resulting in therapeutically viable concentrations in the brain.
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ST-11 induces apoptosis in the DBT syngeneic mouse model of astrocytoma

DBT cells develop GBM-like tumors when intracranially-implanted into syngeneic hosts
162183 To test the in vivo efficacy of ST-11 in this model, mice were implanted with 10°
DBT cells and one week later started daily treatment with vehicle or 5, 15, 40 mg/kg ST-
11 for two weeks, at which time all animals were sacrificed to determine if ST-11 had
affected tumor growth. Tumor volume was estimated by outlining the tumor mass on
H&E sections sampled across the tumor and calculating the approximate volume (see
methods). We found that ST-11 treatment induced a dose-dependent reduction of tumor
volume (Figure 5a and 5b). To further investigate this response, brain sections
containing DBT tumors were immunostained for caspase 3 to determine if apoptosis
had been induced by ST-11. Figure 5c-f show progressively increasing levels of
activated caspase 3 staining with higher ST-11 doses. High magnification analysis show
elevated levels of active caspase 3 in condensed nucleus compared to vehicle-treated
controls (inset of Figure 5c-f). These results suggest that the levels reached by ST-11 in
mouse brain promote apoptosis in DBT tumors leading to a reduction in tumor volume.
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Figure 5: ST-11 reduces DBT tumor volume in vivo involving apoptosis. (A) Quantification in
brain slices shows an increase in tumor volume with increasing doses of ST-11. (B)
Quantification of tumor volume with volume from Ibal staining removed shows that ST-11 is
negatively affecting DBT tumor cells. (C-F) Representative images of brain slices of mice given
(C) vehicle, (D) 5, (E) 15 or, (F) 40 mg/kg ST-11 in liposomes. Arrows pointing to cleaved
caspase 3 in tumor cells. Blue = DAPI, red = cleaved caspase 3.
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Tumor-associated macrophages respond to ST-11 treatment

A large number of microglia and macrophages invade and fuel the GBM tumor mass
and are referred to as tumor-associated macrophages (TAM) **1% A key feature of a
syngeneic mouse model is the presence of an intact immune system that allows for an
analysis of TAM. We saw that ST-11 increased tumor volume as a whole, even though
caspase 3 activation was present within the tumor. This led us to examine the effects of
ST-11 on TAM. When quantifying Iba-1 expression by semi-quantitative-IHC, we found
that while Iba-1 expression was only slightly increased in the tumor rim, the density of
Iba-1-positive pixels was higher in the tumor rim compared to the contralateral side, a
result that correlates with changes in GFAP expression (Figure 6). Together, these
results indicate that the rim surrounding DBT tumors is characterized by increases in
the density of reactive astrocytes and activated TAM.
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Figure 6: ST-11 in vivo increases activation of TAM. (A) Quantification of Iba-1 staining in
different areas of brain showing highest TAM activation within the tumor. (B-E) Representative
images of mouse brain slices injected with DBT tumor cells treated with (B) vehicle, (C) 5, (D)
15, or (E) 40 mg/kg ST-11 in liposomes. Images show dose-dependent increase of TAM
activation. Blue = DAPI, Green = Iba-1.
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Discussion

Here we show that Al-sensitive receptors are functionally expressed by mouse
astrocytoma cells. Ligands activating these receptors in DBT cells in vitro negatively
modulate migration stimulated by LPA suggesting that these receptors may play a role
in cell invasion and metastasis. In GBM, the increased production of LPA is likely due to
the upregulation of autotaxin/lysophospholipase D, which converts
lysophosphatidylcholine to LPA. This subsequently was shown to increase cell
migration®®®. Our study also shows that Al receptor activation exerts antiproliferative
effects by inducing apoptosis. This is in line with many previous studies demonstrating
that cannabinoids and alkylindoles induce apoptosis and ultimately reduce tumor size
and increase survival time®88>157.1%¢ The decrease in proliferation and viability is likely
separate from the effect seen with migration as the ICso of ST-11 for migration is nearly
2 orders of magnitude lower than it is for proliferation or viability. We note that the ECs
value measured to induce cell death was significantly different from the binding affinity
measured for ST-11 in binding, regulating cell migration and proliferation compared to
promoting cell death.

