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Abstract in German

Hintergrund: Cannabinoide werden hauptsichlich als Freizeitdroge eingesetzt, haben aber auch
ihren Einzug in die Onkologie gefunden, wo sie hauptsédchlich als Appetitanreger bei
Tumorkachexie verwendet werden. Nichtsdestotrotz gibt es in der Literatur Hinweise, dass
Cannabinoide auch eine gewisse krebshemmende Wirkung haben konnten. Aus diesem Grund
wird es auch von Patientinnen und Patienten genommen, die eine weit fortgeschrittene

Krebserkrankung haben, wobei diese Art der Wirkung noch nicht ausreichend untersucht ist.

Zielsetzungen: Die Zielsetzung dieser Arbeit ist es den Mechanismus, ob und wie Cannabinoide
einen pro-apoptotischen Effekt beim metastasierten Melanom haben, in-vivo und in-vitro zu
untersuchen. Zusétzlich soll die Wirkung von Cannabinoiden im Vergleich zu einer

zielgerichteten Therapie in-vivo untersucht werden.

Methoden: Mehrere Melanom-Zelllinien wurden mit unterschiedlichen Cannabinoid-
Konzentrationen behandelt, und die krebshemmende Wirkung wurde durch Proliferations- und
Apoptose-Tests untersucht. Die anschlieBende Analyse der Signalwege erfolgte mittels
Durchflusszytometrie, Immunhistochemie, Zytokin-Array und konfokaler Mikroskopie. Die
Wirksamkeit von Cannabinoiden wurde in Kombination mit dem klinisch verwendete MEK-

Inhibitor Trametinib in NSG-M4usen in-vivo untersucht.

Ergebnisse: Cannabinoide verringerten die Lebensfahigkeit von mehreren Melanom-Zelllinien in
dosisabhingiger Weise. Die Wirkung wurde durch CB1-, TRPV1- und PPARa-Rezeptoren
vermittelt, wobei die pharmakologische Blockade aller drei Rezeptoren vor der Cannabinoid-
induzierten Apoptose schiitzte. Cannabinoide leiteten die Apoptose durch mitochondriale
Cytochrom-c-Freisetzung mit anschlieBender Aktivierung verschiedener Caspasen ein. Im
Wesentlichen verringerten Cannabinoide das Tumorwachstum in vivo erheblich und waren

ebenso wirksam wie der klinisch verwendete MEK-Inhibitor Trametinib.

Conclusio: Cannabinoide zeigten pro-apoptotische Effekte in-vitro und in-vivo.
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Abstract in English

Background: In the private sphere, cannabis is mainly used for recreational purpose, whereas in
the clinical field it is used as an appetite stimulant in cachectic cancer patients. Patients usually

take cannabis on the belief that it has an anti-tumor effect, which is also claimed in the literature.

Objectives: The purpose of this study was to elucidate if and how cannabinoids mediate pro-
apoptotic effects in melanoma in-vitro and in-vivo and its value in comparison with conventional

targeted therapy in-vivo.

Methods: Different melanoma cell lines were treated with different concentrations of
cannabinoids. Anti-cancer efficacy was assessed by apoptosis and proliferation assays. Pathway
analysis was performed using proliferation, apoptosis, immunohistochemistry, flow cytometry,
confocal microscopy and cytokine array data. In-vivo efficacy of cannabinoids in combination

with trametinib was studied using NSG mice.

Results: In multiple melanoma cell lines cannabinoids reduced cell viability in a dose-dependent
manner. CB1, TRPV1 and PPARa receptors played a central role in mediating this effect.
Cannabinoid-induced apoptosis was reduced by simultaneous pharmacological blockade of all
three receptors. Apoptosis was mediated by activation of different caspases and mitochondrial
cytochrome c release. In-vivo, cannabinoids significantly decreased tumour growth and were as

potent as the clinically used MEK inhibitor trametinib.

Conclusions: These data demonstrate that cannabinoids reduce cell viability in several different
melanoma cell lines. This is achieved by initiating apoptosis via the intrinsic apoptotic pathway
with further activation of caspase and mitochondrial cytochrome c release. Importantly, it does

not interfere with the commonly used MEK inhibitor trametinib.
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Introduction

Melanocytes are pigment-producing cells in the skin, which are derived from neural crest cells.'
They are located at the basal layer of the epidermis but can also be found in the hair bulb, eyes,
ears, mucosal tissue, and meninges. During embryonic development, multipotent trunk neural
crest cells migrate from the neural plate to the epidermis and dermis, which is also the reason
why melanoma can occur nearly everywhere in the body.**

The main function of epidermal melanocytes is the contribution to photoprotection and
thermoregulation by packaging melanin pigment into melanosomes and delivering them to

neighboring keratinocytes.*
Melanoma

Melanoma incidence is rising worldwide and, despite all efforts, metastatic disease in melanoma
is still a huge problem.” The minority of skin cancer cases are melanoma-associated but
melanoma is responsible for the majority of skin cancer-related deaths.’ Prognosis depends on
tumor thickness, ulceration and metastatic spread decreasing 10-year survival from 88% to 24%.’
The most common mutation suitable for targeted therapy is in the B-Raf proto-oncogene,
serine/threonine kinase (BRAF) gene with a frequency of approximately 40 - 60% of all
melanomas (Detailed in Figure 1).*’ In up to 95% of all cases the mutation occurs at codon 600
of the BRAF gene where the most common exchange is a valine to glutamic acid referred to as

BRAF""F mutation."

Mutation of BRAF leads - in most cases - to an over-activation in the RAF-MEK-ERK signaling
pathway (MAPK pathway) resulting in enhanced cell growth and survival.' However, not all
BRAF missense mutations lead to increased BRAF kinase activity and the mutations especially in
the p-loop of the BRAF kinase — encoded by exon 11 of the BRAF gene - tend to a have a lower
kinase activity then the wild-type, BRAF kinase.'” The clinical implication of such mutations are
still unclear and under investigation. Besides BRAF the second most common mutation found in
melanoma is affecting the NRAS proto-oncogene, GTPase (NRAS) gene with a frequency of
~20%.”" However, recent studies revealed more mutations involved in the growth and
progression of malignant melanoma, e.g. GNAI11/GNAQ, c-KIT, TERT, NTRK, CDKN2A, TP53

and others.'* '
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Oncogenic signal transduction in melanoma

Two major pathways of clinical interest are the PI3K/PTEN/Akt/mTOR signaling pathway and
the Ras/Raf/MEK/ERK signal transduction cascade (MAPK signaling pathway)."’

The classic pathway is that RAS activates RAF, which propagates down-stream signaling
through MEK to ERK. There are three RAF isoforms: ARAF, BRAF and CRAF/Rafl, whereas
BRAF is one of the major targets of therapy in metastatic melanoma today.'® The most common
mutation in the BRAF gene (BRAF""’!) has a 500 fold higher kinase activity than the BRAF""
kinase."”” Therefore, drugs targeting this mutation have been developed with overwhelming
success. However, nearly all patients treated with BRAF inhibitors develop resistance to those. A
possible mechanism discussed is a consecutive mutation in the RAS gene, when a BRAF inhibitor

is used.”

The RAS gene family is the most commonly mutated oncogene in human cancers (20 - 30%),

whereof the most common and investigated isoforms are NRAS, KRAS (pancreatic cancer, large

20-22 21,23

intestine, peritoneum, biliary tract)™ ~ and HRAS (skin, salivary gland, urinary tract, cervix).
In addition, there are also less investigated isoforms like RRAS and MRAS.*** In melanoma the
most common mutated R4S isoform is NRAS with a mutation rate between 15% and 20%.*° The
most common codons affected are codon 61 and codon 12, whereas the most common alteration
is a change in Q61R (Data obtained from the catalogue of somatic mutations in cancer

(COSMIC) at http://cancer.sanger.ac.uk/cosmic; accessed April 2016).>"*

The glycine at position 61 of the NRAS protein has a prominent role, since it stabilizes the
hydrolysis of GTP to GDP. Oncogenic mutations in this position lead to a reduced intrinsic GTP
hydrolysis rate and, therefore, a constitutive activation of NRAS.” This causes actions and
alterations in cell cycle impairing actin cytoskeletal organization, cell polarity, cell movement

and therefore enhancing cell growth and cell survival.”*

Due to the downstream signaling to the MAPK pathway, a possible therapeutic intervention in
NRAS mutated melanoma is the inhibition of this pathway with a MEK-inhibitor.*® It has been
shown that response to MEK inhibitors is variable, suggesting that NRAS signals not solely to
the MAPK pathway and there might be some escape mechanism.’' Indeed, many pathways, other

than the MAPK pathway such as phosphoinositide 3-kinase (PI3K)™, phospholipase C-¢
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(PLCg)*”, T-cell lymphoma invasion and metastasis-1 (TIAM1)*, and others are involved, all
being responsible for proliferation and growth.*” Interestingly, the resistance to BRAF inhibitors
goes along with an increase in ERK levels, suggesting that the MAPK pathway is activated by a
different protein than BRAF and indeed CRAF is held responsible for this effect.*

Like BRAF, CRAF activates the MAPK pathway over MEK and ERK.”” However, MEK
activated by CRAF is less susceptible to MEK inhibitors than when being activated by BRAF.*®
Apart from this, CRAF also has several other functions, including an anti-apoptotic effect
mediated through binding to Bcl-2 at the mitochondrial membrane.* It links directly to Bcl-2 and

phosphorylates BAD which leads to reduced apoptosis and more robust cancer cells.*

Genetic evolution of melanoma

From an evolutionary perspective, mutations play an important role since they drive cancer
growth and progression. From a clinical perspective, mutations (or mutational pattern) can be
targeted by therapy or used as a progression and risk marker. Importantly, melanoma is — apart
from other tumors with a mismatch repair deficiency - the tumor with the highest mutational
burden.*’ However, melanoma can originate in different organs and tissues. The most important
sub-types are uveal melanoma, mucosal melanoma and cutaneous melanoma. Importantly, all
three sub-types are genetically completely different.*” In cutaneous melanoma, ultraviolet (UV)
radiation is - on a genetic basis - the most important risk factor and responsible for the mutational
burden.” This is due to the cancerogenic effects of UV radiation and draws a distinctive
mutational pattern whereas risk factors associated with cancer can be identified on a genetic basis
(including tobacco smoking for various cancer types).* However, cutaneous melanoma located
on the head, neck and upper extremities are associated with a higher mutational burden than

melanomas located on the trunk or lower extremities.*

In line with high mutational burden, it has been a genetic challenge to identify clinically relevant
mutations as compared to by-stander-mutations to provide clinical targets. In melanoma the most
commonly mutated gene with the highest clinical attention has been BRAF. This was due to the
fact that the majority of BRAF mutations occurred on a distinct molecular pattern where valine is
exchanged against glutamic acid (BRAF *"’%)."> Although it has been shown that this mutation

occurs at high frequency in metastatic melanoma, it was unclear if BRAF mutations happen at an
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early stage or are a late-phase mutation. This question was addressed by Wu et al. who could
demonstrate that BRAF"*’* mutations are highly frequent in moles.* Therefore, a BRAF *""*
mutation itself is neither a marker for melanoma nor for metastatic melanoma. This has been
clinically shown in patients under BRAF inhibitor therapy: The moles of a patient with stage IV
melanoma under BRAF inhibitor therapy showed changes in color, size and pattern suggesting
that the BRAF inhibitor also has an effect on moles.* Interestingly, the BRAF VO0% mutation was
far more common in nevi than in melanoma itself suggesting that the loss of BRAF"*"’F mutation

can lead to progression or that BRAF "¢

mutation is not necessarily strong enough to promote
progression and that it needs further co-driver mutations.”** Biologically, ~20% of melanoma
develop from pre-existing nevi and in melanoma this part is still present in the primary tumor.*
Therefore, it was a unique opportunity — at least in this subgroup of tumors - to sequence
(histologically) different parts of melanoma to get a deeper insight into melanoma development
and progression. It was shown that there are some key mutations occurring in the course of
developing to a metastatic phenotype. BRAF"*""* mutations were an early sign and frequently
present in benign lesions. In the further course, telomerase reverse transcriptase (TERT) promoter

031 were observed and these mutations were

mutations with a preference for specific hotspots
present in melanoma and histopathological/dermatoscopic conspicuous lesions but not in nevi. In
line with this were co-occurring cyclin dependent kinase inhibitor 2A (CDKN2A) mutations,
mainly deletions with a preference on germline level rather than somatic level.”>*® Together with
TERT promotor mutations in intermediate lesions, NRAS mutations were commonly found
whereas the frequency of NRAS mutations increased from intermediate to invasive melanomas. In
melanoma, from melanoma in situ (MiS) to invasive melanoma, the second important pathway
that is commonly mutated, is the PI3K pathway, where mutations in neurofibromin 1 (NF/) and
mutations in the phosphoinositide 3-kinases (PI3K) and their negative regulatory element
phosphatase and tensin homolog (PTEN) are commonly found. Finally, 7P53 mutations were
frequently found in melanoma metastases and T4 melanoma, although the role and prognostic

value of tumor protein P53 (TP53) mutations are highly controversial in the literature.>*>°

Pharmacological therapeutic options

It has been suggested that, cutaneous melanoma can be classified into four different subgroups:

BRAF™, NRAS™, NFI™ or triple wild type.’” A different classification was suggested for mucosal
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melanoma: c-ki™ and wild-type.”” Due to this classification, patients with metastatic melanoma
have three pharmacological therapeutic options: Immune checkpoint inhibitors including PD-
1/PD-L1/CTLA-4/LAG-3, conventional chemotherapy or targeted therapy including BRAF- and
MEK-inhibitors.**

Targeted therapy

BRAF mutated melanoma

In Austria three BRAF inhibitors have been approved for systemic treatment in metastatic
melanoma and are currently widely used: Vemurafenib (Zelboraf®, Roche), Dabrafenib
(Tafinlar®, Novartis) and Encorafenib (Braftovi®, Pierre Fabre).”® In the BRIM-3 study it

could be shown that patients harboring a melanoma with a BRAF"*"*

mutation had a response
rate to vemurafenib of 48% compared to conventional chemotherapy (dacarbazine, DTIC) with

5%.°"

Furthermore, systemic treatment with vemurafenib led to an improved median overall survival of
13.3 months compared with 10 months for the dacarbazine group and a median progression-free
survival (PFS) of 6.9 month compared with 1.6 months in the dacarbazine group proving the

success of targeted therapy in metastatic melanoma.®

In line with this result were clinical trials using other BRAF inhibitors including dabrafenib and
encorafenib.”®® However, one major problem of targeted therapy is that patients develop
resistance against the BRAF inhibitors by the emergence of receptor tyrosine kinase (RTK)

mutations."’

A common side effect of BRAF inhibitors is the occurrence of new BRAF"/RAS™ and
BRAF"'/NRAS"" melanoma, which is explained by a paradoxical activation of the MAPK

69,70

pathway.

Since there were some hints from in-vitro experiments that NRAS™ melanoma might be sensitive
to MEK inhibition, Ascierto and colleagues conducted a phase II study where they used a
MEK1/2 inhibitor (MEK162) in NRAS™ melanoma patients. They could show that MEK

V600E

inhibition might be an alternative in NRAS™ melanoma and in BRAF mutated melanoma.”

Furthermore, Abdel-Wahab er al. could show in a patient suffering from NRASY'?® chronic
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myelogenous leukemia (CML) and BRAF'*"’Y melanoma that a dual inhibition (initially the
BRAF inhibitor for the melanoma and the MEK inhibitor for the CML) nearly led to a complete
response (with no evidence of any upcoming resistance) in melanoma and a mitigation of the
CML.” Along with studies by Flaherty ef al. and Ribas et al. this led to large clinical trials testing
dual inhibition of the MAPK pathway in advanced melanoma.”” The coBRIM  trial
(vemurafenib and cobimetinib vs vemurafenib and placebo) could confirm prior results showing
a higher median progression-free survival (9.9 months vs 6.2 months), higher 9-month survival
(81% vs 73%) and higher response rates.” Similar results could be achieved when another
combination of BRAF (dabrafenib) and MEK inhibitors (trametinib) was used.” Dual MAPK
pathway inhibition is now first line therapy in direct competition to checkpoint inhibitor therapy
even though there are now clinical trials investigating the chances of combining targeted therapy

with checkpoint inhibitor therapy.

NRAS mutated melanoma

NRAS is mutated in up to 20% of all melanoma cases where the most common form is a mutation
at codon 61, followed by codons 12 and 13.*° Since NRAS is upstream of BRAF in the MAPK
pathway and since it is known that BRAF inhibitors lead to enhanced growth in BRAF"
melanoma, MEK inhibitors are tested in clinical trials in NRAS™ patients.”” Response rate to
MEK inhibitors was variable, suggesting that NRAS not solely acts on the MAPK pathway and
there might be some escape mechanism, or that the MAPK pathway is not exclusively

responsible for oncogenic growth in this subset of melanomas.”

c-kit mutated melanoma

The most common mutation in mucosal and acral melanoma can be found in the KIT proto-
oncogene, receptor tyrosine kinase (c-KIT).”® Additionally, KIT is also commonly mutated in
melanomas with signs of chronically sun damaged skin.” Functionally, KIT acts as a bona fide
oncogene leading to higher cell proliferation and cell migration.”® This is achieved by activation
of the PI3BK/mTOR- and the MAPK pathway.”*’ Imatinib — a receptor tyrosine kinase inhibitor
mainly known for its role in the treatment of the BCR-ABL fusion gene in CML — demonstrated
high response rates among patients with exon 11 or 13 KIT mutated melanoma.*"** Furthermore,

imatinib shows anti-tumorous effects in KI7 exon 9, 11, 13, and 17-mutated GIST tumors.*
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In addition, nilotinib, a tyrosine kinase inhibitor used in imatinib-resistant CML, gave promising
results in the treatment of KIT mutated metastatic melanoma just as sunitinib.**¥ However, it has

to be mentioned that this is confined to a subset of an already small subpopulation of patients.