The ability to formulate ST-11 in order to remain stable over a 2 week period represents
an important step to implement its in vivo safety and efficacy testing. When ST-11 is
administered i.p., it is able to cross the blood brain barrier and reach the brain in
concentrations sufficient to activate these novel receptors. In the brain, Al receptor
activation increases TAM reactivity while killing tumor cells. The possibility of a
compound able to increase microglial cell reactivity is a promising therapeutic outcome
as these resident immune cells take on an immunosuppressed phenotype and are not
able to kill and remove the tumor cells 247, Other studies have shown that being able
to prime microglia to take on a pro-inflammatory phenotype before tumor cells are
introduced results in the microglia retaining their ability to kill tumor cells **”. When
coupled with the result that the novel compound also is antiproliferative for tumor cells,
while leaving neurons undamaged, treatment with this compound appears to increase
immune defense and directly target tumor cells.

The novel ligands developed in our laboratory can be utilized to further characterize this
receptor target. Its molecular identity remains unknown at this time as are its
endogenous ligands and signaling partners. LPA-stimulated glioma cell migration has
been shown to be mediated by phosphorylation of the regulatory light chain of myosin I,
resulting in the inhibition of migration*®®. This study shows that these compounds may
serve as tools for the development of novel therapies for GBM.
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Materials and Methods

Reagents : ST-11 was synthesized by John W. Huffman at Clemson University, and ST-
23, ST-25, ST-29, ST-47, and ST-48 were synthesized at Medchem Source (Seattle,
WA). SR141716 and SR144528 was provided by the NIDA drug supply program (RTI
International, Research Triangle Park, NC). WIN55212-2 and O-2050 were purchased
from Tocris (Minneapolis, MN), isoproterenol was purchased from Sigma (St Louis,
MO), and C18:1 LPA was purchased from Avanti Polar Lipids, Inc. (Alabaster, AL).
[PH]WIN55212-2 and [*H]thymidine were purchased from Perkin Elmer (Boston, MA).

Radioligand Binding: DBT membranes were prepared by lysing cells with ice-cold
homogenization buffer composed of the following: Tris (50 mM), EDTA (1 mM), and
MgCl, (3 mM). Lysed cells were homogenized with a Dounce homogenizer (Wheaton
Science Products, Millville, NJ). Homogenates were centrifuged at 200 x g for 10 min at
4°C, the supernatant was collected and centrifuged at 45,000 rpm. Supernatant was
removed and membrane pellets were stored at -80°C until further use. On the day of
experiments, membranes were thawed, and the protein concentration was quantified
with the DC protein assay (BioRad, Hercules, CA) using BSA as a standard. All
experiments were performed using silanized glass test tubes (Alltech, Deerfield, IL) and
silanized pipette tips (VWR Scientific, Brisbane, CA) to minimize the loss of hydrophobic
compounds. Binding buffer (pH 7.4) contained the following: Tris-base (50 mM), EDTA
(2 mM), MgCl, (3 mM), and BSA (1 mg/ml). The following components were added to
test tubes placed on ice: 50 ul of binding buffer with compound, 50 ul of binding buffer
with radioligand, and 100 pl of binding buffer containing membranes (75 ug of protein).
Tubes were then covered and incubated for 1 hr in a 30°C-water bath with mild
agitation. Reactions were stopped by rapid filtration using a Brandel harvester (Brandel,
Gaithersburg, MD), collecting radioactive membranes on Whatman GFB filter strips
(Brandel, Gaithersburg MD), and rinsing with ice-cold binding buffer. Filters were
transferred to 7-ml glass scintillation vials (VWR Scientific, Brisbane, CA) using the
Brandel Manual Deposit System (Brandel, Gaithersburg, MD), and 4 ml scintillation fluid
(National Diagnostics, Atlanta GA; Ecoscint XR) was added to each scintillation vial.
Samples were vortexed for 10 sec and followed by 18 hrs incubation at room
temperature prior to quantifying radioactivity with a scintillation counter (PerkinElmer,
Boston, MA).