Resistance upon target therapy

In cancer therapy, resistance upon targeted therapy is divided in two mechanisms: intrinsic
(primary) resistance and acquired (secondary) resistance.™ Intrinsic resistance is characterized by
the fact that tumors harboring a BRAF""%

BRAF/MEK inhibition — do not respond to BRAF/MEK inhibitor therapy. Secondary resistance

mutation — and therefore theoretically sensitive to

occurs in patient with a positive response to therapy with consecutive relapse.”” Due to high
tumor heterogeneity and mutational burden in melanoma, it is highly likely that patients
experience recurrence upon targeted therapy. So far, only the MAPK pathway can be treated by
targeted therapy. This can be done by BRAF- and MEK-inhibitor therapy. Interestingly, BRAF
inhibition can kill BRAF"*""* mutated melanoma cells but surprisingly, patients under BRAF
inhibitor therapy experiences de mnovo occurrences of squamous cell carcinomas,
keratoacanthomas and BRAF" melanomas. It was observed that melanomas under BRAF
inhibitor therapy are more likely to heterodimerize with CRAF, which lead to an increase in ERK
phosphorylation and consecutive MAPK pathway reactivation.*® This problem has been solved
by adding a MEK inhibitor to BRAF inhibitor therapy (dual MAPK pathway inhibition). With
this strategy the occurrence of carcinogenic side effects could be significantly reduced.®” Dual-
MAPK pathway inhibition led to high response rates (~95%) demonstrating that there is only a
minority of patients not responding to this strong MAPK pathway inhibition if a BRAF"*""*

mutation has been found.

In contrast, despite impressive response rates only 39% patients survived five years after dual
MAPK pathway inhibition.* Major efforts were made to identify possible resistance mechanism
in these patients and it has been shown that there are some newly identified mechanisms: It seems
that the MAPK pathway is of major importance for melanoma growth since the majority of
resistance mechanisms interfere in one way or another with this pathway. Mutations have been
detected supporting cells in being resistant to dual MAPK pathway inhibition including mutations
in MAP2K1/MAP2K2, NF1, RAS (mainly NRAS) and BRAF"""*" mutations.””*> A second very
important pathway that is upregulated in resistant melanoma is the PI3K pathway. Traditionally,

23



this signaling pathway is one of the most important escape routes when the MAPK signaling
pathway is therapeutically blocked, and is associated with mutations in upstream RTKs, PI3Ks
and AKT and loss of function mutations in negative regulators including PTEN.”*”*** Several
clinical studies try to combine MAPK pathway inhibition with inhibitors of the PI3K pathway in

any form.”>”’
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Figure 1. Important signaling pathways in melanoma including mutations rate.

The Receptor Tyrosine Kinase (RTK) is activated with down-stream activation of NRAS. NRAS
activates two major pathways: The Map-Kinase pathway with BRAF — MEK — ERK and the PI3K
Pathway with PDK1 and AKT. Both pathways play a crucial role in cell survival and cell cycle

progression. Percent numbers indicate the proportion of somatic mutations in melanoma in the
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specific gene. Reproduction of the figure with permission of Oxford University Press from Richtig
et al *®. (Figure I corresponds to Figure 3 of the original publication by Richtig et al®®).

Immunotherapy

Nowadays, a second important pharmacological option for patients with metastatic melanoma is
immune checkpoint inhibitor therapy. Boosting the immune system in the treatment of metastatic
melanoma has a long history, but showed nearly no success and was, therefore, only suitable for
a minority of patients.” The breakthrough came in 2011 when ipilimumab became the first
immunotherapy to be approved for the treatment of metastatic melanoma by the U.S. Food and
Drug Administration.'” Ipilimumab is a fully human, IgG1 monoclonal antibody that binds to
cytotoxic T-lymphocyte—associated antigen 4 (CTLA-4) resulting in increased T-cell activation
and proliferation.'”" In comparison to the former used chemotherapeutic dacarbazine, ipilimumab
could significantly improve overall survival in patients with advanced melanoma'”, but more
importantly it could be shown that some patients demonstrated long-term survival.'”

Tremelimumab, another CTLA-4 mAb, showed similar efficacy and overall survival although has

never been approved for clinical used.'”

However, one of the major disadvantages of CTLA-4 mAb was the low response rate of ~20%
due to many mechanism of immune evasion existing in cancer. One of this mechanism was the
expression of B7-H1 on the surface of melanoma cells which was later described — due to its
mode of action - as programmed cell death ligand-1 (PD-L1)."” It could be demonstrated that
PD-L1 was able to initiate apoptosis in activated T-cells in vivo, leading to a reduced immune
response. When PD-L1 was blocked the immune response was restored showing a significant

reduction of the tumor size.'**'%

Therefore, soon after the development of ipilimumab, nivolumab - a mAb against programmed
cell death-1 (PD-1) - was tested in clinical studies showing extraordinary results.'” In 2012
nivolumab was tested in a large clinical trial and showed a response rate of 28% in melanoma
patients.'”” The response rate could be raised up to 53% when nivolumab was combined with

ipilimumab (against 10 to 20% when ipilimumab was given as a monotherapy).'® The increase
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in the rate of adverse effects was classified by the authors as manageable. ™~ Lambrolizumab and

pembrolizumab, other antibodies against PD-1, showed similar results.**!°

Apart from CTLA-4 and PD-L1 blockade Relatlimab — a LAG-3 mAB - is now another

important clinically tested therapeutic option for stage-4 melanoma patients.'''

However, immunotherapy is now a major approach to anti-cancer treatment and is evolving at
high speed, with new substances targeting Tim-3, OX40, cancer vaccines''> and CD73 are now

being widely tested.''>!"*

The cannabinoid system

Cannabis is the most commonly used illicit drug worldwide in adults'"”

, while a number of people
are consuming cannabis for medical purposes already on a legal basis."*'"® So far cannabis
formulas are used for patients suffering from nausea, vomiting and cachexia triggered by

chemotherapeutics and as an additive medication for chronic pain relief.'"*'*’

Cannabis (British) and Marijuana (American), also known as herbal cannabis, is obtained from
the plant Cannabis sativa and from some subspecies. Around 60 cannabinoids can be found in the
plant, whereby most of the research has been performed on A9-tetrahydrocannabinol (THC),
cannabidiol (CBD) and cannabinol (CBN)."”' Beside these cannabinoids, the plant also contains
approximately 420 other chemical components.'* From all cannabinoids, THC is responsible for

the psychotic effects of cannabis and was, therefore, the main target of research.

To date, two subtypes of cannabinoid G-coupled receptors, CB; (cloned in 1990) and CB; (cloned
in 1993) could be identified and fully characterized.'>'* Within the cell, CB; can signal through
G; inhibiting adenylate cyclase, G, stimulating adenylate cyclase, G4 activating the phospholipase
C, and G, regulating Ca*" and K* currents.'?*'?” Furthermore, CB, can also interact with non-G

protein partners like the adaptor protein FAN.

Nevertheless, cannabinoids are capable of binding multiple receptors apart from the traditionally
cannabinoid-receptors. It has been shown that cannabinoids can interact with the G protein-
coupled receptor (GPR) 55 and GPR35 and further with the peroxisome proliferator-activated
receptors (PPAR) a and PPARy and the transient receptor potential vannilloid-1 (TRPV1)

channels..'” Furthermore, it could be shown that cannabinoids could block 5-hydroxytryptamine
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(5-HT3) and nicotinic acetylcholine receptors.'”"** The CB; receptor in the brain occurs mainly
in the hippocampus, substantia nigra, prefrontal cortex and the basal ganglia. However, low to
mid density of CB; could also be found in the thalamus, amygdala, area postrema and
hypothalamus.”*"""** Using a selective CB,-antagonist (SR141716), the psychoactive effects of
THC in the brain could be completely prevented.'” Outside the brain, the CB; receptor is

100 . . .
B30 cardiomyocytes'*®, adipocytes'’ and in the adrenal

expressed in the testis'**, hepatocytes
cortex'”®. CB, receptors occur also on immune cells (monocytes, NK-cells, B-cells)"*’, but at
lower abundance than the CB, receptor and, therefore, the CB, receptor is often called the
peripheral immunological cannabinoid receptor. The CB; receptor is expressed by all
hematopoietic cells.'* The order of expression levels on particular immune cell is as follows: B-

cells > NK-cells > macrophages > CD8" T-cells > CD4" T-cells.'*!

Cannabinoids and cancer

In the literature there is growing evidence — especially since the 90s — that cannabinoids
(including THC, endocannabinoids like 2-arachidonoylglycerol (2-AG) and anandamide) as well
as various synthetic cannabinoid receptor agonists may have anti-tumor effects. Nevertheless,
there are also some reports available challenging this by demonstrating tumor-promoting effect of
cannabinoids."*'* This might be one of the reasons why cannabinoids did not enter clinical

trials.

A significant amount of research so far has focused on how cannabinoids can induce apoptosis in
cancer cells. It could be shown that cannabinoids mediate their pro-apoptotic effect over the up-
regulation of the stress-regulated protein p8, which in turn upregulates the endoplasmic reticulum
stress-regulated genes ATF-4, CHOP and tribbles homolog 3 (TRB3)."** TRB3 acts as a negative
regulator of AKT, which leads to the inhibition of the mammalian target of rapamycin complex 1
(mTORC1) and the subsequent mediation of autophagy.'* However, there have also been reports
of in-vitro assays showing that certain cell lines might be resistant to cannabinoid treatment, even
when higher concentrations of THC were used than those that promote cell death in non-

carcinogenic body cells.'*'*

In cancer, it has been shown that cannabinoids are capable of inhibiting angiogenesis by

downregulation of the vascular endothelial growth factor (VEGF) pathway.'* Functionally,
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cannabinoids therefore promote a normalized tumor vasculature, which contains fewer vessels at
a smaller scale, but they are more differentiated and therefore less leaky. Furthermore,
cannabinoids are able to promote the formation of distant tumor masses in both induced and
spontaneous metastasis.'*® In contrast, there is in vitro data of breast, cervical, lung and glioma
cell lines available showing that cannabinoids can inhibit migration, adhesion and
invasiveness.'"’'*" It seems that cannabinoids also play a significant role in the immune system
and might, therefore, be of interest for the tumor microenvironment. Newton et al."' could show
in an in-vivo approach that THC was able to shift the cytokine profile from Thl to Th2 pattern
and Hegde and colleagues'” demonstrated that THC increases the number of myeloid-derived
suppressor cells responsible for suppression of antitumor immunity. On the other hand, it could
be shown that cannabinoids (such as the synthetic cannabinoids WIN55,212-2 or JWH-133) can
enhance immune system-mediated tumor surveillance.'” Together, the effect of cannabinoids on

immune cells in the tumor microenvironment and on tumor progression is unclear.

Cannabidiol, has a low affinity for cannabinoid receptors and it has also been proposed that
cannabidiol is able to mediate its apoptotic effects independently from CB; and CB; receptors."**
The mechanism by which cannabidiol mediates its effect has not yet been completely clarified. It
seems that cannabidiol relies on its ability to enhance the production of reactive oxygen species

and reduces the mitochondrial membrane potential.'>

Clinical use of cannabis in cancer

Many patients believe that cannabinoids have a beneficial impact on their disease related
problems and can enhance their therapies.”® As cannabis has been legalized in some states of the
USA, a National Cancer Institute (NCI) -designated cancer center published a survey performed
in 2017 conducted among cancer patients about the usage of cannabis (not only medical). They
could show that the majority of patients used cannabis for physical symptoms including pain,
nausea and appetite. However, one quarter of the patients stated that they specifically used

cannabis to treat their cancer disease.'”’

Indeed, the clinical use of medical cannabis is — despite all conducted in-vivo and in-vitro studies
— still highly controversial. Preclinical studies could demonstrate that cannabinoids have an

impact on cancer apoptosis in the majority of cases.'® In contrast to these findings, there are no
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large randomized controlled trials on this important question. One important issue of translating
basic science to clinical science is the fact that medical cannabis is not standardized and different
cannabinoid composition may lead to different effects in cancer cells.'®"'®* Therefore, in-vivo and

in-vitro findings do not mirror the biological reality of cannabis consumption in cancer patients.

The majority of clinical studies focused on two natural cannabinoids - the psychoactive THC and
the non-psychoactive CBD — and several industrial engineered substances (e.g. dexanabinol,
nabiximol, nabilone). Importantly, the main endpoint of cannabinoid research in cancer patients
is Quality of Life (QoL), reduction of pain medication, reduction in chemotherapy-induced
nausea and vomiting and other cancer-related symptoms. Cannabis is claimed to be a strong
‘cancer-killing’ agent across the world-wide web, although cannabinoids have not been tested as
mono-therapeutic agent in cancer in clinical trials."”® So far, only tiny studies exist investigating
the role of cannabis as therapeutic agents. Guzman et al. performed 2006 a pilot study where
THC was given into the recurrent tumor after tumor surgery in nine patients with glioblastoma
multiforme (GBM).'® Importantly, THC was intracranially applied when patients had a relapse
on radio- and/or chemotherapy. Guzman could show that patients, that received THC
intracranially, had a median survival of 24 weeks (95% CI: 15 to 33). An underpowered
randomized controlled trial (RCT) could recently demonstrate that patients with GBM receiving
TMZ in combination with an oral-mucosal spray of CBD and THC (ratio 1:1) had a longer

165 A recent

overall survival than patients receiving placebo and TMZ (550 days vs 369 days).
case report could further demonstrate that CBD — one of the non-psychoactive compounds of
cannabis — might also have beneficial effects in GBM treated with procarbazine, lomustine, and

"% Two cases of young patients with

vincristine (PCV) chemotherapy in combination with TMZ.
pilocytic astrocytoma showed spontaneous regression after continuous smoking of cannabis.'®’
Another case report from a patient with an adenocarcinoma of the lung could show that self-
treatment with CBD resulted in a remarkable decrease of tumor mass.'® A juvenile patient with
acute lymphoblastic leukemia has been successfully treated with cannabis oil after the family

independently decided to switch therapy.'”

Cannabinoids in melanoma

Although there is no RCT available demonstrating any benefit of cannabinoids in melanoma

there are some in-vitro and in-vivo data available. THC decreased proliferation and induced Atg7
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dependent autophagocytotic cell death in three different melanoma cell lines (A375, SK-Mel-28
and CHL-1) and in a CHL-1 melanoma xenograft model.'® In addition, the same group could
demonstrate that THC in combination with a MEK inhibitor (trametinib) significantly decreased
cell viability in MEK inhibitor resistant A375 cell lines.'” Glodde et al. demonstrated in a
CB1/CB2-receptor deficient murine model (CB1/27") that the anti-tumor effect of THC on
HCmel12 xenografts was dependent on cannabinoid receptors.'”" Interestingly, THC did not show
any direct apoptotic effect in-vitro on HCmel12 cells, therefore, the authors could further
demonstrate that the effect is mainly mediated by modulation of the immune system by
accumulation of CD45" cells in the tumor.'”" Another study focusing on non-psychoactive CBD
demonstrated that mice harboring murine B16F10 melanoma cells survived significantly longer

when treated with CBD as compared to vehicle.'”

Aim of this thesis

It is hypothesized that cannabinoids might have a potential anti-cancerous effect in many cancer

types and therefore I set out to address the following research aims within this thesis:

e To determine if cannabinoids have an impact on cell viability in several metastatic and
non-metastatic melanoma cell lines irrespectively of their genotype.

e To gain insight in the mechanism by which cannabinoids mediate their apoptotic effect(s)

e To elucidate the biological efficacy cannabinoids in targeted therapy-resistant BRAF™
melanoma cell lines and their interaction with cannabinoids.

e To compare the efficacy of cannabinoids as single therapeutic agent and in combination

with targeted therapy in an immunodeficient mouse model.
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Material and Methods

Since parts of this thesis have been already published as an original article'®, the material and
methods sections were partly adapted from this original article. Therefore, similarities in wording

and content do not occur unexpectedly.

Chemicals and antibodies

All drugs were purchased from Tocris (Abingdon, UK) except Z-VAD-FMK (Selleckchem,
Houston, TX), THC (Gatt-koller, Absam, Austria) and UO126 and L.Y294002 (both Cell
Signaling Technology Europe, Frankfurt am Main, Germany). All antibodies have been ordered
from Cell Signaling Technology Europe (Frankfurt am Main, Germany) except Goat anti-Mouse-
IgG, Alexa Fluor 488 (Thermo Scientific, Vienna, Austria) and Anti-Cannabinoid Receptor I
(Abcam, Cambridge, UK). All Primers for RT-qPCR have been purchased from Bio-Rad

Laboratories (Vienna, Austria).

A375, A2058, SK-Mel-28 and MRC-5 were purchased from LGC Standards GmbH (Wesel,
Germany). Malme-3M, A375R, UACC-62 and Colo-800 were a generous gift from Anna
Obenauf (Research Institute of Molecular Pathology (IMP), Vienna Biocenter (VBC), Vienna,
Austria). SK-Mel-30 was a generous gift from Prof Martin Pichler (Division of Clinical
Oncology, Department of Internal Medicine, Comprehensive Cancer Center Graz, Medical
University of Graz, Graz, Austria) and SBcl2 was a generous gift from Prof Beate Rinner
(Department for Biomedical Research, Medical University of Graz, Graz, Austria). A2058, A375
and SK-Mel-28 cells were maintained at 37°C in a humidified atmosphere containing 5% CO; in
DMEM (Thermo Scientific, Vienna, Austria) supplemented with 10% fetal calf serum (FCS)
(Thermo Scientific, Vienna, Austria) and 1% (v/v) penicillin/streptomycin (P/S). Malme-3M,
UACC-62, SK-Mel-30 and Colo-800 cells were maintained at 37°C in a humidified atmosphere
containing 5% CO, in RPMI1640 (Thermo Scientific, Vienna, Austria) supplemented with 10%
FCS (Thermo Scientific, Vienna, Austria) and 1% (v/v) P/S. SBCI2 cells were maintained in a
similar way except 2% FCS instead of 10% was used. For all experimental assays, FCS was

reduced from 10% to 2% and from 2% to 0.5%.
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Cell viability assay

Cells were seeded into 96-well plates at a density of 5000 cells/100 puL/well and grown for 24 h
at 37 °C under a humidified atmosphere containing 5% CO, followed by the desired treatment
duration. Cell growth was determined using a commercial kit (MTS Assay Kit; G5421; Promega
Corp., Madison, WI, USA), according to the manufacturer’s instructions. For measurement of
cell proliferation, 10 uL of MTS reagent were added into each well, and cells were incubated
light protected at 37°C for 1 h, then the absorbance was read at 490 nm with a microplate
spectrophotometer (xMark™ Microplate Absorbance Spectrophotometer; Bio-Rad Laboratories

GmbH; Vienna; Austria). All experiments were repeated at least three times in duplicates.

Cell Cycle

After cells were detached by trypsination, cells were washed twice, permeabilized with ice cold
70% EtOH and incubated overnight at 4°C. Afterwards cells incubated with propidium iodide
(Sigma-Aldrich) and Ribonuclease I (Sigma-Aldrich), followed by incubation at 37°C for 1
hours. Immediately afterwards, stained cells were analysed by flow cytometry on a BD FACScan
Flow-Cytometer (Becton Dickenson Heidelberg, Germany). Percentage of cells in each cell cycle
phase was analyzed with the analyzing software FlowJo® (FlowJo LLC, Ashland, OR).

JC-1 staining

Cells (5x10"%) were kept in DMEM supplemented with 2% FBS and 1% PenStrep and incubated
with antagonists 20 minutes prior to the indicate treatment with cannabinoids (CBD, THC or CT)
for the indicated time points and concentration or for 24 hours if not otherwise mentioned at
37°C. The mitochondrial uncoupler FCCP (1 uM) has been used as positive control. After cell
detachment, cells were washed twice in PBS and then incubated in JC-1 dye (2 pg/mL, Thermo
Fisher Scientific) for 20 min at 37°C. Fluorescence-activated cell sorting (FACS) was performed
using a BD FACScan Flow-Cytometer (Becton Dickenson Heidelberg, Germany) for the
detection of mitochondrial depolarization. Intact mitochondrial membrane is reflected by JC-1
monomeres that were detected in the FL-1 channel. Depolarization of the mitochondrial

membrane led to the formation of orange J-aggregates that were measured in the FL-2 channel."

Annexin V/PI-co-staining
A2058 cells were seeded in 24 well plates (50.000/well) and kept in DMEM containing 2% FCS
and 1% PenStrep. Cells were treated — if indicated — with an antagonist (AM251, 9 uM;
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AMGI810, 50 uM; GW6471, 15 uM; BafAl, 100 nM; Z-VAD, 100 uM, Trametinib, 30nM or
Vemurafenib, 1 uM) 20 minutes prior to treatment with cannabinoids (CT 6 uM; CBD 6 uM;
CBD 10 uM; THC 6 uM; THC 10 uM or THC 15 uM) and CQ (50 uM) — if not otherwise
specified - for 24 hours at 37°C. After trypzination, cells were washed, collected via
centrifugation and stained with annexin V and PI according to the manufacturer’s protocol for 15
min light protected at room temperature (Annexin V-FITC Apoptosis Detection Kit I, BD
Pharmingen). Analyzation was performed using a BD FACScan Flow-Cytometer (Becton

Dickenson Heidelberg, Germany) and software FlowJo" (FlowJo LLC, Ashland, OR).

Cancer Genomics and RNA expression data

Data from The Cancer Genome Atlas (TCGA) and the Cancer Cell Line Encyclopedia were
accessed through the www.cbioportal.org website on 19 November 2018. The database was
searched for mutations in CNR1, PPARo and TRPV1 for the skin cutaneous melanoma (SKCM)
cohort (366 patients) and the Cancer Cell Line Encyclopedia (1020 cell lines). Mutational
frequencies—depending on data availability—were summarized and plotted using the output
provided by the online portal. RNA Expression data for CNRI and CNR2 among different tissue
types were retrieved from gtexportal.org website (Accessed 8.10.2019; 11:20).

Caspase 3/7 — glo assay

A2058 cells were seeded into 96-well plates (0.5 x 10°/ per well) and cultured for 24 hours in
DMEM containing 2 % FCS and 1% PenStrep supplemented with the indicated treatment. In
some experiments cells were pre-treated with antagonists 20 minutes prior to the treatment with
cannabinoids (CBD, THC or CT). Caspase 3/7 activation was determined using a commercial kit
(Caspase-Glo 3/7 Assay; G8093; Promega Corp., Madison, WI, USA), according to the
manufacturer’s instructions. For measurement of caspase activation, 50 uL of caspase reagent
were added into each well, and cells were incubated light protected at 37°C for 1 h, then the
absorbance was read at 490 nm with a microplate spectrophotometer (PerkinElmer Topcount

NXT; Waltham, MA).
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PGE,
185

For detection of immunoreactive PGE, a radioimmunoassay was used as described previously ™.
Briefly, samples and standards (Sigma, Vienna, Austria) were incubated with PGE, antiserum
and [5,6,8,11,12,14,15(N)-3H]-PGE,; (PerkinElmer, Waltham, MA) overnight at 4°C. Unbound
PGE, was removed by adding activated charcoal the next day followed by centrifugation at 4000
rpm for 15 min at 4°C. Subsequently, supernatants were poured into scintillation tubes and
scintillation cocktail (PerkinElmer) was added. Counts per minute were measured in a beta
counter (HIDEX, Turku, Finland) and values were calculated in Sigma plot by employing a 4-
parameter curve fit algorithm. ICsy of PGE, was 106.2 = 10.6 pg/ml (n = 10) and detection limit,
defined as 10% inhibition of binding was at 11.2 = 1.2 pg/ml (n = 10).

Immunoflurescence

1x 10° cells were seeded in each of an eight well chamber slide (Nunc™ Lab-Tek™ IT Chamber
Slide™ System, Thermo Scientific, Austria) in full growing medium (DMEM, 10% FBS, 1%
PenStrep) and rested for 2 days. After two washing steps cells were pre-treated for 30 min with
PPARa antagonist (GW6471; Tocris, Abingdon, UK) followed by a 6 hours treatment with CT
(CBD 6uM + THC 6uM) in starving medium (DMEM, 2% FBS, 1% PenStrep). After 6 hours
medium was sucked off and washed two times carefully with pre-warmed PBS. Cells were then
fixed with a solution of 4% Paraformaldehyd for 10 minutes at room temperature. Afterwards
cells were washed once with PBS with 0.1% Triton-X100 (Triton™ X-100, Merck KGaA,
Darmstadt, Germany) followed by incubation with the same substance for 5 minutes at room
temperature. Afterwards cells have been blocked for 60 minutes in 2% Bovine Serum Albumin
(BSA; Merck KGaA, Darmstadt, Germany) at room temperature followed by overnight
incubation of cytochrome c anti-body (#12963, clone: 6H2.B4; Cell Signaling Technology
Europe, Frankfurt am Main, Germany) at 4°C. Cells were then washed 2x times with PBS with
supplementation of 0.1% Tween 20 (Merck KGaA, Darmstadt, Germany). After incubation with
nd anti-body (Goat anti-Mouse IgG, Alexa Fluor 488, #A-11001; Thermo Scientific, Vienna,
Austria) for 1 hours light-protected at room-temperature, cells were washed 3x times with PBS
with supplementation of 0.1% Tween 20, covered with 4’,6-Diamidino-2-phenylindole

dihydrochloride (DAPI)(#D8417; Merck KGaA, Darmstadt, Germany) and then sealed.
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Real-time PCR

Cells were pelleted via centrifugation (400 x g, 7 min) and carefully resuspended in 500 pL of
TRI Reagent® (Sigma, Vienna, Austria) and incubated on ice for 10 min. 100 pL of chloroform
was added followed by shaking and incubation (2-3 min at RT) in order to accomplish phase
separation. The mixture was centrifuged (12 000 rpm for 15 min at 4°C) and the aqueous phase
was transferred to a new tube. Total RNA isolation was performed using the RNeasy Mini Kit
(Qiagen, Hilden, Germany) according to the manufacturer’s instructions. Afterwards, cDNA was
synthesized using the iScript cDNA Synthesis Kit (Biorad, Vienna, Austria) according to the
manufacturer's instruction. Real-time PCR was performed using SsoAdvanced™ Universal
SYBR® Green Supermix with PrimePCR™ SYBR® Green Assay primers for CNRI, CNR2,
TRPVI, TRPV2, PPARA, PPARG, GPR55 and GAPDH, which was used as reference gene (all
from Biorad). Samples were measured in duplicates and mRNA expression was quantified due to

their respective Ct values. Data are shown as absolute Ct values of each gene.

Crystal Violet Assay

For the quantitative determination of cells adhering to the plate after the 24 h treatment with
different concentrations of CBD, THC and PPARGa, the violet crystal assay was used. Cells were
carefully washed after treatment and stained with crystal violet-solution (0.05% crystal violet, 1%
formaldehyde, 1% methanol in PBS) for 20 minutes. After careful washing, plates were dried
overnight, methanol added and absorbance was determined with a spectrometer (VICTOR

Multilabel Plate Reader, PerkinElmer, Waltham, MA) at 560 nm.

Human phospho-kinase antibody array

Proteome Profiler Human Phospho-Kinase Array Kit (R&D Systems, Minneapolis, MN, USA)
was used following the manufacturer’s instructions. Briefly, cells were treated with a
combination of THC (6 uM) and CBD (6 uM) or the MEK inhibitor Trametinib (30 nM) or a
combination of both for 2 hours in DMEM supplied with 2% FCS and 1% P/S. After 2 hours
cells have been lysed in array buffer. BCA assay (Thermo Scientific, Waltham, MA) was
performed to normalize protein amount among treatment groups. The arrays were blocked with
blocking buffer and incubated with 120 pg of cell lysate overnight at 4 °C. The arrays were
washed, incubated with a horseradish peroxidase (HRP)-conjugated phospho-kinase antibody,
treated with Clarity Western ECL Substrate (Bio-Rad, Hercules, CA) and visualised by
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ChemiDoc™ Touch Imaging System (Bio-Rad, Hercules, CA). Experiment was done in

duplicates.

Human cytokine array

100.000 A2058 cells per mL were seeded and treated with CT, trametinib or a combination of
both for 24 hours in DMEM supplied with 2% FCS and 1% P/S at 37°C. Supernatant was
collected and analyzed using the Proteome Profiler Human Cytokine Array Kit (R&D Systems,
Minneapolis, MN, USA; #ARY005B) according to the manufacturer’s instructions. The average
pixel density was analyzed in duplicate spots of each cytokine, each group was normalized to the

respective reference spot and compared between the four different groups.

In vivo Experiments

Ten- to 26-week-old male NOD Scid gamma (NSG) mice were a generous gift of Dr. Andreas
Reinisch (Medical University of Graz, Graz, Austria) and originally obtained from Charles River
Laboratories (Wilmington, MA, USA). A2058 cells (1x10° cells/mouse) were injected

subcutaneously (s.c.) in the area of the right flank.

The mice were bred and hold under pathogen-free conditions in the animal facility of the Medical
University of Graz (Graz, Austria). All experimental procedures were done according to
Europeans Guidelines and our governmental ethics commission regulations (BMBWEF-
66.010/0139-V/3b/2019). After 7 days from the injections, when tumors were palpable in all
mice, they were randomized that were no significant difference between age and weight among
all four groups (8 mice per group). Treatment assignment to any group was done in a blind
fashion. CT (CBD 10 mg/kg BW and THC 10 mg/kg BW) and Trametinib (Selleckchem,
Houston, TX)(0.75 mg/kg BW) were dissolved in ethanol and kolliphor (#C5135-500G, Merck,
Darmstadt, Germany) one to one. For immediate subcutaneously application drugs have been
further diluted in a 1 to 10 ratio with PBS and all treatments were given every day (weight
adjusted; ~150 pul/mouse) for 21 days. Control mice were injected with empty kolliphor/ethanol
dissolved in PBS. Treatment-related toxicity was determined by monitoring mouse weight and
appearance every day. The tumor size was measured with a caliper and tumor volume was

calculated according to the following equation: Volume = 0.5*(length*width?)."® Mice were
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sacrificed 21 days after treatment initiation and tumor samples were collected afterwards for

further analysis.

Immunohistochemistry

Immunohistochemistry was performed on 4um thick FFPE sections of each single mouse.

Staining was done using the Dako Omnis platform (Agilent, Santa Clara, CA).

Ki67 (Agilent, Santa Clara, CA; #GA626), PD-L1 (Agilent, Santa Clara, CA; #M3653; Clone:
22C3; 1:30) and S100 (Agilent, Santa Clara, CA; #GA504) staining has been performed
according to the manufacturers’ protocol. In summary, pre-treatment was performed using the
DAKO OMNIS EnVision FLEX Target Retrieval Solution Low pH solution (Agilent, Santa
Clara, CA; #GV805) for 50 minutes at 97°C (PD-L1) or for 30 minutes at 97°C (Ki67 and S100),
followed by blocking using peroxidase from the EnVision FLEX Mini Kit, High pH (Agilent,
Santa Clara, CA; #GV82311-2) for 3 minutes. Incubation time for the PD-L1 Ab was 40 min at
25°C, for S100 12 min at 25°C and for Ki67 20 min at 25°C. As Detectionsystem the ENV FLEX
HRP from the EnV FLEX, High pH (Dako Omnis)(Agilent, Santa Clara, CA; #GV80011-2) for
20 minutes at 25°C with mouse linker for 10 minutes at 25°C (PD-L1) or without any linker
(S100 and Ki67) was used. Afterwards, samples have been incubated for 5 minutes at 25°C with
DAB+Substrate Chromogen (Agilent, Santa Clara, CA; #GV80011-2). Counter staining was
performed using Hematoxylin (Merck, Darmstadt, Germany; #H3136) for 1 minute at room
temperature. Between each step, each sample has been washed with wash buffer 20x (Agilent,

Santa Clara, CA, #GC807).

Following immunohistochemical staining, tumor sections were scanned using Pannoramic 1000
(3D Histech, Budapest, Hungary), whereby 5 non-overlapping regions were randomly selected
(35x magnification) and extracted for quantification of PD-L1 or nuclear Ki67 staining with
QuPath Software '*. Additionally, S100 expression was evaluated in one randomly chosen
image. One image resulted in approximately 2000 cells for quantification. Expression analysis
was performed in batch mode, whereby nuclei were detected according to hematoxylin
counterstain with following standard settings: background radius 15px, Sigma 3 px, minimum

area 10 px?, maximum area 1000 px?, intensity threshold 0.1. Cell expansion was set at 5 px. For
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characterization of Ki67" cells, only the nuclear score compartment considering DAB OD mean
was chosen, whereby threshold 1 was 0.2, threshold 2 was 0.5 and threshold 3 was 1. PD-L1
expression was determined using the whole cell as score compartment (DAB OD mean) with a
threshold of 0.1. S100 staining was evaluated using the whole cell as score compartment (DAB
OD mean) with thresholds 0.1, 0.2 and 0.6. The thresholds were set by a blinded person after

evaluation of 10 images chosen randomly from the data set.