Cell Culture & Migration: DBT cells were grown in DMEM supplemented with 10% FBS,
5 mM HEPES, 5 mM NaHCOg3, 100 U/ml penicillin and 100 ug/mL streptomycin on
100mm dishes (BD Biosciences, San Jose, CA). Cells were used in Boyden chamber
migration assays as previously described *° with minor modifications. Specifically,
filters with a pore diameter of 10 um (Neuroprobe, Gaithersburg, MD) were incubated in
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10 ml of a collagen solution (2.5 mg rat tail collagen | (BD Biosciences, San Jose, CA),
57 ul glacial acetic acid (Fisher, Santa Clara, CA) in 50 ml distilled water) for 30 min at
37°C. Filters were rinsed 3 times with PBS and allowed to dry before use. Following a 3
hr migration period at 37°C, the scan settings on the Odyssey Infrared Imaging System
(LI-COR, Lincoln, NE) were as follows: resolution, 169 um; quality, low; focus offset, 1
mm; and intensity, 4.0.

Cell Viability and Proliferation: DBT cells were plated at a density of 1.5 x 10* cells/well
in 48-well plates (Corning, Tewksbury, MA) and maintained in normal cell culture
conditions for 24 hrs. Cells were treated with ST-compounds and [*H]thymidine
(PerkinElmer, Waltham, MA) for 72 hrs at 37°C. To measure cell viability concomitantly
with cell proliferation, cells were incubated with 10 pl WST-1 (Roche, Indianapolis, IN)
60 min before cell lysis and returned to 37°C. The WST-1 absorbance was measured
using a SpectraCount BS10000 (PerkinElmer, Waltham, MA.) at a wavelength of 450
nm. Culture media was removed, and cells were rinsed with 250 pl ice-cold PBS and
lysed with 250 pl NaOH (1 M). Cell lysates were kept on ice for 10 min and then
transferred to 7-ml glass scintillation vials (VWR Scientific, Brisbane, CA). Distilled H,O
(250 pl) was added to each vial followed by 4 ml scintillation fluid (National Diagnostics,
Atlanta GA; Ecoscint XR). Samples were vortexed and radioactivity was measured
using a scintillation counter (PerkinElmer, Waltham, MA).

Maximal Tolerated Dose (MTD) and Dose-Range Finding (DRF) Studies: All animal
experiments were performed with the approval of the Institutional Animal Care and Use
Committee of the University of Washington, Seattle, WA. For the MTD study, CD1 mice
(Harlan Laboratories) were injected i.p. with one dose of 5, 15, 40, 80, 160, or 240
mg/kg ST-11 or the corresponding volume of vehicle. Mice were monitored and
observed for signs of general distress, organ system dysfunction, and/or moribund state
for 24 hours post-injection. Mice that passed the operational definition of tolerable for
the MTD study were funneled into the DRF study. In the DRF study, mice were injected
once daily i.p. with 5, 15, 40, 80, 160, or 240 mg/kg ST-11 or the corresponding volume
of vehicle for 5 days and were monitored as in the MTD study. After completion of MTD
and DRF studies, mice were euthanized with ketamine/xylazine mixture (520 and 35.2
mg/kg, respectively, and organs harvested for histopathological analysis.