Statistical Analysis

GraphPad Prism version 6 (GraphPad Software Inc., San Diego, CA, USA) was used to perform
statistical tests. Bar plots and graphs were created with Graphpad or ggplot2. All data are shown
as mean + SD for n observations. For three or more groups, one-way or two-way ANOVA
followed by Dunnett's, Tukey or Bonferroni multiple comparison test were used or for two
groups, Mann—Whitney-U test. Survival curves were estimated using the Kaplan—-Meier product-
limit method and compared using a log-rank test. Two-sided p value of < 0.05 was considered
statistically significant and indicated as * = p<0.05; ** = p<0.01; *** = p<(0.001 and **** =

p<0.0001. ns = not significant.
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Results

Melanoma progresses from benign lesions to melanoma in-situ to metastatic disease by
accumulation of somatic mutations including several key mutations. Melanoma evolution starts
with acquiring the therapy relevant BRAF " mutation at a very early stage since this mutation
can also be found in nevi.'® Progression to metastatic disease includes the acquisition of TP53,
PTEN and mutations in other genes.'® Although there have been more than 60 types of
cannabinoids described in the literature'®, research is mainly focusing on the psychoactive THC
and the non-psychoactive CBD. Apart from using both substances as single therapeutic approach,
the combination of CBD and THC (ratio 1:1) has been approved for clinical use in patients with
chronic pain, chemotherapy induced nausea and vomiting and spasticity in multiple sclerosis.'
Due to its clinical value and availability, we included the combination of THC and CBD in a 1:1

ratio in all our experiments.

Effect of cannabinoids on different melanoma cell lines and non-

cancerogenous cells

V600E .
600F mutated non-metastatic melanoma cell

Firstly, we were interested if a commonly used BRAF
line is responsive to cannabinoids since this cell line is widely used and also serves as resistance

model for commonly used targeted therapy.

Indeed, cannabinoids were capable of reducing the cell viability in a concentration-dependent
manner in A375 cells (Figure 2). All three combinations were capable of reducing cell viability
whereas the 1:1 combination of THC and CBD (CT) showed the most pronounced effect

followed by CBD alone and THC alone. This result is in line with previous reports.'®

! https://www.parlament.gv.at/PAKT/VHG/XXVI/II/III 00233/imfname 728963.pdf, Accessed 26.11.2019; 11:20
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Figure 2. Cannabinoids can reduce the cell viability of A375 cells in a concentration-

dependent way.

A375 cells were treated with different concentrations (1, 3, 5, 6, 8 and 10 uM) of CBD, THC or a
1:1 combination of THC and CBD for 24 hours. Cell viability was assessed by using the
Promega MTS assay. Data are presented as mean + SD. IC50 = Half maximal inhibitory
concentration. Experiment was performed four times.

(Figure 2 corresponds to Figure 14 of the original publication by Richtig et al'®)

The BRAF"%" mutation is the most common one found in melanoma with a prevalence of 40 to
60%, NRAS mutation comes second with a prevalence of 12 to 20%.”* Therefore, we were
interested if the apoptotic effect of cannabinoids depends on BRAF mutation and might also be

seen in cell lines harboring a NRAS mutation.
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Figure 3. Cannabinoids can reduce the cell viability of SBcl2 cells in a concentration-

dependent way.

SBcl2 cells were treated with different concentrations (1, 3, 5, 6, 8 and 10 uM) of CBD, THC or a
1:1 combination of THC and CBD for 24 hours. Cell viability was assessed by using the
Promega MTS assay. IC50 = Half maximal inhibitory concentration. Data are presented as
mean + SD. Experiment was performed five times.

(Figure 3 corresponds to Figure 1B of the original publication by Richtig et al ™)

Similar to the A375 cell line tested, the NRAS?*’" mutated cell line SBcl2 (Figure 3) showed
similar patterns in response to cannabinoid treatment, although the effect of THC was not as

pronounced as seen in A375 cells.'”

The primary treatment of non-metastatic melanoma is surgical excision but it is of clinical
interest if metastatic melanoma cells would also respond to cannabinoid therapy. Importantly,
melanoma — especially cutaneous melanoma — is characterized by the fact that they harbor the
highest mutational burden compared to any other cancer type.*' This is of clinical relevance since
it increases the likelihood of having primary resistance to any treatment. For this reason, we

tested several metastatic melanoma cell lines for the efficacy of cannabinoids.
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to cannabinoid-induced toxicity.

UACC-62, SK-Mel-28, A2058 and Colo-800 cells were treated with different concentrations (1,
3, 5,6, 8and 10 uM) of CBD, THC or a 1:1 combination of THC and CBD for 24 hours. Cell
viability was assessed by using the Promega MTS assay. Data are presented as mean + SD. IC50
= Half maximal inhibitory concentration. N.P. = not possible. Experiments were performed at
least three times.

(Figure 4 corresponds to Figure 1 and SFigure 1 of the original publication by Richtig et al '**)

When cannabinoids were tested in metastatic melanoma cell lines, we observed that THC was
incapable of reducing cell viability in all four tested melanoma cell lines. CBD alone had a
concentration-dependent effect on all cancer cell lines although some cell lines (A2058) (Figure
4C) were more sensitive to CBD than others (UACC-62 (Figure 4A), SK-Mel-28 (Figure 4B)
and Colo-800 (Figure 4D)). Similar effects were seen when CBD and THC were combined since
A2058 and SK-Mel-28 cells were more responsive to the treatment than Colo-800 and UACC-62
cells. These results demonstrate that different metastatic cell lines respond — as expected —
differently to cannabinoids suggesting that cannabinoids might not be effective against all

melanoma cells due to their genetic heterogeneity (see Table 1).
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Table 1. Key mutations of different melanoma cell lines.

Cell line Key mutations COSMIC ID
or source

A375 BRAF"O"E COSS906793

SBcl2 NRASYT, Sini et al.'¥
CDKN24"™

SK-Mel-28  BRAFF, ApC>"°, PTEN", C0OSS905954
TP5 3L145R

UACC-62 BRAF""E pTEN"*#F" C0OSS905976

A2058 BRAF""E Tp5377* pTEN*OVIPES - c0SS906792
MAP2KI1""*%5

Colo-800 BRAF Tp53¢k COSS906813

SK-Mel-30  BRAFV?EPR NRASOOK Tp53™¥ 1 c0S8S909726

CDKNZAPIML, APCGI339R/Q1406*

Given the importance of the tumor microenvironment
reduce cell viability of normal fibroblasts since these cells play a pivot role in the skin and are
one of the first barriers metastatic melanoma has to overcome. As a surrogate for this type of

cells we used the fibroblastic cell line MRC-5 as a control.

190

, it was of interest if cannabinoids could
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The effect of THC and CBD on the viability
of MRC-5
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Figure 5. Cannabinoids induce different effects on cell viability in the fibroblast cell line

MRC-5 in a concentration-dependent way.

MRC-5 cells were treated with different concentrations (1, 3, 5, 6, 8, 10, 15, 20 and 30 uM) of
CBD, THC or a 1:1 combination of THC and CBD for 24 hours. Cell viability was assessed by
using the Promega MTS assay. Data are presented as mean = SD. Experiment was performed

two times.

THC and CBD reduced cell viability of MRC-5 cells (Figure 5) in a concentration-dependent
manner. Surprisingly, when CBD and THC were combined, this effect was abrogated with no
effect seen even in very high concentrations. Another highly important type of immune cells
when it comes to successful therapy of stage IV melanoma patients are eosinophils."' It has been
suggested that eosinophils may play a pivotal role in patients receiving immunotherapy.
Therefore, it was of interest if cannabinoids have any effects on the viability of these cells and

other immune cells.
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Figure 6. Cannabinoids mediate different effects on cell viability in human eosinophils in a

concentration-dependent fashion and no effect on peripheral blood mononuclear cells.

Freshly isolated eosinophils and peripheral blood mononuclear cells (PBMCs) were treated with
different concentrations (1, 3, 5, 6, 8 and 10 uM) of CBD, THC or a 1:1 combination of THC and
CBD for 24 hours. Cell viability was measured using the Promega MTS assay. Data are
presented as mean = SD. Experiments were performed three times.

(Figure 6 corresponds to Figure 1H-I of the original publication by Richtig et al '**)

All three combinations tested reduced cell viability in eosinophils, although in a bimodal way.
Six uM of any cannabinoid did not reduce cell viability of eosinophils although reduced cell
viability was observed at lower and higher concentrations (Figure 6A). When peripheral blood
mononuclear cells (PBMC) were tested for the effect of cannabinoids, we did not observe any

significant effect on cells’ viability (Figure 6B).

Receptor-mediated action

Sativex”, a clinically used spray on the market consists of CBD and THC in a 1:1 ratio. This
spray is approved for therapy in patients with chronic pain, chemotherapy induced nausea, and
vomiting and spasticity in multiple sclerosis.” Therefore, we decided to further investigate
cannabinoids at a concentration of 6 uM since it has been shown that this concentration could
reduce melanoma cell viability and did not impair other cell types, such as fibroblasts and
immune cells. From the metastatic melanoma cells tested, A2058 was of interest since it harbored
a BRAF""E a TP53"%7*F and a PTEN*""?9""7%3 suggesting a highly aggressive phenotype'®

P124S

and in combination with a MAP2K1 mutation a cell line potentially not suitable for targeted

% https://www.parlament.gv.at/PAKT/VHG/XXVI/III/IIl_00233/imfname 728963.pdf, Accessed 26.11.2019; 11:20
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therapy with BRAF and/or MEK inhibitors.'” For this reason, all subsequent experiments were

performed with this specific cell line and this specific reference concentration.

To confirm the effects seen in the viability assay, we performed annexin-V/Pl-apoptosis staining
and cell cycle analysis. Cells were treated for 24 hours or 48 hours with a combination of CBD
and THC (CT) in a 1:1 ratio at a concentration of 6 uM or with its respective single agents.

In the annexin-V/Pl-apoptosis staining we observed that CT significantly induced apoptosis after
24 hours and after 48 hours (Figure 7A). When cells were treated for 24 hours with different
concentrations of cannabinoids and then analyzed for their cell cycle, we observed that CT and

CBD (10 uM) significantly induced the accumulation of cells in the subG1 phase (Figure 7B).
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Figure 7. Combination of CBD and THC and high-concentration CBD mediate apoptosis

and cell cycle alterations.

A2058 cells were treated with different concentrations of cannabinoids (CT 6 uM, THC 6uM,
CBD 6uM and THC 10uM) for 24 hours and 48 hours. (A) Cell apoptosis was assessed 24 hours
and 48 hours post-treatment using flow cytometry annexin-V/Pl-co staining. (B & C) Cell Cycle

was investigated after 24 hours post-treatment using flow cytometry Pl staining. Data are
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presented as mean = SD. Experiments were performed five times. Statistical significant levels: *
= p<0.05; ** = p<0.01; *** = p<0.001 and **** = p<0.0001. ns = not significant.
(Figure 7 corresponds to Figure 1F-G and SFigure 1C of the original publication by Richtig et al

183
)

Two main subtypes of cannabinoid G-coupled receptors have been described in the literature'*'**

whereas CB1 is mainly expressed in the brain and different other organs (Figure 8A). In contrast,

CB2 is mainly known for its role on immune cells and immune-related organs (Figure 8B).
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Figure 8. Cannabinoid receptor 1 and 2 are differently expressed among different tissue

types.

Expression patterns of CNRI (4) and CNR2 (B) among different tissue types were looked up by
using the gtexportal.org website (Accessed 8.10.2019; 11:20).
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To investigate through which cannabinoid receptor the apoptotic effect of cannabinoids is
mediated in melanoma cells, we used one CB1 antagonist (AM251) and one CB2 antagonist

(AM630).
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Figure 9. Effects of cannabinoids is more likely to be mediated by CB1 receptor than CB2

receptor.

A2058 cells were pre-treated with a CBI receptor antagonist (AM251) or a CB2 receptor
antagonist (AM630) 15 minutes prior to cannabinoid or chloroquine (CQ) treatment for 24
hours. (A & B) Cell viability was measured using the Promega MTS assay. (C) Apoptosis was
investigated by flow cytometry annexin-V/PI-co staining. Data are presented as mean £ SD.
Experiment were performed five times. Statistical significant levels: * = p<0.05; ** = p<0.01;
*Ex = p<0.001 and **** = p<0.0001. ns = not significant.

(Figure 9 corresponds to Figure 24-B and SFigure 1D of the original publication by Richtig et al

183
)

Both inhibitors did not reduce the cell viability when used at a concentration of 9 uM for AM251
and 3 uM for AM630 (Figure 9A). When cannabinoids were used in a concentration of 6 pM,
the CB1 antagonist AM251 significantly increased cell viability treated with CT. When CBD and
THC were used alone, AM251 did not restore cell viability. In contrast to the CB1 antagonist, the
CB2 antagonist (AM630) did not increase cell viability in CT treated cells and in addition
decreased cell viability when used in combination with CBD and THC (Figure 9A). When
concentrations were increased to 10 uM for CBD and 10 uM and 15 uM for THC, AM251 was
capable of increasing cell viability under all treatment conditions, whereas AM630 had no
significant effect (Figure 9B). In annexin-V/PI apoptosis co staining, the findings of the MTS
assay were not confirmed since AM251 had no significant effect on apoptosis when given in
combination with CBD, THC or CT (Figure 9C). It also had no effect when given with
chloroquine (CQ), a drug known to have inhibitory properties on autophagy.'”
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Figure 10. Cannabinoid-induced apoptosis involves TRPV1 signaling.

A2058 cells were pre-treated with a TRPV 1 receptor antagonist (AMG9810) 15 minutes prior to
cannabinoid or chloroquine (CQ) treatment for 24 hours. (A) Cell viability was assessed by using
the Promega MTS assay. (B) Apoptosis was investigated by flow cytometry annexin-V/PI-co
staining. Data are presented as mean = SD. Experiment were performed five times. Statistical
significant levels: * = p<0.05; ** = p<0.01; *** = p<0.001 and **** = p<0.0001. ns = not
significant.

(Figure 10 corresponds to Figure 2C and SFigure IE of the original publication by Richtig et al
183)
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Another receptor thought to be involved in cannabinoid signaling is the TRPV1 receptor.'* It was
shown, that this receptor can be activated by CBD in different cancer cell lines.'** Therefore, we
used the TRPV1 specific antagonist AMG9810 to test this hypothesis. AMG9810 increased
viability when cells were treated with 6 uM CT, 10 uM CBD and 15 uM THC (Figure 10A). In
contrast to AM251, this effect could be confirmed at least in cells treated with CBD and CT in
the annexinV-/PI co staining. For cells treated with 15 uM THC, there was no significant
increase in living cells when AMG9810 was given prior to treatment. In cells treated with
AMGI9810 and 50 uM CQ, AMG9810 significantly reduced the number of viable cells (Figure
10B).
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Figure 11. Effects of cannabinoids are mediated by PPARa signaling rather than PPARy

signaling.

A2058 cells were pre-treated with a PPARy (GW9662) receptor antagonist or a PPARo.

(GW6471) receptor antagonist 15 minutes prior to cannabinoid treatment for 24 hours. Cell

viability effectsof cannabinoids in combination with PPARy receptor antagonist (4) or in

combination with PPARa receptor antagonist (B) were assessed by using the Promega MTS

assay. Apoptosis was investigated by annexin-V/PI flow cytometry staining in cells treated with

PPARa receptor antagonist and CT (C), high-concentration CBD (D) and high-concentration
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THC (E). Data are presented as mean = SD. Experiments were performed five times. Statistical
significant levels: * = p<0.05; ** = p<0.01; *** = p<0.001 and **** = p<0.0001. ns = not
significant.

(Figure 11 corresponds to Figure 2D-G and SFigure 24 of the original publication by Richtig et

all83)

A common pathway of cannabinoid signaling and that of TRPV1 is the peroxisome proliferator-
activated receptor (PPAR) signaling pathway.'”” Several studies have demonstrated that both
PPARo and PPARY are involved in cancer apoptosis mediation.'”” To elucidate whether PPARa,
or PPARY were in fact involved, we used two specific antagonists (PPARa: GW6471 and
PPARy: GW9662). When the PPARY antagonist (GW9662) was tested, we did not observe any
effect on cell viability (Figure 11A). However, the PPARa antagonist (GW6471) could
effectively rescue cell viability in all treated conditions (Figure 11B). Importantly, this could be
confirmed by annexinV/-PI staining in cells treated with CT (Figure 11C), high-concentration
CBD (Figure 11D) and high-concentration THC (Figure 11E). However, in cells treated with
the PPARa antagonist and THC there still remained a significant reduction in viable cells

compared to vehicle (Figure 11E).
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Figure 12. Inhibition of PPARa signaling is capable of blocking CBD- rather than THC-

mediated effects.

A2058 cells were pre-treated with a PPARo. (GW6471) receptor antagonist 15 minutes prior to

cannabinoid treatment for 24 hours. (A) Cristal violet staining was performed to visualize

viability of cells treated with GW6471 and different concentrations of CBD and THC.
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Quantification was measured by a spectrophotometer at 570 nm. Data are presented as mean +
SD. Experiment was performed six times. Statistical significant levels: * = p<(0.05; ** = p<0.01;
*Ex = p<0.001 and **** = p<0.0001. ns = not significant.

(Figure 12 corresponds to SFigure 2B-E of the original publication by Richtig et al ™)

When cells were stained with crystal violet and analyzed by absorbance, we observed that CT
significantly reduced absorbance compared to vehicle (Figure 12A & B). In combination with
GW6471, there was a significant increase in fluorescence intensity although not back to vehicle.
We could also show that GW6471 significantly reduced absorbance (Figure 12B). Similar
findings were made when high-concentration CBD (10 uM) was used instead of CT 6 uM
(Figure 12A & C). High-concentration THC (15 uM) significantly reduced fluorescence
intensity similar to GW6471, but GW6471 was not able to correct the decrease of absorbance
back to baseline (Figure 12D).
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Figure 13. Expression of receptors known to be targeted by cannabinoids on different

melanoma cell lines.

Total RNA from A2058, UACC-62 and SK-Mel-28 melanoma cells was isolated and cDNA
synthesis was performed. All receptors were expressed on transcriptional levels with higher
amounts of TRPV2, PPARo. and GPR55 in A2058 (4), UACC-62 (B) and SK-Mel28 (C) cells.
Data is shown as absolute Ct values. Experiments were performed at least five times in each cell

line. Data are presented as mean + SD.

Real-time PCR revealed that in A2058 cells CNRI, CNR2, GPR55 and TRPV1 showed lower
mRNA levels than TRPV2, PPARo and PPARYy, respectively (Figure 13A). Similar findings were
made in UACC-62 (Figure 13B) and SK-Mel-28 (Figure 13C) cells although in UACC-62 cells
there were also lower levels of PPARyY mRNA.

A CNR1 0%

PPARA 1.7% BN

TRPV1 0%
Genetic Alteration § nissense Mutation (unknown significance) B Truncating Mutation (unknown significance)
No alterations Not profiled
B CcNR1 3%
TRPV1 1.1%
PPARA 2.7%
Genetic Alteration Missense Mutation (unknown significance) No alterations

Figure 14. Genes involved in cannabinoid signaling are rarely mutated in melanoma.

Mutations in CNRI, PPARA and TRPVI have been looked up by using cbioportal.org (Accessed
19.11.2018). Query has been performed in the Cancer Cell Line Encyclopedia from Broad
Institute and Novartis (A)(n=1020) and melanoma patient samples from The Cancer Genome
Atlas (B)(n=366).

(Figure 14 corresponds to SFigure 2G-F of the original publication by Richtig et al ')
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Of clinical and scientific importance was the question, how common mutations in cannabinoid
signaling pathways are, since these might contribute to primary resistance. Unfortunately, there
was no information in the Cancer Cell Line Encyclopedia stored on CNR/ and TRPV I mutations
in 1020 cancer cell lines. PPARA alterations occurred only in 1.7% of all cases (Figure 14A).

In samples, from melanoma patients the most common mutation was found in CNR1 (3% of all
cases) followed by PPARA (2.7%) and TRPV1 (1.1%)(Figure 14B). Overall, all genes are rarely

mutated in melanoma and therefore highly suitable as drug targets.

Caspase related activation of apoptosis

Apoptosis can be regulated by two different ways: the intrinsic pathway by activation of caspase
8 and by the extrinsic pathway by damaging mitochondrial integrity and further caspase 9/3
activation."® Cancer is known to interfere with this pathways to gain an advantage against normal
cells."” This leads to longer survival and the accumulation of cell damage including mutations,
which in turn increases invasiveness, tumor progression, neo-angiogenesis and deregulated cell
proliferation.'”® A key element of the intrinsic apoptotic pathway activation is the involvement of
the mitochondrial machinery, whereas intrinsic pathway activation leads to a disturbance of the

mitochondrial membrane.'”’
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Figure 15. Cannabinoid treatment impacts mitochondrial depolarization in a time-

dependent way.

A2058 cells were treated with cannabinoids (CT (6 uM), CBD (6 uM) and THC (6 uM)) for 0, 2,
4, 6, 8, 24 and 48 hours with and without inhibitors for CBI (AM251), TRPVI (AMG9810) and

PPARa (GW6471) receptor. Mitochondrial depolarization was investigated by flow cytometry.

Treatment with CBD and CT could increase mitochondrial depolarization (A) whereas

mitochondrial depolarization is an early event (B). Cell count was reduced after 24 hours (C).
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Pretreatment with a CBI (D), TRPV1 (E) or PPARo. (F) receptor antagonist could significantly
prevent mitochondria from depolarization. FCCP was used as positive control. Data are
presented as mean £ SD. Experiments were performed at least five times. Statistically significant
levels: * = p<0.05; ** = p<0.01; *** = p<0.001 and **** = p<0.0001. ns = not significant.
(Figure 15 corresponds to Figure 34 and SFigure 3A-E of the original publication by Richtig et

all83)

Since all previous assays were performed within a timeframe of 24 hours, we assessed
mitochondrial integrity by JC-1 FACS staining with time points of 24 and 48 hours. We could
demonstrate that mitochondrial integrity was significantly impaired after 24 hours in the CBD (6
uM) and CT (6 uM) group and after 48 hours in the CT group (Figure 15A). Considering that
mitochondrial impairment is a relatively early event in extrinsic pathway-mediated apoptosis, we
performed JC-1 staining over a time course of 2, 4, 6, 8 and 24 hours. Mitochondrial impairment
started as early as 2 hours after the treatment and remained significantly impaired throughout the
time course investigated (Figure 15B). Although mitochondrial impairment started to be
significant at 2 hours, there was no significant difference in cell counts by FACS until the 24-
hour time point (Figure 15C). Investigating the receptors involved in cannabinoid signaling, we
observed that AM251 (specific CB1 antagonist) significantly increased mitochondrial integrity
when given prior to treatment (FCCP served as positive control) (Figure 15D). In addition, pre-
treatment with a TRPV1 antagonist (AMG9810) (Figure 15E) or a PPARa-antagonist (GW6471)
showed similar effects (Figure 15F).
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Figure 16. Treatment with CT leads to mitochondrial cytochrome c release.

Cells were treated with CT for 2 hours with or without prior treatment of PPARo. antagonist
(GW6471). After treatment, cells were stained for their nucleoli (DAPI staining, blue),
cytochrome c (green) and their actin skeleton (phalloidin, red) and representative images were
taken. In normal cells, cytochrome c is stored within the mitochondria that build a spider web
like network within the cell (A, arrow). Under CT treatment cytochrome c is released into the
cytosol resulting in fading fluorescence and loss of spider web structure (B, arrow). PPARa

antagonist had little effect on cytochrome c release from mitochondria by its own (C) but could

61



reverse the effect of CT treatment (D, arrow).
(Figure 16 corresponds to Figure 3C of the original publication by Richtig et al '**)

Along with the loss of mitochondrial integrity goes the release of cytochrome ¢ from the
mitochondria into the cytosol. Under normal circumstances, cytochrome c is stored within the
mitochondria insinuated by sharply confined long structures aggregated in confluent networks.'*
In line with literature, we could observe that untreated cells had this mitochondrial network
within the cancer cells (Figure 16A, arrow). When CT was added, these networks were disrupted
and cytochrome ¢ was found at lower concentrations, aggregated in dots distributed along the
cells (Figure 16B, arrow). Although PPARa antagonist (GW6471) seemed to have also an effect

on cytochrome c release (Figure 16C), in combination with CT the mitochondrial networks

could — at least partially — be restored (Figure 16D, arrow).
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Figure 17. Cannabinoid treatment has little impact on the building of autophagosomes.

A2058 cells were treated with CT, rapamycin — an autophagy inducer — and chloroquine — an
autophagy inhibitor - for 24 hours and mitochondrial depolarization was assessed by flow
cytometry (A). Only CT significantly reduced mitochondrial depolarization, whereas rapamycin
and chloroquine had no impact (A). Cells were treated with CT and CB1, TRPV1 and PPARa«.
receptor antagonists and LC3A/B formation was assessed by flow cytometry (B). Chloroquine
served as positive control for the accumulation of autophagosome formation. CT significantly

induced autophagosome formation but all antagonists failed to reverse it back to baseline (B).
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Data are presented as mean = SD. Experiments were performed at least three times. Statistically
significant levels: * = p<0.05; ** = p<0.01; *** = p<0.001 and **** = p<0.0001. ns = not
significant.

(Figure 17 corresponds to Figure 3D-E of the original publication by Richtig et al '**)

In the literature, it has been suggested that autophagy might be responsible for apoptosis in
melanoma cells treated with cannabinoids.'® Two substances associated with autophagy were
rapamycin and chloroquine whereas the first is a known inducer of autophagy*” and the latter an
inhibitor of autophagy.*”' Since disturbance of mitochondrial integrity was a key element in
cannabinoid-mediated apoptosis, we were first interested if two autophagy associated agents
would have an impact on mitochondrial integrity. Neither chloroquine, nor rapamycin had a
significant impact on mitochondrial membrane integrity in comparison to CT (Figure 17A).
Autophagy is known to be mediated by forming autophagosomes that are consistent of LC3A/B
bodies.””” When investigating this by FACS staining, we could see that CT significantly induced
autophagic body formation, although to a lesser extend compared to chloroquine (2x fold against
9x fold change) (Figure 17B). Importantly, TRPV1-, CB1- and PPARa-antagonists did not

significantly reverse autophagosome formation in cells treated with CT.
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Figure 18. Cannabinoids have little impact on autophagosome formation.

Cells were treated with CT for 4 hours and immunofluorescence against DAPI (blue) and
LC3A/B (green) was performed. Representative images are shown. There was no increase in

autophagosome formation in CT treated cells.



Visualization by immune fluorescence microscopy demonstrated, that there was only a visual

moderate to no increase in LC3A/B body formation in CT treated melanoma cells (Figure 18).
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Figure 19. Inhibition of autophagosome formation could enhance the pro-apoptotic effect of

cannabinoids.

Cell were pre-treated with an autophagosome inhibitor (Bafilomycin Al; BafA1) and then with
CT, CBD, THC or chloroquine for 24 hours followed by assessment of cell viability (1) and
apoptosis (B). BafAl was unable to increase cell viability in cells treated with cannabinoids (A)
but could increase the degree of apoptosis (B). Data are presented as mean + SD. Experiments
were performed at least five times. Statistically significant levels: * = p<(0.05; ** = p<(0.01,; ***
= p<0.001 and **** = p<0.0001. ns = not significant.

(Figure 19 corresponds to Figure 3F-G of the original publication by Richtig et al ')

Bafilomycin A1l (BafA1l) is an ATPase inhibitor that blocks the autophagic flux acutely by
inhibiting autolysosome acidification and autophagosome—lysosome fusion and has been widely
used to pharmaceutically block autophagy formation.*”** It has been shown that BafA1 could
resensitize cancer cells to anti-tumorous therapies suggesting that autophagy is of importance for
cancer cells under cellular stress.*”**® For melanoma and cannabinoids, it has been proposed that
autophagy might be necessary for successful apoptosis in melanoma cells under THC
treatment.'® Chloroquine (50 uM) successfully induced apoptosis in melanoma cells after 24
hours treatment period and this effect was significantly reduced by the autophagy inhibitor BafAl

(Figure 19A & B). However, BafA1 did not restore cell viability when given in combination
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with CT (6 uM), CBD (10 uM) or THC (15 uM) (Figure 19A). To see if BafA1 could have any

effects that induce apoptosis in cannabinoid-treated cells, we performed an annexin-V/PI co-

staining and saw that BafA1 significantly increased the amount of non-viable cannabinoid treated

cells whereas BafAl itself had no significant impact on cell viability (Figure 19B).
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Figure 20. Cannabinoids mediate their apoptotic effect in a caspase-dependent fashion.

A2058 cells were pre-treated with antagonists against autophagosome formation (BafA1)(A),
caspase-3 (AZ10417808) or pan-caspase (Z-VAD) followed by cannabinoid and chloroquine
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treatment. Caspase activation was assessed by caspase Glo-assay (4, C, E), cell viability by
MTS-assay (B, D) and apoptosis by annexin-V/Pl-co-staining (F) after 24 hours. Pre-treatment
with BafAl was unable to significantly decrease caspase-3/7 expression in cannabinoids and
chloroquine treated cells (A). Caspase-3 specific inhibitor AZ10417808 had no significant impact
on cell viability (B) but could significantly reduce caspase-3/7 expression (C). Similar effects on
cell viability (D), caspase-3/7 expression (E) and apoptosis (F) were seen when the pan-caspase
inhibitor Z-VAD was used. Data are presented as mean + SD. Experiments were performed at
least five times. Statistically significant levels: * = p<0.05; ** = p<0.01; *** = p<0.001 and
*HIE = p<(0.0001. ns = not significant.

(Figure 20 (4,C,E-F) corresponds to Figure 4 of the original publication by Richtig et al '®)

Caspases are widely known as the key modulators of apoptotic cell death.*” Common caspases
activated by extrinsic and intrinsic apoptotic pathway are caspases-3, -6 and -7.*'° Whereas the
extrinsic pathway is mainly activated by caspase-8 and by death ligands, the intrinsic pathway is
regulated by cellular stress including disturbance of mitochondrial integrity.*'’ A recent report
suggested that BafA1l-mediated cell death is independent from caspase activation in
hepatocellular carcinoma cells.”"' BafA1 was not capable of significantly reducing caspase 3/7
activity in A2058 cells treated for 24 hours with CT (6 uM), CBD (10 uM), THC (15 uM) or CQ
(50 uM)(Figure 20A). AZ10417808 - a selective caspase-3 inhibitor*'* - was used to further
investigate, if caspase-3 plays a crucial role in cannabinoid induced cell death as cannabinoids
increase caspase 3/7 activity (Figure 20A). In MTS assay AZ10417808 did not significantly
increase cell viability, on the contrary, it reduced cells’ viability (Figure 20B). In the caspase 3/7
Glo assay, AZ10417808 reduced caspase 3/7 activity back to baseline in all cannabinoid treated
cells as well as in CQ treated cells (Figure 20C). To broaden the approach of caspase-mediated
cell death, we used the pan-caspase inhibitor Z-VAD-MFK (ZVAD). Interestingly, in the MTS
assay ZVAD was only capable of increasing cell viability in CQ-treated cells but not in
cannabinoid-treated cells (Figure 20D). However, ZVAD successfully reduced caspase activity
to zero in CT (6 uM), CBD (10 uM), THC (15 uM) and CQ (50 uM) treated cells (Figure 20E).
To finally assess whether ZVAD can prevent cannabinoid apoptosis, annexin-V/PI staining was
conducted. Except in THC (15 uM) treated cells, ZVAD significantly increased the fraction of
viable cells (Figure 20F).
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Figure 21. Inhibitors of IAP and XIAP, JNK and mTOR could not restore cannabinoid-
compromised cell viability.

A2058 cells were pre-treated with inhibitors of inhibitors of apoptosis proteins (IAP)(UCI112 (5
uM)), c-Jun N-terminal kinases (JNK)(BI78D3 (1 uM)) or mammalian target of rapamycin

(mTOR)(rapamycin (5 uM)) followed by treatment with cannabinoids (CT (6 uM), CBD (10 uM)

and THC (15 uM)) for 24 hours. Inhibitors against IAP (4), JNK (B) or mTOR (C) could not
significantly increase cell viability. Data are presented as mean = SD. Experiments were
performed at least five times. Statistically significant levels: * = p<(0.05; ** = p<0.01; *** =
p<0.001 and **** = p<0.0001. ns = not significant.

(Figure 21 corresponds to SFigure 3F-H of the original publication by Richtig et al'*)
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Apoptosis is a highly complex process and often dysregulated in cancer. Therefore, several drugs
are now under clinical evaluation that interact somewhere within this signal cascade to promote
cancer cell death.?” Inhibitors of apoptosis proteins (IAPs) include proteins that modulate many
pathways including the MAPK pathway and pathways involved in mitochondrial integrity.*'"*
IAPs have been suggested to have potential anti-cancer effects, since they form a complex with
survivin, which is commonly upregulated in cancer and inhibits caspase-3/-6/-7 mediated
apoptosis.”” However, UC112 - an IAP and XIAP inhibitor - could not restore cell viability in
cannabinoid-treated A2058 cells (Figure 21A). Another important family of kinases associated
with programmed cell death are the Jun N-terminal kinases (JNKs). JNKs are key players
involved in apoptosis, ferroptosis, pyroptosis, autophagy and necroptosis.”'* However, it was
interesting to note that BI78D3 — a competitive JNK inhibitor — could not restore cell viability in
cannabinoid treated A2058 cells (Figure 21B). Rapamycin is an inhibitor of ‘mechanistic target
of rapamycin’ kinase (mMTOR) and some mTOR inhibitors have already been approved for cancer
therapies.”’” MTOR itself regulates many pathways in cancer including the important PI3K
pathway, that is commonly upregulated in melanoma with primary resistance to BRAFi/MEKi
therapy.””*'® Indeed, it seems that cannabinoids stimulate the PI3K pathway, since rapamycin
significantly reduced cell viability when given in combination with CBD (10 uM) and THC (15
uM)(Figure 21C).

Cannabinoids can help to re-sensitize melanoma cells with primary resistance

to targeted therapy

When it comes to primary resistance to targeted therapy in melanoma, mutations that prevent
efficacy of BRAF1/MEKIi, can occur upstream or downstream of their respective molecular
targets. On one hand some BRAF"""*" mutations with an increased kinase activity might be
targetable by BRAFi/MEKi inhibitors, but on the other hand BRAF™""*" mutations with a
decreased or no kinase activity are resistant to BRAFi/MEKi therapy.”> Another mechanism to
prevent successful targeted therapy are mutations in downstream targets including MAP2K1 and
upstream targets including NRAS.”**' In the former case, downstream ERK activation is
warranted by autonomous activation of MAP2K1 and in the latter case, NRAS mutations lead to
activation of the PI3K and other escape pathways. Therefore, melanoma cells do not solely rely

on the MAPK pathway.*"” With this in mind, it would be of major clinical interest if cannabinoids

69



might be effective in such tumors, re-sensitize cells back to targeted therapy or at least have no

V600E mutation in

pro-carcinogenic effects. In A2058 cells, which are harboring a BRAF
combination with a MAP2K1"'**S mutation (detailed in Table 1), we could see that CBD and CT
were capable of reducing cell viability in a concentration-dependent way (Figure 4C). THC had

no effect on the viability of these cells in the tested concentration range.
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Figure 22. Cannabinoids mediate different effects on cell viability in two melanoma cell

lines resistant to BRAF inhibitor therapy in a concentration-dependent way.