Extraction and HPLC/MS: Whole brains and 500 uL of blood were collected from
anesthetized CD1 mice. Blood was collected from the heart and immediately
centrifuged at 10,000 rpm to pellet the cellular component, and 200 pL plasma was
removed. Brains were collected after perfusion with 20 mL of PBS. Freshly dissected
tissue samples were homogenized in 10 volumes of CHClI3, and these samples were
stored at -20°C. 1 mL from each sample was added to a Folch extraction (2 mL CHClI3,
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1 mL MeOH, 0.5 mL PBS), and 1 pg of JWH-015 was spiked in as an internal control.
Samples were vortexed for 1 min and sonicated for 5 min. Following sonication,
samples were spun at 500 g for 5 minutes at 4°C to separate the phases. 200 pl of the
CHCI; phase was removed, dried down under N, and then resuspended in 1 mL of
acetonitrile. From this preparation, 10 pl of each sample was injected in a Waters
Micromass Quattro Premier XE (Milford, MA) equipped with a C18 column. The HPLC
protocol used a fixed flow rate of 0.3 mL*min-1: 1) Initial - 70% ACN, 30% H0. 2) At 2.5
min, ramp to 90% ACN / 10% H20, 3) at 3.5 min, return to 70% ACN / 30% H-0, 4) at
4.5 min, end. Using this method, an ST-11 peak was observed at 2.7 min, whereas a
JWH-015 peak was observed at 2.9 min. Both ST-11 and JWH-015 have a parent m/z
328.2, therefore ES+ daughter ion analysis was performed to distinguish the
compounds with ST-11 at 328->169 and JWH-015 at 328->155. Quantitation was
performed by taking a ratio of AUC ST-11/AUCJWH-015, and then calculating the
weight ofST-11 using a standard curve.

Immunocytochemistry: Mouse DBT astrocytoma cells were plated on coverslips in
DMEM supplemented with 10% FBS and incubated overnight at 37°C in a humidified
incubator with 5% CO,. The next day, the media was aspirated and replaced with
DMEM containing 1% FBS and again incubated overnight. ST-11 or ST-25 was applied
to DBT cells and incubated for 6hrs at 37°C. The incubation period was stopped by
fixation in 4% PFA for 10 minutes at room temperature (RT). Following fixation, the
cells were washed in PBS and permeabilized in 0.02% Triton X-100 for 10 minutes at
RT. The cells were blocked in 5% goat serum for 1hr at RT before staining with rabbit
anti-human activated caspase-3 antibody (Abcam, Cambridge, MA, 1:250 in 2.5% goat
serum) overnight at 4°C. The next day, the cells were washed 3x in PBS for 10 minutes
each and incubated with AlexaFluor 555-conjugated goat anti-rabbit secondary antibody
(Invitrogen, Grand Island, NY) and DAPI (Invitrogen, Grand Island, NY) (both at 1:500 in
2.5% goat serum) for 1hr at RT. The cells were washed 3 more times in PBS, and
coverslips were mounted with fluoromount (Sigma, St Louis, MO). Activated caspase-3
was visualized on an inverted microscope with an Apatome (Zeiss AxioObserver Z1)
using a 63x oil-immersion objective.

Statistical Analysis: The GraphPad Prism software version 5.01 was used to conduct
statistical analysis. Data are presented as mean = S.E.M., and statistical significance
was measured using one-way ANOVA followed by a post-hoc Dunnett’s multiple
comparison test or two-tailed t-test.
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Chapter 3: Conclusions

Summary

To summarize the previous chapters, | have shown evidence for Al-sensitive receptors
in microglia and DBT cells. To accomplish this, novel compounds were developed which
were used as pharmacological tools. Interestingly, Al receptor activation in both cell
types resulted in decreased migration induced by a stimulus. cCAMP data from the
microglia suggests that the Al receptors are GPCRs. Results from microglia also show
that proliferation is dose-dependently inhibited, but only when stimulated by M-CSF-.
While | could not find any modulation of either M1 or M2 phenotypes in the assays |
performed, various parameters can be varied to study phenotype change in more detail.
Differences in receptor activation are apparent in proliferation and viability assays.
While Al compounds are not harmful to primary microglia or neurons, they do kill DBT
cells in micromolar concentrations. ST-11 induced apoptosis in DBT cells, which is a
promising outcome that can be explored further in vivo. The presence of Al receptors in
both microglia and astrocytoma cells is relevant in GBM as TAMs play an important role
in maintaining an environment conducive for tumor survival; perhaps Al receptors can
be targeted as part of a therapeutic strategy that provides a better clinical outcome in
vivo. The studies performed so far serve as an initial step to understanding how Al
receptors may play a role in such a strategy.

Future directions

Moving forward, there are a number of experiments that can be easily done in a cell
line, such as the DBT cells, that would add to the understanding of which moieties are
required for Al receptor binding. As new compounds have been synthesized since my
introduction to the ST compounds, binding competition curves of the newest and
promising compounds would be easily obtainable. Other questions that | am quite
enthusiastic about relate to microglial cell response to Al receptor activation.

A basic experiment that remains to be done is to find out how many Al receptors are
expressed by microglia, which can be accomplished with saturation binding. This was
not done during my graduate career due to availability of resources, described below. It
would be worthwhile to continue exploring cell phenotype upon Al receptor activation by
looking at NO and cytokine production. Treating microglia primed by IL-4, TGF-f3, or
glioma-conditioned media, with compounds before looking at NO levels is a rational set
of experiments to perform, especially if thinking about these cells in a GBM model. The
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results may provide a more comprehensive picture as to whether or not M1 phenotype
is modulated by ST compound treatment. Looking at cytokine levels is an approach that
would yield much more information as one would be able to profile pro-inflammatory as
well as anti-inflammatory cytokines, many of which can be done using one set of cells, a
benefit of a multiplex assay.

When the next generation of ST compounds becomes available and ready to test in
vivo, it will be valuable to allocate a number of animals to look at the
cytokine/chemokine profile of whole brains or specifically in FACS-sorted TAMs and
compare them between treatment groups. This would provide stronger evidence for the
initial IHC data that ST compounds increase TAM reactivity; something missing in the
current study. Perhaps the biggest questions that remain to be answered are the
identity of the Al receptor, what is its endogenous ligand(s), and whether it is the same
receptor in microglia and astrocytoma cells. A sufficiently high-affinity ligand suitable for
Click chemistry is the next milestone to achieve as this will allow for the receptor target
to remain bound to the ligand and pulled down and perhaps answer this very question.

Working in parallel, elucidating the signaling pathways involved with Al receptor
activation is another important aspect of the future direction of this project. Although it is
currently being explored in the lab, including looking at ERK and Akt, it is being done in
astrocytoma cells. As the results of those experiments are being done and analyzed, it
remains to be seen whether the same pathways are activated in TAMs or their non-
malignant counterparts, astrocytes and microglia. It will be relevant to discover any
correlations between activated signaling pathways and functional readouts that have
been collected so far (migration, proliferation, viability). Corroborating data would initially
suggest that Al receptor activation leads to the same outcome, for example, the
inhibition of stimulated migration in DBT cells and microglia. Opposing data may
suggest different mechanisms at work, as evidenced by cell viability data in DBT cells in
contrast with microglia and neuron data. This latter result may open questions to
signaling differences between malignant and healthy cells.