SK-Mel-30 and A375R melanoma cells were treated with different concentrations (1, 3, 5, 6, 8
and 10 uM) of CBD, THC or a 1:1 combination of THC and CBD for 24 hours. Cell viability was
measured by MTS assay. Data are presented as mean = SD. Experiments were performed at least

three times.

SK-Mel-30, a cell line harboring a BRAF"?37#E273K (BR 4 F"79%%) mutation in combination with
a NRAS?"'® (Table 1) mutation showed similar sensitivity against cannabinoids as A2058. CT
and CBD reduced cell viability in a concentration dependent matter, whereas THC had no effect
(Figure 22A & Figure 4C). A375R, a clone of the widely used A375 cell line that was made
resistant to BRAF inhibitor therapy**’, confirmed the results gathered from the two previously
used cell lines. CT and CBD reduced cell viability in a concentration-dependent way and THC

had no effect (Figure 22B).
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Figure 23. Metastatic melanoma cell lines with BRA mutation show resistance to

BRAF inhibitor treatment in a concentration-dependent fashion.

SK-Mel-30 and A375R melanoma cells were treated with different concentrations (0.1, 0.3, 1, 5,
10 and 30 uM) of the BRAF inhibitor Vemurafenib. Cell viability was assessed by MTS assay 24
hours later. Non-metastatic A375 melanoma cells showed a concentration-dependent reduction
of cell viability even in the low concentration range (). The BRAF"""*" metastatic melanoma
cell lines A2058 (B) and SK-Mel-30 (C) showed reduced cell viability when vemurafenib was
given in high-concentrations. Data are presented as mean + SD. Experiments were performed at
least three times.

(Figure 234 corresponds to Figure 54 of the original publication by Richtig et al'*)

V600E

One of the BRAF inhibitors on the market, approved for the treatment of BRAF mutated

metastatic melanoma and widely used clinically, is vemurafenib (formerly known as PLX4032).
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To test if our cells are sensitive to this inhibitor, we performed a concentration-dependent cell
viability assay. The BRAF" ! mutated melanoma cell line A375 showed a concentration-
dependent reduction of cell viability (Figure 23A) which is in line with the literature.**"*** For
A2058 cells, there was no effect on cell viability up to 30 uM (Figure 23B) and in SK-Mel-30
cells up to 10 pM (Figure 23C). These results confirmed that the normal BRAF"*""F mutated cell
line A375 was sensitive to BRAF inhibitor therapy, whereas the latter two cell lines harboring
mutations known for primary resistance to targeted therapy were resistant to BRAF inhibitor

therapy.
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Figure 24. Metastatic melanoma cell lines with BRAF"""%"’ mutation show different

resistance pattern to MEK and ERK inhibitor therapy.

A2058, SK-Mel-30 and A375 melanoma cells were treated with different concentrations (0.03,
0.1, 0.3, 1, 3 and 10 uM) of the MEK inhibitor trametinib or with different concentrations (0.1,
0.3, 1, 5, 10 and 30 uM) of the ERK inhibitor UO126. Cell viability was assessed by MTS assay
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24 hours later. A2058 cells showed no reduction in cell viability at all concentrations of
trametinib tested (A), whereas SK-Mel-30 cells showed reduced viability upon trametinib
treatment (B). ERK inhibitor treatment did not reduce cell viability in A2058 (C) and SK-Mel-30
(D) cells. ERK inhibitor treatment did reduce cell viability in a concentration-dependent way in
non-metastatic A375 cells (E). Data are presented as mean + SD. Experiments were performed at
least three times.

(Figure 244 corresponds to SFigure 44 of the original publication by Richtig et al'®)

The downstream target of BRAF is MEK and BRAF inhibitors are nowadays used in patients in
combination with MEK inhibitors due to the occurrence of de novo tumors under BRAF inhibitor
mono-therapy.* Therefore, we were interested if cells used in this study were intrinsically
resistant to a clinically approved MEK inhibitor (trametinib, formerly known as GSK1120212).
Trametinib had only little effect on the viability of A2058 cells (Figure 24A) whereas it showed
some activity in SK-Mel-30 cells (Figure 24B). Downstream of MEK is ERK, its activation
leads to cell survival and cell proliferation. Therefore, blocking ERK is of major clinical
interest.”” Pharmacological ERK inhibition by UO126 did not reduce cell viability in A2058
(Figure 24C) or SK-Mel-30 (Figure 24D) cells whereas in the BRAF/MEK inhibitor-sensitive
BRAF""F mutated A375 cells UO126 reduced cell viability in a concentration-dependent way
(Figure 24E).
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Figure 25. BRAF inhibitor therapy has no antagonistic effect on cannabinoid treatment in

metastatic BRAF"""% melanoma cell lines.

A2058 and SK-Mel-30 melanoma cell lines were pre-treated with PLX4032 (vemurafenib) and
afterwards incubated with different concentrations of cannabinoids (CT (6 uM), CBD (6 uM),
CBD (10 uM), THC (6 uM), THC (15 uM)). After 24 hours cell viability was assessed by MTS
assay. High-concentration (4) and low-concentration (B) PLX4032 did not restore cell viability
in A2058 cells. Similar findings were made in SK-Mel-30 cells when high-concentration (C) and
low-concentration (D) PLX4032 was given. Data are presented as mean = SD. Experiments were
performed five times. Statistically significant levels: * = p<0.05; ** = p<0.01; *** = p<0.001
and **** = p<(0.0001. ns = not significant.

(Figure 25A-B corresponds to Figure 5D-E of the original publication by Richtig et al 183)
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Due to the legalization of cannabis and the fact that medical cannabis can be used for several
conditions, it is highly likely that cannabis will be taken by patients under anti-cancer
therapies."”’ In addition, there are several promises being made in the internet that cannabinoids
can help in stage IV cancer, increasing the chance that patients are going to take such drugs after
unsuccessful primary therapy.'*® When high-concentration (5 uM) of PLX4032 (vemurafenib)
was given in combination with cannabinoids in A2058 cells, we observed that PLX4032 was
capable of significantly reducing cell viability in cells receiving it in combination with CBD (6
uM) and THC (15 uM), respectively (Figure 25A). Although, there was a trend towards reduced
cell viability, when PLX4032 was given in all other tested combinations (+CBD (10 uM), +CT (6
uM) or +THC (6 uM)), results did not reach statistical significance. When PL.X4032
concentration was reduced to 1 pM, it failed to enhance any cannabinoid treatment effects
(Figure 25B). Conversely and in both used concentrations of PLX4032, it did not increase cell
viability in any tested cannabinoid concentration (Figure 25A & B). When high-concentration
PLX4032 was used in SK-Mel-30 cells, it significantly augmented the efficacy of CT (6 uM),
THC (6 uM) and THC (15 uM) (Figure 25C). However, this effect vanished when PLX4032
concentration was reduced to 1 pM (Figure 25D). Similar to A2058 cells, PLX4032 could not
increase SK-Mel-30s cell viability, when given in combination with any cannabinoid (Figure

25C & D).
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Figure 26. MEK inhibitor treatment has no antagonistic effect on cannabinoid treatment in

metastatic BRAF"""*" melanoma cell lines.

A2058 and SK-Mel-30 melanoma cell lines were pre-treated with trametinib and afterwards with
different concentrations of cannabinoids (CT (6 uM), CBD (6 uM), CBD (10 uM), THC (6 uM),
THC (15 uM)). After 24 hours, cell viability was assessed by MTS assay. High-concentration (A)
and low-concentration (B) trametinib did not restore viability of A2058 cells. In contrast, high-
concentration (C) and low-concentration (D) trametinib pre-treatment significantly reduced cell
viability, when given in combination with cannabinoids in SK-Mel-30 cells. Data are presented
as mean = SD. Experiments were performed five times. Statistically significant levels: * =
p<0.05; ** = p<0.01; *** = p<0.001 and **** = p<0.0001. ns = not significant.

(Figure 26 corresponds to Figure 5B-C of the original publication by Richtig et al'®)
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When high-concentration (1pM) trametinib in combination with cannabinoids was used in A2058
cells, we observed no significant increase of efficacy in all combinations tested (Figure 26A).
Reduction of the concentration to 30 nM increased the efficacy of THC (6 uM) and CBD (10
uM), respectively, in combination with trametinib (Figure 26B). In SK-Mel-30 cells, trametinib
had a more distinct effect, when combined with cannabinoids. Increased efficacy was observed,
when high-concentration trametinib was given in combination with CT (6 pM), CBD (6 uM),
THC (6 uM) and THC (15 uM), respectively (Figure 26C). Even when the trametinib
concentration was reduced to 30 nM, the combinatory effect of Trametinib with cannabinoids
remained (Figure 26D). Similar to PLX4032, trametinib did not increase cell viability in all
cannabinoid combinations tested (Figure 26C & D).
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Figure 27. MEK and BRAF inhibitor treatment can have synergistic effects in cells treated

with cannabinoids.

A2058 cells were pre-treated with the MEK inhibitor trametinib or the BRAF inhibitor
vemurafenib in high- or low-dose followed by differential cannabinoid treatment. After 24 hours,
apoptosis was investigated by flow cytometric annexin-V/Pl-co staining. Trametinib enhanced

cannabinoid effect at low (A) as well as high concentrations (B). In vemurafenib-treated cells,
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only the 1 uM concentration (C) enhanced cannabinoids apoptotic effects in contrast to 5 uM

(D). Data are presented as mean + SD. Experiments were performed five times.

Since we could observe, that cannabinoids might have a synergistic effect on apoptosis in cells
pre-treated with clinically used targeted therapy, we were further interested if this effect is
directly related to increased apoptosis. Therefore, we performed annexin-V/PI-co-staining.
Trametinib itself had no significant effect on apoptosis in low- (Figure 27A) or high-dosage
(Figure 27B) but increased apoptosis in low- (Figure 27A) and high-dose (Figure 27B) when
given in combination with CT (6 uM). In addition, low-concentration trametinib was also capable
of increasing the degree of apoptosis in high-concentration (10 uM) CBD treated cells. No
significant increase was observed in high-concentration THC (15 pM) treated cells (Figure 27A).
When the BRAF inhibitor vemurafenib was used, there was only a significant increase in
apoptosis, if low-concentration vemurafenib was given in combination with high-concentration
CBD (Figure 27C). Interestingly, this effect was not observed, when high-concentration THC or
CT (6 uM) was used. Even when high-concentration (5 pM) vemurafenib was given in

combination with CT, there was no significant increase in apoptosis (Figure 27D).
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Figure 28. Cannabinoid and MEK inhibitor treatment alters protein signaling.

Human A2058 melanoma cells were treated with a combination of CBD and THC (6 uM, each)
with or without MEK inhibitor (30 nM) for 2 hours. Human Phospho-Kinase Array was used to
assess different protein expression levels among treatment groups. Results were normalized to
vehicle. Cannabinoids and MEK inhibitor treatment were able to alter total protein expression
levels (A) and phospho-protein expression levels (B) of various proteins. (C) Images of the

original phospho-Kinase array are shown with labeling of the most significant/relevant spots.

Cannabinoids are known to elicit a variety of effects including strong immunomodulation.

Therefore, we were interested, how cannabinoids and a clinically used MEK inhibitor
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(trametinib) could influence melanoma cell signaling. For this reason, we performed a phosphor-
kinase array. When total protein levels were assessed, ERK levels were reduced, when treated
with a MEK inhibitor with and without CT (Figure 28A). Furthermore, Fyn and p38alpha
expression were increased in the course of any treatment. However, changes in phosphor-protein
levels were moderate, where a reduction in WNK1 expression was observed in cells treated with
CT and MEK inhibitor with a contrary effect when combined (Figure 28B). Plots are visualized
in Figure 28C.

In vivo experiments

In-vitro data indicate that cannabinoids can have a pro-apoptotic effect in many different
melanoma cell lines independent of their pheno- and genotype. Therefore, we were interested in
further investigating the effect of cannabinoids in combination with a commonly used MEK-
inhibitor (trametinib) in-vivo. Since A2058 melanoma cells are of human origin, we decided to
use NOD.Cg-Prkdc*™ 112rg™""7"/SzJ (NSG) mice. These mice are heavily immunosuppressed
with dysfunctional B-, T- and NK-cells and therefore excellent to study the direct effects of these
substances on melanoma cells in-vivo. For this purpose, 1x10° tumor cells were injected in the
right lower flank of the mice and treatment was initiated after a tumor was palpable (Figure
29A). Each mouse received vehicle, trametinib (0.75 mg/KG BW), CBD+THC (CT) (7.5mg/kg
BW CBD + 7.5mg/kg BW THC) or a combination of both every day. On day 21 after a tumor
was palpable and, therefore, start of the treatment period all mice were sacrificed. Since all mice
came from the 3R program, they differed in age and weight and had to be distributed equally
among groups. There was no significant difference among groups regarding the age of the mice
(Figure 29B) but in the MEK inhibitor group, mice were significantly heavier than the vehicle
and the cannabinoid plus MEK inhibitor groups (Figure 29C).
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Figure 29. Schematic presentation and descriptive statistics of the in-vivo cancer model.

1x10° human A2058 melanoma cells were subcutaneously injected in the lower right flank of
male NSG mice (A). When a palpable tumor was detected, mice were randomly divided in their
treatment groups: Vehicle, CT 10 mg/kg BW s.c. daily, trametinib (MEKi) 0.75 mg/kg BW s.c.
daily, CT+MEKi s.c. daily. Mice were sacrificed on day 21. Among groups there was no
significant difference in age (B) but in body weight (C). The group receiving trametinib was
significantly heavier than the vehicle and the CT+MEKi group. Eight mice per treatment group.
Statistically significant levels: * = p<0.05; ** = p<0.01; *** = p<0.001 and **** = p<0.0001.

ns = not significant.

(Figure 29 corresponds to Figure 64 and SFigure 4B-C of the original publication by Richtig et

all83)

S100 is an important marker for immunohistochemical identification of melanoma and
. . . . . 224 . . .
immunohistochemical tracing of melanoma progression.” For this reason, we were interested if

cannabinoid and/or trametinib treatment had an effect on S100 expression in melanoma. There
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was no statistically significant difference in S100 expression among all treatment groups (Figure

30) although there were some samples that had a very low S100 expression.
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Figure 30. No difference in S100 expression was seen in trametinib- and cannabinoid-

treated cells compared to vehicle.

Tumors were immunohistochemically stained for the melanoma marker S100 and automated

quantification of immunohistochemical staining of tumor sections using QuPath Software was
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187,225

performed as described previously. Results from eight mice per treatment group.

(Figure 30 corresponds to SFigure 4E of the original publication by Richtig et al '**)

Although we could demonstrate that the A2058 melanoma cells were resistant to MEK inhibitor
treatment in vitro, we did not see this effect in vivo (Figure 31A & B). CT treatment with and
without MEK inhibition significantly reduced tumor growth over the time period investigated.
When mice were sacrificed and tumors resected, we observed that the MEK inhibitor alone
significantly reduced tumor mass compared to the group treated with CT alone (Figure 31C).
However, all treatments significantly reduced the tumor mass after 11 days of treatment

compared to the vehicle group.
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Figure 31. Cannabinoids and MEK-inhibitor treatment significantly reduced cancer

growth.

Tumor diameter was measured every day using a caliper and tumor volume and area was
calculated. There was no significant difference in tumor volume (A) and tumor area (B) before
day 8. From day 8 on there was a significant difference between vehicle and all other treatment
groups. There was no statistically significant difference between different drug treatments. When
mice were sacrificed and tumors resected, there was a statistically significant difference in tumor
mass in comparison to the vehicle group and all treatments and between the CT and the MEKi
group. Eight mice per treatment group. Statistically significant levels: * = p<0.05; ** = p<0.01;
*E% = p<0.001 and **** = p<0.0001. ns = not significant.

(Figure 31 corresponds to Figure 6B-C and SFigure 4D of the original publication by Richtig et

01183)

2% proliferation index when

In addition, CT treatment had no significant influence on the Ki67
compared to vehicle group (Figure 32). In contrast, trametinib significantly reduced the number
of Ki67 positive cells and CT was not able to further increase or reverse this effect. However, it
seems that influencing Ki67 expression is independent of caspase 3 since we could not see any

significant changes in caspase 3 IHC staining (Figure 33).
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Figure 32. Trametinib significantly reduces the number of Ki67 positive cells in-vivo.

Tumours were immunohistochemically stained for the proliferation marker Ki67 and automated
quantification was performed using QuPath Software as previously described.">"** Results from
eight mice per treatment group. Statistically significant levels: * = p<(0.05; ** = p<0.01; *** =
p<0.001 and **** = p<0.0001. ns = not significant.

86



(Figure 32 corresponds to Figure 6D of the original publication by Richtig et al ™)
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Figure 33. Trametinib and cannabinoid treatment had no influence on caspase-3 expression

in vivo.