The molecular mechanism mediating the inhibition of migration needs to be established.
In the microglia study, cCAMP levels were shown to increase when ST-11 was applied; |
did not try to see whether or not this was related to the inhibition of migration stimulated
by ATP. Preliminary experiments can be done using various activators of CAMP, such
as B-adrenergic receptor agonist isoproterenol or PKA- or Epac-specific activators, as
well as antagonists to these receptors/pathways. There is a study published showing
that isoproterenol increases cAMP levels via Epac signaling in glioma cell lines,
resulting in decreased Racl activation and ultimately inhibits migration stimulated by
LPA®_ Although this was done in glioma cell lines, this opens up questions pertaining
both to my microglia and DBT findings. The same experiments outlined above can be
done in both cell types.
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In considering the Boyden chamber migration assay that | have used, | am curious
about the results that | may get by varying parameters while preparing the
polycarbonate filters or by using other related assays. The Boyden chamber has its
advantages because of its ease of use and established protocol within the lab. The
substrate by which the filter is coated can be modified from no coating to collagen or
Matrigel®. Other filter assays, which utilize filter inserts and cell culture plates might be
useful to test as one can easily limit the coating coverage of the filter to the bottom
portion, thereby using the coating, or a combination of a compound with the coating,
itself as a chemoattractant. The disadvantage here is that more cells will be required to
test each condition. Another method to measure migration is the scratch wound assay,
which eliminates the need for filters and is easy to set up and has the advantage of
being able to take images of the plate at multiple timepoints, thereby gaining information
about the speed by which the cells migrate. One clear disadvantage, however, is that
any compounds added to the plate will be a bath application as it is not possible to set
up a gradient. As assay that would solve that problem is the microfluidics chamber
assay, allowing for finer control of the gradient. This is also an advantage over using a
Boyden chamber because one would be more confident that the gradient is indeed
linear *3*. With any of these assays, one will likely not be able to quantify migrated cells
using the lab’s current semi-quantitative method and some of them would involve a
significant amount of method development.

Closing remarks

Moving forward with research using cannabinoids and cannabinoid-like compounds is
important because there is much that we do not know regarding the therapeutic
potential of these compounds to alleviate a wide variety of diseases. Cannabinoids have
a bad reputation because of the psychotropic effects attributed to CB; activation, but as
research has illuminated over the years, the Cannabis plant contains dozens of non-
psychotropic compounds that may serve as templates for medicinal chemists to modify,
for biologists to test, and ultimately for patients to benefit from. Much of the published
research has focused on THC and CBD, a good start, but many opportunities remain to
better understand these compounds, alone as well as in combination with other
treatments. In an era where personalized medicine is rising to prominence,
combinations of treatments need to be tested and optimized. My hope for cannabinoids
is that one day we will understand them to a degree where they could be recognized as
first-line therapeutics for diseases, such as GBM, rather than therapeutics to treat side-
effects of treatment regiments that currently do not confer significant benefit to patients.

While it was exciting to be able to perform the majority of my thesis work using primary
microglia in order to use a model “one step above” immortalized cell lines, it was a
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challenge to generate enough cells to perform the experiments that | wanted to
accomplish. It was not always possible to do full dose-responses for an experiment, or
to do an experiment at all. Yet another setback | faced is that for a number of months,
the microglia were somehow attaching to the astrocyte layers lining the culture flasks.
While this left me without cells to work because they were uncollectable, the silver lining
is that | was able to focus my efforts to find out whether ST compounds affected DBT
cells. Another drawback of culturing these primary cells on a weekly or bi-weekly basis
continuously for nearly the past 6 years is the development of finger and wrist pain. |
strongly urge the next person that cultures these cells to take care of their hands in
order to keep them in working condition.

Being a part of this graduate program has been an eye-opening experience where |
have gained not only knowledge about the fields of neuroscience and pharmacology,
but perhaps more importantly, my capabilities as a scientist. | enjoyed learning the
various techniques required to work on my project and have put an amount of thought
into modifying protocols to get them to work; graduate school was my introduction to
working in a wet lab environment. Many mistakes were made, which served as
memorable lessons, but out of this, | have emerged with abilities to troubleshoot
problems that arise with protocols and equipment. | have thought at times that graduate
school provides lessons in crisis management, which sounds dramatic, but it certainly
feels like it applies when results to a key experiment are on the line! A big challenge
was to overcome the mindset of a (timid) student and transition to becoming an
independently-thinking, confident researcher. | had a difficult time with this and am glad
this was pointed out to me early on as | was unaware that it was a mental state that |
was stuck in. This personal project progresses incrementally, but in a forward direction.

| look forward to the next step of my scientific career, where | can continue researching
the interaction between the immune response and its role in various CNS pathologies.
Whether it is glioblastoma multiforme or Alzheimer’s disease, it is becoming increasingly
clear that microglia and other immune cells play a role in disease progression.
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