Tumors were immunohistochemically stained for the proliferation marker Ki67 and automated
quantification of immunohistochemical staining of tumor sections using QuPath Software was
performed as previously described.'®** Results from eight mice per treatment group.
Statistically significant levels: * = p<0.05; ** = p<0.01; *** = p<0.001 and **** = p<0.0001.

ns = not significant.

Immunomodulatory effects of cannabinoids on melanoma cells

In addition to the direct tumoricidal effect of a given treatment, it is also of interest how it affects
the tumor microenvironment. Cannabinoids have been described as anti-inflammatory agents
having beneficial effects in many inflammatory diseases like asthma, colitis ulcerosa and

others.??7*%
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PGE2 expression of A2058
under treatment with cannabinoids
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Figure 34. Cannabinoid treatment increases PGE; production in melanoma cells.

A2058 cells were treated with different concentrations of cannabinoids (THC 6 and 10 uM, CBD
6 and 6 uM, CBD+THC 6 uM) for 24 hours. PGE2 was quantified by radioimmunoassay. CT and
high-concentration CBD significantly increased PGE2 production after 24 hours. Data are
presented as mean + SD. Experiment was performed five times. Statistically significant levels: *

= p<0.05; ** = p<0.01; *** = p<0.001 and **** = p<0.0001. ns = not significant.

Treatment with different concentrations of cannabinoids over 24 hours demonstrated an increase

of PGE2 concentration in the supernatant of cells treated with CBD 10 uM and CT 6 uM (Figure
34).

Another important mechanism, although highly controversial regarding its predictive value of

immunotherapy response, is the expression of PD-L1 on the surface of cancer cells.””
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Figure 35. Trametinib and cannabinoid expression did not significantly increase PD-L1

expression in-vivo.

Tumors stained immunohistochemically for programmed death ligand 1 (PD-L1) and automated
quantification of immunohistochemical staining using QuPath Software was performed as
previously described."s"*** Results from eight mice per treatment group. Statistically significant

levels: * = p<0.05; ** = p<0.01; *** = p<0.001 and **** = p<0.0001. ns = not significant.

Interestingly, there was no significant difference in PD-L1 expression between any treatment

group when A2058 cells were used in vivo (Figure 35).
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Figure 36. Cannabinoid and MEK inhibitor treatment alter cytokine levels in melanoma

cells.

Human A2058 melanoma cells were treated with a combination of CBD and THC (6 uM, each)

+CT

+MEKIi

+MEKI.CT

with or without MEK inhibitor (Trametinib)(30 nM) for 24 hours. Supernatant was collected and
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Human Cytokine Array was used to assess different cytokine levels among treatment groups.
Results were normalized to vehicle and plotted as a heatmap using ggplot2. Cannabinoids and

MEK inhibitor treatment were able to alter cytokine levels.
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Figure 37. Cannabinoid and MEK inhibitor treatment alter cytokine levels in melanoma

cells.

Raw images of the Human Cytokine Array divided by treatment groups used as template for
heatmap plotting. Circled in blue is the spot for CCL5/RANTES, circled in orange CXCL10/IP-
10 and circled in green IL-6.

Another important mechanism of immune evasion in cancer are cytokines and other factors
enhancing immune evasion in the tumor environment.”**' It has been shown that melanoma
cells can express IL-6 and PGE2 to decrease the likelihood of lymphocyte infiltration and
therefore might be less responsive to immune therapy.* Therefore, we were interested if
cannabis — a known anti-inflammatory substance — can stimulate melanoma cells to express anti-
inflammatory cytokines. Treatment with CT (6 pM) for 24 hours resulted in an 5x fold increase
in CXCL10/IP-10 expression, followed by IL-18/IL-1F4 (2.1x), IL-32a (1.9x) and
CDA40L/TNFSFS5 (1.9x). The clinically used MEK-inhibitor trametinib increased CCL2/MCP-1
(2.3x), IL-8 (2.1x) and IL-6 (1.5x) and reduced CD40L/TNFSF5 (0.61x), GM-CSF (0.68x) and
complement component C5/C5a (0.70x)(Figure 36 & Figure 37). When MEKi was added to CT,
the increased expression of CXCL10/IP-10, IL-6, IL-18/IL-1F4 reversed to baseline expression.
However, the MEKi alone could further reduce these three levels demonstrating that

cannabinoids might counterplay the MEKi effects on melanoma cells (Figure 38 & Figure 39).
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Figure 38. Cannabinoid and MEK inhibitor treatment alter cytokine levels in melanoma

cells.
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Raw density spot values of each cytokine antibody spot were plotted as a single bar chart using
ggplot2. Veh = Vehicle, MEKi = trametinib treatment, CT = CBD and THC 6 uM treatment,
CT+MEKi = CBD and THC 6 uM and trametinib (30nM) treatment. Experiment was once

performed in duplicates.
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Figure 39. Cannabinoid and MEK inhibitor treatment alter cytokine levels in melanoma
cells.
Raw density spot values of each cytokine antibody spot were plotted as a single bar chart using

ggplot2. Veh = Vehicle, MEKi = trametinib treatment, CT = CBD and THC 6 uM treatment,
CT+MEKi = CBD and THC 6 uM and trametinib (30nM) treatment. The Experiment was

performed once in duplicates.
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Discussion

Therapeutic options for melanoma were limited for many years and the only curable approach

. . . . . . 2
was early detection in combination with surgical removal. >

Although there has been plenty of
research performed on pharmacological therapeutic options, there was no real breakthrough for
decades and, therefore, melanoma has been considered as one of the most difficult cancer types to
treat. This changed dramatically when two key scientific discoveries were made: On one hand,
that a high proportion — around 40 to 50% - of melanomas is harboring a highly conserved
somatic hotspot mutation on the BRAF gene at position 600 with an exchange of valine to

glutamic acid”***’

, which is potentially suitable for therapy. On the other hand, it was discovered
that tumor cells can express molecules hiding them from immune surveillance.'***° Blocking
these proteins on T-cells can reinduce tumor cell surveillance™’. Both findings led to the
development of highly efficient drugs called after their respective targets: targeted therapy and

immune checkpoint inhibitors.

Cannabinoids have been studied for decades for different purposes. It has been proposed that
cannabinoids might help against autoimmunological disorders including psoriasis, scleroderma®®
or allergic asthma®’. The second large focus of cannabinoid research has traditionally been
cancer. The majority of studies suggest that there is an anti-cancerous effect but there are also
some studies suggesting an opposite, tumor-promoting effect. To date, there is no approved
cannabinoid compound or cannabinoid formula for the causal therapy of cancer. Cancer itself is a
highly complex disease composing of two main mechanisms — apart from many other important
mechanisms: Firstly, the biology of cancer itself which includes its uncontrolled growth and
immortalization, and, secondly, its effects on its environment leading to evasion from the

immune system.240

Cannabinoid treatment of melanoma cells

In melanoma research the most commonly used cell line is A375. Therefore, we used the two
most studied cannabinoid compounds THC and CBD and tested its effect on the A375 cell line.
Importantly this was also performed to validate our results in comparison with other studies,
which have been conducted in this field. As shown by other studies, there was a concentration-

169

dependent decrease in cell viability for CBD as well as THC.™ Another study could demonstrate
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that 1 pM of THC had no effect on A375 cells, which is also in line with our results.**!

Importantly, melanoma is the tumor type with the highest tumor mutational burden (TMB), and

TMB is increasing with stage and aggressiveness.'®"

A higher TMB increases the likelihood of primary or secondary resistance to therapies which
directly target melanoma cells. With this in mind we tested the effects of cannabinoids in various
melanoma cell lines with different genetical background. Not surprisingly, there was a huge
diversity in response to cannabinoid treatment in different cell lines. There were cell lines that
responded to cannabinoid treatment such as the A375 cell line but there were also cell lines
resistant against cannabinoid treatment like the cell line UACC-62. This demonstrates an
important point in cancer therapy: Drugs should be used always bearing in mind that one size
usually does not fit all. Therefore, there might be some melanoma cells sensitive to cannabinoid

therapy but definitely not all will respond.

In cancer therapy, there are three therapeutic options: surgery, radiation and pharmacological

*2. an early horizontal growth

therapy. Melanoma is particular, because it has two growth phases?
phase, where the tumor spreads on the surface of the skin but does not grow invasively, and a
second vertical growth phase, where the tumor primarily no longer grows on the surface (and
accordingly it is no longer recognized as a benign process), but grows invasively and, thus, the

metastatic potential increases.

These facts have led to the classification of melanoma primarily according to its depth of
invasion. Superficial melanomas have a very good prognosis because they can be surgically
removed, whereas melanomas with deep cutaneous invasion have a poorer prognosis because

they may have already spread despite apparent complete surgical removal.

This also implies that horizontally growing melanomas do not require pharmacological therapy.
For this reason, melanoma cell lines characterized by vertical growth were also included in our
work. We could show that cannabinoids can have growth-inhibitory effects, but not in all of
them. This is comparable with results from the literature where A375 cell line were more
sensitive to THC and CBD in comparison to the SK-Mel-28 cell line.'® Importantly, A375 cells
are non-metastatic cells in comparison to SK-Mel-28 which has been isolated from a lymph node

and has therefore a higher likelihood of being resistant to any therapy.'®’
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Cannabinoids are said to have many beneficial properties.*

One of these properties is their anti-inflammatory effect and their effect on immune cells.”**
Thus, cannabinoids are being researched for use in bronchial asthma, where they have an
immunomodulatory effect on eosinophils.”** On the other hand, eosinophils have been shown to

play an important role in tumor defense.'*’

It could be demonstrated that the more eosinophils
someone has in the blood stream, the likelier he was to respond to immunotherapy.'®' Thus, it
was of interest to include eosinophils as a control in our study and we were able to show that the
combination of THC and CBD resulted in a biphasic loss of eosinophil viability but had no

impact on PBMCs.

Cannabinoid signaling pathways in melanoma cells

Currently, two cannabinoid receptors are known in the literature that mediate their effect via G-
proteins and are well characterized'*'**: CB1 and CB2. The CBI receptor is mainly expressed
in various regions of the brain, but also in cardio-, hepato-, and adipocytes, as well as in other
cells.** In comparison, the CB2 receptor is mainly expressed on immune cells.'* In our study,
we demonstrated that the effects of THC and, to a lesser extent, CBD are mediated via the CB1
receptor. This is not surprising, since melanoma cells are of neuronal origin.**® Further data has
been provided recently by Costas-Insua et al**’, who could demonstrate that growth of melanoma

brain metastases can be inhibited by CB1 receptor signaling.

On the other hand, there are also studies that attribute a pro-tumorogenic effect to cannabinoid
receptor 1.>** According to a study by Carpi et al, this pro-tumorogenic effect is accompanied by
a consecutive activation of ERK and AKT.** This is interesting because a large proportion of
melanomas have a MAPK pathway-activating mutation in the BRAF gene and/or the AKT
pathway. This is a known escape pathway in melanomas with primary, as well as secondary
resistance to BRAF inhibitors.”® Thus, it can be speculated that patients with regular cannabis use
are more likely to have melanomas that do not have a BRAF" "’ mutation because they already
have the necessary oncogenic MAPK pathway activation from regular cannabis use. However,
this also means that these patients are no longer amenable to an important line of therapy. In our
data, we can see that THC alone tended to increase growth in the majority of our cells.
Interestingly, it was the cells that had a metastatic BRAF"°"’* mutant phenotype, whereas THC

E
FV600

seems to have more of an antitumor effect on the A375 BRA mutant non-metastatic cell
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line.

However, the effect mediated by CBD seems to be independent of CB1 receptor signaling. There
have been multiple targets of cannabinoid signaling described in the literature including the
peroxisome proliferator-activated receptors (PPAR) a and PPARY, transient receptor potential
vanilloid-1 (TRPV1) channels, G protein-coupled receptor (GPR) 55 and GPR35.'%®
Interestingly, we could demonstrate that CBD as well as THC mediate their apoptotic effect
through TRPV1. It was shown that overexpression of TRPV1 in colon adenocarcinoma cell line
CaCo-2, the pancreatic cancer cell line PANC-1 and in A2058, as well as A375 melanoma cell
line resulted in growth inhibition. In CaCo-2 cells, cannabidiol TRPV1 activation led to reduced
phosphorylation of AKT by TRPV1, CB1 and PPARY activation, which finally resulted in a

% In melanoma, TRPV 1 receptor expression was shown to be higher in

lower proliferation rate.
primary melanomas than in metastases.”™ In concordance, it was shown that melanomas with
high TRPV1 receptor expression had a better prognosis than those with low levels. Activation of
TRPV1 in A2058 and A375 melanoma cells led to an increase in cleaved caspase-3 levels as well
as P53 expression and therefore induced apoptosis in this cell lines.**’ In our study, we could not
only show that cannabidiol and THC activate the TRPV1- and CB1-receptor but also that the
PPARa receptor plays a crucial role in apoptosis. This is in line with other reports, which could
demonstrate that PPARa activation is associated with a pro-apoptotic function by promoting Bcl-
2 degradation and activation of caspase-3.>' Specifically in melanoma, Grabacka et al
demonstrated that PPARa activation resulted in decreased metastatic potential, as well as

decreased cell growth via the down-regulation of AKT. Interestingly, the effects could be
reversed with the PPARa antagonist GW9662.%

From a clinical point of view, it has been shown that decreased PPARa expression in the tumor

tissue of breast cancer patients results in significantly shortened overall survival.*>>

Apoptosis mediated by Cannabidiol and THC treatment in melanoma
Different pathways are involved in initiating apoptosis, but it is mainly mediated either by

254 The extrinsic

activation of the intrinsic pathway or by activation of the extrinsic pathway.
pathway is triggered by external stimuli to the cell. This is followed by the activation of death
receptors at the cell membrane. These receptors mostly belong to the tumor necrosis factor (TNF)

receptor superfamily. Other known death receptors are TRAIL and CD95. Interestingly, these
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death receptors can also be activated by various — well known — tumor suppressor proteins such

as P53 or myc.255

Following extrinsic activation, Fas-associated death domain (FADD) is recruited, which
subsequently activates caspase-8, activating further down-stream caspases and ultimately leading

to apoptosis.**®

In our study, we used different inhibitors to investigate if the extrinsic pathway was activated by
cannabinoids. Jun N-terminal kinases (JNK) play a critical role in death receptor-initiated
extrinsic apoptosis.”’ In another study by a group around Fallahi-Sichani et al**® was able to
show that JNK has an important role in resistance development after BRAF inhibitor use.

However, we were not able to show that JNK has a role in cannabinoid mediated effects.

The intrinsic pathway has always been an interesting therapeutic target because of its important
protective role in carcinogenesis. Stress signals can activate the intrinsic pathway which in turn
lead to the release of pro-apoptotic factors such as apoptosis-inducing factor (AIF),
Smac/DIABLO or cytochrome ¢ from the mitochondrial intermembrane space, thereby quickly
initiating mitochondrial membrane depolarization leading to apoptosis.”’ A major part of
melanoma research aimed to make melanomas more susceptible to apoptosis through the intrinsic
pathway. A major focus has been on the Bcl-2 family type of proteins as they protect
mitochondrial integrity and thus prevent apoptosis.”®® When we treated A2058 melanoma cells
with different cannabinoids, we observed that mitochondrial depolarization was disrupted when
treated with the combination of CBD and THC as early as 2 h post treatment and for up to 24 h.
Importantly, we did not see any reduction in cell count until 24 h of cannabinoid treatment
suggesting that after mitochondrial depolarization further processes are necessary to finally carry
out apoptosis. Similar findings were made by Olivas-Aguirre et al. who could demonstrate that
cannabidiol treatment lead to mitochondrial cytochrome c release in acute lymphoblastic

leukemia cells.?®!

Due to their highly lipophilic nature, it has been proposed that cannabinoids can interact directly
with the mitochondrial membrane, leading to cytochrome c release rather than via a specific
receptor.”®* In Contrast, activation of CB1 or TRPV1 can lead to mitochondria-mediated cell

death as suggested by other studies.”**>**
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Ramirez-Barrantes et al could show that TRPV 1 activation led to TRPV1-dependent Ca**
signaling modifications which in turn led to a plasma membrane potential depolarization
resulting in cell death.?** In another study, it was also shown that TRPV1 activation led to a Ca*"
increase in mitochondria and subsequently led to cytochrome ¢ release of mitochondria with

. . . )
subsequential activation of caspase-3.%

Another mechanism proposed by some groups is that cannabinoids might mediate their apoptotic
effects by cytochrome c release from the mitochondrial membrane. This is not a caspase-3
downstream mediated apoptotic effect but rather an activation of autophagy leading to cell

death 265,266

Dando et al demonstrated that cannabinoids were able to disrupt the energy balance of pancreatic
cancer cell lines leading to an induction of AMPK-mediated autophagy.”® Interestingly, the
metabolic disturbance takes place in the Krebs cycle by AKT activation with consecutive
activation of myc.*® Similar findings were made in glioma cells treated with THC, also
mediating its apoptotic effect by autophagy and AKT suppression.”* Interestingly, we were not
able to confirm these previous findings that autophagy is involved in cannabinoid mediated cell

death in metastatic melanoma cells.

Autophagy depends on the activation of PTEN and P53/, but both proteins are commonly
mutated in melanoma. Importantly, loss of function mutations in PTEN and TP33 are associated
with a more aggressive and invasive phenotype.'® This is interesting because it has been shown
that cannabinoid-mediated autophagy can work in melanoma.'® However, the melanoma cell line
A375 is a non-metastatic 7P53" cell line. In contrast, the A2058 is a metastatic 7P53™ cell line
and thus it is not surprising that cannabinoid-induced autophagy is functional in the A375 cell
line, but not in the A2058 cell line suggesting that cannabinoid-induced autophagy might only
work in cancer cells with non-metastatic phenotype since 7P53 mutation is commonly associated

with a metastatic phenotype.268

On the other hand, there have been reports that cannabinoids mediate their apoptotic effects
through caspase activation in many types of cancers.”® Caspases are a conserved family of
cysteine proteases that are well known to be involved in cell death as well as in inflammation.*"

The different caspases can be divided into caspases involved in inflammation (caspase-1, -4, -5, -
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11), caspase involved in apoptosis (caspase-3, -6, -7, -8, -9, -10) and caspases with other
functions (caspase-2, -12, -14). The caspases involved in apoptosis can be further divided into
initiator and executer caspases. Initiator caspases activate the executer caspases, which are
responsible for the characteristic changes of apoptosis. These include cell shrinkage,
chromosomal DNA fragmentation, membrane bleeding and the formation of “apoptotic

bodies”.?”!

In our study, we could demonstrate that cannabinoids can activate the intrinsic caspase pathway
through mitochondrial disruption. Importantly, this effect could be blocked by the pan-caspase
inhibitor ZVAD. In fact, there are several reports in the literature that cannabinoids can mediate

their apoptotic effect through caspase activation in many different types of cancers.”®

Interestingly, it seems that caspase activation is a double-edged sword. It has been shown that

272 We were able to

failed apoptosis after caspase activation leads to a more aggressive phenotype.
show that cannabinoids leads to caspase 3/7 activity, but that this could also be blocked by a pan-
caspase inhibitor and that blockade restored cell viability. Caspase 3/7 activation by cannabinoids

. . . 169.2
in melanoma has been described previously.'®"

Previously, caspase activation in melanoma has been associated with autophagy activation.'®

Interestingly, we did not see increased autophagic activity, nor did we see that an autophagy-
specific inhibitor like BafA1 increased cell viability after cannabinoid treatment. BafAl is an
ATPase inhibitor that blocks the autophagic flux acutely by inhibiting autolysosome acidification
and autophagosome—lysosome fusion and in our study BafA1 was able to reverse the autophagic
effect of chloroquine but not of cannabinoids.””>?* In contrast to Armstrong et al.'®, we used a
metastatic cell line instead of the non-metastatic A375 cell line and this could be the reason why

autophagy was not involved in the apoptotic process.

The effect of commonly used targeted therapy and cannabinoids in melanoma
Patients with oncologic disease use cannabinoids for three purposes: 1) for physical and/or
psychical relief, 2) as an alternative cancer therapy, or 3) to stimulate appetite while undergoing
chemotherapy.'*® Interestingly, a large proportion of patients believes that cannabinoids are a
good alternative to commonly used therapies including targeted therapy as well as checkpoint

inhibitor therapy.'*® Acute side effects of cannabis intake can include sedation, euphoria, lethargy
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and intensification of ordinary sensory experiences as well as perceptual distortion, or continuous
laughter and talkativeness.””* However, for cancer patients — depending of the prognosis of their
cancer - the long-term effects of cannabis might be more important. It could be demonstrated that
chronic cannabis consumption can lead to the development of psychosis.?”® For cancer patients,
this is of importance since it has been suggested in the literature that lifetime use of cannabis
increases the risk of depression including higher incidences of suicidal ideation.?’® Especially
important for cancer patients, which are a psychological highly vulnerable group, is the fact that
lifetime consumption seems to be a relevant risk factor for suicidal attempts.*’’ It has to be kept
in mind that, if cancer patients receive such supporting therapies, they may need continuous
monitoring as well as psychological support besides their anti-cancerous and other clinical

therapy.'S"2"7

For clinicians, this is of great importance since in a recent study it was
demonstrated that the efficacy of a commonly used immune checkpoint inhibitor is reduced when
combined with cannabinoids suggesting that cannabinoids might interfere with potential curative

anti-cancerous therapies and should, therefore, be avoided.!”’

Importantly, this raises two questions when it comes to clinical cannabinoid usage: Firstly, can
cannabinoid intake reduce cancer cell growth in vivo, and secondly, does cannabinoid intake

interfere with commonly used modern targeted therapy?

In our in vivo model, we could demonstrate that the clinically used combination of CBD and

V600E

THC significantly reduced tumor growth in the BRAF mutated metastatic melanoma cell line

A2058.

Blazquez et al. showed in their study that the synthetic cannabinoids WIN-55,212-2 and JWH-
133 could reduce cell proliferation and the metastatic capacity of B16 murine melanoma cell line
in a mouse model.?*' In line with this result, Simmerman et al. could demonstrate that CBD
monotherapy can prolong survival of mice bearing B16F10 melanoma cells.'™ Interestingly,
although there was survival prolongation compared to vehicle, CBD was less effective than

cisplatin.'”

This is both interesting and important because chemotherapy no longer plays a role in melanoma,
with few exceptions.””® From a clinical perspective, one could ask whether CBD has any

clinically significant added value or survival benefit at all.
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Glodde et al. could show that THC significantly inhibited tumor growth of transplanted HCmel12
melanomas but not of murine B16 melanoma cells in a CB receptor-dependent manner in vivo.*”
In addition, they demonstrated that THC could also have antagonistic effects on the characteristic

pro-inflammatory microenvironment of HCmel12 cell growth.?”

In line with these results, Armstrong et al. could further demonstrate that THC could reduce
tumor growth of CHL-1 melanoma cells in a xenograft mouse model.'®® The effect was even

more pronounced when THC was given in combination with CBD.'®

With the background of all these results, we investigated in our in vivo model the effect of
cannabinoids on tumor growth and also the efficacy of cannabinoids in combination with a
clinically used MEK inhibitor. For this purpose, we used the combination of CBD and THC,
which is clinically used and available as Sativex”® and treated the BRAF" " mutated A2058

metastatic melanoma cells with the MEK inhibitor trametinib in a xenograft in-vivo model.

Although every therapeutic group show significantly reduced tumor growth in vivo, we could not
find any significant difference between the single therapeutic groups. This is interesting since
there have been reports suggesting that cannabinoids might mediate their apoptotic effect by
activation of the MAPK-Pathway including MEK and ERK which would lead to a synergistic
apoptotic effect of cannabinoids and MEKi which we did not observe in our study.”®"*** On the
other hand, however, there are also reports that show that cannabinoids can inhibit the MAPK
pathway in colon cancer cell lines, suggesting that there are cell type-specific cannabinoid-
induced effects or at least not every cell type responds in a similar predictive way to

C. 2
cannabinoids.?®’

Limitations of cannabinoid research

Several problems from in-vitro and in-vivo data arise when translating cannabis models to cancer
treatment: 1), reports of “successful” treatment in cancer patients with cannabis highly depend
rather on the patients’ history than on objective blood serum concentrations of cannabinoids.'®"'%
ii), cannabis seems to have anti-cancerous effects as well as anti-inflammatory effects.'”>'’* As

we know today, the immune system plays a pivotal role in suppressing tumor growth as well as
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combats metastatic spread.'”>'”® In line with these findings, it opens up the question if the direct
anti-cancerous effects of cannabis are abolished by the anti-inflammatory effects. More
importantly, a recent retrospective analysis demonstrated that cannabinoid intake can negatively
impact immune checkpoint inhibitor therapy.'”” Whether this is due to direct inhibitory and anti-
inflammatory effects on the immune system or interference at a pharmacokinetic level has to be
elucidated by further investigations. In our study, we could demonstrate that cannabinoids have
an impact on several proteins involved in immune signaling. However, we were also able to show
that MEK inhibitors have an influence on immune signaling and thus a prediction of an overall
immune effect with simultaneous intake of cannabinoids and MEK inhibitors appears to be
impossible.. iii), it is known that cannabinoids have a strong effect on the cytochrome p450
enzyme system.'”®'” This can result in unintentionally low or high plasma levels of the initial

cancer therapy, resulting in increased side effects.

iv), in melanoma, non-metastatic disease is mainly treatment by surgical removal of the primary
tumor.'® Therefore, there is no clinical need for topical cannabinoid treatment of surgically
removable primary melanoma. v), when it comes to the question if patients should take
cannabinoids as therapeutic agent or therapeutic supplement, it has to be kept in mind that — if
cannabis has any anti-apoptotic effect on cancer cells — that prior continuous usage of cannabis
may make cancer cells resistant to any further cannabinoid intake. In addition, it has to be kept in
mind that long-term cannabinoid use might act in a different way than cancer immunotherapy.'”’
vi), although there might be no net effect on cancer cell death, cannabinoids might be suitable to
reduce tumor heterogeneity. However, this can be a double edged sword since cannabinoids
could kill clones that might be harboring primary resistance to immune checkpoint blockade or,
on the other hand promote clones with primary resistance to immune checkpoint blockade.'*"'**
vii), cannabis has been advertised as an agent that can kill all types of cancer neglecting the fact

that different types of cancer have different genetic drivers and different immunogenicity.

Therefore, it is highly unlikely that cannabinoids can fulfil this promise.

In conclusion, all these issues have to be kept in mind when it comes to cannabinoid research and

the question how cannabinoids should or can be used in daily clinical practice.
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Conclusions

In summary, our study demonstrated that cannabinoids had an pro-apoptotic effect on different
melanoma cell lines in vitro and to some extend their growth in vivo. From a clinical point of
view, the rational is given to use cannabinoids at least as a supportive therapy in patients with
metastatic melanoma in combination with modern targeted therapy. Mechanistically,
cannabinoids mediate their effects in a CB1-, TRPV1- and PPARa-receptor-dependent way,
independently of autophagy but by activation of caspases and mitochondrial cytochrome ¢

release.
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Reagents and Cell lines

Drugs Company (Location) Cat. No.
AM251 Tocris (Abingdon, UK) 1117
AM630 Tocris (Abingdon, UK) 1120
AMGI810 Tocris (Abingdon, UK) 2316
UCI12 Tocris (Abingdon, UK) 5251
BI78D3 Tocris (Abingdon, UK) 3314
AZ10417808 Tocris (Abingdon, UK) 2172
Z-VAD-FMK Selleckchem (Houston, TX) S7023
Rapamycin Tocris (Abingdon, UK) 1292
GWo6471 Tocris (Abingdon, UK) 4618
GW9662 Tocris (Abingdon, UK) 1508
Cannabidiol Tocris (Abingdon, UK) 1570
Tetrahydrocannabinol Gatt-koller (Absam, Austria) 609030009
Chloroquine Tocris (Abingdon, UK) 4109
Bafilomycin A1l Tocris (Abingdon, UK) 1334
Vemurafenib Selleckchem (Houston, TX) S1267
Trametinib Selleckchem (Houston, TX) S2673
UO126 Cell Signaling Technology Europe | 9903S
(Frankfurt am Main, Germany)
LY294002 Cell Signaling Technology Europe | 9901
(Frankfurt am Main, Germany)
Antibody Company (Location) Cat. No.
PD-L1 Rabbit mAb (E1L3N) Cell Signaling Technology Europe | 13684
(Frankfurt am Main, Germany)
LC3A/B Rabbit mAb (D3U4C) Cell Signaling Technology Europe | 12741
(Frankfurt am Main, Germany)
Ki-67 Mouse mAb (8D5) Cell Signaling Technology Europe | 9449

(Frankfurt am Main, Germany)
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Cytochrome ¢ Mouse mAb Cell Signaling Technology Europe | 12963

(6H2.B4) (Frankfurt am Main, Germany)

Goat anti-Mouse IgG, Alexa Thermo Scientific (Vienna, A-11001

Fluor 488 Austria)

Primer Company (Location) Cat. No.

CNRI1 Bio-Rad Laboratories (Vienna, #qhsaced0043777
Austria)

TRPV1 Bio-Rad Laboratories (Vienna, #qhsacid0022051
Austria)

PPARA Bio-Rad Laboratories (Vienna, #qhsacid0011001
Austria)

GAPDH Bio-Rad Laboratories (Vienna, #qhsaced0038674
Austria)

TRPV2 Bio-Rad Laboratories (Vienna, #qhsacid0010283
Austria)

CNR2 Bio-Rad Laboratories (Vienna, #qhsaced0038847
Austria)

GPRS55 Bio-Rad Laboratories (Vienna, #qhsaced0001676
Austria)

PPARG Bio-Rad Laboratories (Vienna, #qhsaced0044425
Austria)

Miscellaneous

Item Company (Location) Cat. No.

Nunc™ Lab-Tek™ II Chamber Thermo Scientific (Vienna, 154534

Slide™ System Austria)

Caspase-Glo® 3/7 Assay Systems | Promega GmbH (Mannheim, G8091
Germany)

CellTiter 96® AQueous Non- Promega GmbH (Mannheim, G5421

Radioactive Cell Proliferation Germany)

Assay (MTS)
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Penicillin-Streptomycin, 10,000 | PAN-Biotech GmbH (Aidenbach, | P06-07050

U/ml Penicillin, 10 mg/ml Germany)

Streptomycin

Trypsin 0.05 %/EDTA 0.02 % in | PAN-Biotech GmbH (Aidenbach, | P10-023100

PBS, w/o: Ca and Mg Germany)

Dulbecco's Modified Eagle Thermo Scientific (Vienna, 41965039

Medium (DMEM) Austria)

DPBS, no calcium, no Thermo Scientific (Vienna, 14190094

magnesium Austria)

RPMI 1640 Medium Thermo Scientific (Vienna, 21875034
Austria)

Propidium iodide solution Merck KGaA (Darmstadt, P4864
Germany)

Crystal Violet Merck KGaA (Darmstadt, CO0775
Germany)

Triton™ X-100 Merck KGaA (Darmstadt, T8787
Germany)

FITC Annexin V Apoptosis BD Bioscience (Schwechat, 556547

Detection Kit | Austria)

TRI Reagent® Merck KGaA (Darmstadt, 93289
Germany)

Fetal Bovine Serum (FBS) Thermo Scientific (Vienna, 102701106
Austria)

Minimum Essential Media Thermo Scientific (Vienna, 51200046

(MEM), no glutamine, no phenol | Austria)

red

JC-1 Dye Thermo Scientific (Vienna, T3168
Austria)

RNeasy Mini Kit Qiagen (Hilden, Germany) 74104

High-Capacity cDNA Reverse Thermo Scientific (Vienna, 4368814

134



Transcription Kit

Austria)

SsoAdvanced™ Universal Bio-Rad Laboratories (Vienna, 1725271

SYBR® Green Supermix Austria)

Histopaque®-1077 Merck KGaA (Darmstadt, 10771
Germany)

4',6-Diamidino-2-phenylindole Merck KGaA (Darmstadt, D8417

dihydrochloride (DAPI) Germany)

Rhodamine Phalloidin Thermo Scientific (Vienna, R415
Austria)

Eosinophil Isolation Kit, human | Miltenyi Biotec, Bergisch 130-092-010
Gladbach, Germany

Kolliphor Merck KGaA (Darmstadt, C5135-500G
Germany)

Proteome Profiler Human R&D Systems (Minneapolis, MN, | ARY005B

Cytokine Array Kit USA)

Proteome Profiler Human R&D Systems (Minneapolis, MN, | ARY003B

Phospho-Kinase Array Kit USA)

Cell lines

Name Company/Institution Cat. No./Donor

A375 LGC Standards GmbH (Wesel, CRL-1619
Germany)

A2058 LGC Standards GmbH (Wesel, CRL-11147
Germany)

SK-Mel-28 LGC Standards GmbH (Wesel, HTB-72
Germany)

A375R Research Institute of Molecular Dr. Anna Obenauf
Pathology (IMP), Vienna
Biocenter (VBC), Vienna, Austria

UACC-62 Research Institute of Molecular Dr. Anna Obenauf

Pathology (IMP), Vienna
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Biocenter (VBC), Vienna, Austria

Colo-800 Research Institute of Molecular Dr. Anna Obenauf

Pathology (IMP), Vienna
Biocenter (VBC), Vienna, Austria

SK-Mel-30 Division of Oncology, Department | Prof. Martin Pichler

of Internal Medicine, Medical

University of Graz, Graz, Austria.

SBcl2 Biomedical Research, Medical Prof. Beate Rinner

University of Graz, Graz, Austria

MRC-5 LGC Standards GmbH (Wesel, CCL-171
Germany)

Devices

Devices

Name Company

BD FACSCalibur BD Bioscience (Schwechat, Austria)

BD FACSCANTO II BD Bioscience (Schwechat, Austria)
CLARIOstar Plus BMG LABTECH (Ortenberg, Germany)
BioTek™ ELx800™ Thermo Scientific (Vienna, Austria)
T100™ Thermal Cycler Bio-Rad Laboratories (Vienna, Austria)

CFX Connect™ Real-Time PCR Detection
System

Bio-Rad Laboratories (Vienna, Austria)

VICTOR X5 Multilabel Plate Reader

Perkin Elmer (Waltham, MA)
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