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Abstract: The therapeutic potential of Cannabis sativa has been recognized since ancient times.
Phytocannabinoids, endocannabinoids and synthetic cannabinoids activate two major G protein-
coupled receptors, subtype 1 and 2 (CB1 and CB2). Cannabinoids (CBs) modulate several aspects
of cancer cells, such as apoptosis, autophagy, proliferation, migration, epithelial-to-mesenchymal
transition and stemness. Moreover, agonists of CB1 and CB2 receptors inhibit angiogenesis and
lymphangiogenesis in vitro and in vivo. Low-grade inflammation is a hallmark of cancer in the
tumor microenvironment (TME), which contains a plethora of innate and adaptive immune cells.
These cells play a central role in tumor initiation and growth and the formation of metastasis. CB2
and, to a lesser extent, CB1 receptors are expressed on a variety of immune cells present in TME
(e.g., T cells, macrophages, mast cells, neutrophils, NK cells, dendritic cells, monocytes, eosinophils).
The activation of CB receptors modulates a variety of biological effects on cells of the adaptive and
innate immune system. The expression of CB2 and CB1 on different subsets of immune cells in TME
and hence in tumor development is incompletely characterized. The recent characterization of the
human cannabinoid receptor CB2-G; signaling complex will likely aid to design potent and specific
CB2/CBl1 ligands with therapeutic potential in cancer.

Keywords: angiogenesis; cancer; cannabis; endocannabinoid system; immune cells; tumor microen-
vironment

1. Introduction

The therapeutic properties of Cannabis sativa have been recognized since ancient times.
Cannabis was used during the Han Chinese dynasty to treat inflammatory disorders and
malaria [1,2]. Other ancient people used Cannabis for healing and recreation in several
regions of the world [3,4]. In the western world, the importance of Cannabis was recognized
in the mid-19th century, when an Irish physician, William B. O’Shaughnessy, and a French
psychiatrist, Jacques-Joseph Moreau, reported that Cannabis had some beneficial effects [5,6].
Cannabis was also used for religious and textile purposes [3,5]. More recently, Cannabis
was used as a recreational drug and the emergent problem of opiate dependency caused
legal restrictions in 1925. In 1941, the American National Formulary and Pharmacopoeia
included these compounds among illicit drugs [6,7]. In recent years, there have been
legislative changes to allow the use of Cannabis for some medical and/or recreational
purposes [8,9]. In this review we describe the interplay between endocannabinoids and
immune systems in the cancer context.
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2. The Endocannabinoid System (ECS)

Cannabis contains more than 100 molecules which are known as phytocannabinoids [4].
In the 1990s, two cannabinoid receptors (CB1 and CB2) [10,11] and their endogenous
ligands, which are known as endocannabinoids (ECs) were identified [12-15]. Subse-
quently, the enzymes involved in endocannabinoid biosynthesis and inactivation were
identified [16,17]. Collectively, this complex system is known as the endocannabinoid
system (ECS) or the endocannabinoidome [18].

Phytocannabinoids. Phytocannabinoids, produced by Cannabis plants, are a group of
terpene phenolic compounds composed of 21-carboxylated carbon or 22-carboxylated
carbon [19]. More than 100 plant cannabinoids (CBs) have been isolated and character-
ized [19]. A%-tetrahydrocannabinol (A°-THC) was the main psychoactive CB isolated from
Cannabis [20]. This compound induces euphoria, analgesia [21], appetite stimulation [22],
and exerts antiemetic and anti-inflammatory effects [23]. Several non-psychotropic phy-
tocannabinoids have currently been defined as constituents of Cannabis [24]. Among
these compounds there are cannabinol and cannabidiol (CBD) [25]. CBD exerts anti-
inflammatory, analgesic and antianxiety activities [26]. In contrast to A9-THC, which
possesses both therapeutic effects and some important adverse effects, CBD is more toler-
ated and has several therapeutic properties, including antitumoral properties [26,27].

Endocannabinoids (ECs). ECs are lipid molecules containing long-chain polyunsatu-
rated fatty acids, amides, esters and ethers. They exert their biological effects through the
engagement of CB receptors and non-CB receptors [20]. ECs are neuromodulators [18]
and modulate inflammation, fat and energy metabolism [28]. The first EC discovered in
humans was an amide of arachidonic acid and ethanolamine, N-arachidonoylethanolamide
(anandamide, AEA) [12]. 2-arachidonoylglycerol (2-AG) was discovered in greater quanti-
ties in the brain where the CB1 receptor is highly expressed [13,14]. AEA and 2-AG are not
only produced by neurons but also by certain immune cells [29,30].

In mammals, the ECS includes CB1 and CB2 receptors, endogenous ligands and
enzymes responsible for their metabolism and transport [31-33]. Although the ECS is
highly expressed in the nervous and immune systems, it is present in almost all or-
gans of the body [34]. The ECS is physiologically important, and its alteration is in-
volved in neurodegenerative disorders, inflammation, cardiovascular disease, obesity and
cancer [33,35]. Lipids similar to endogenous CB receptor ligands, such as oleoyl- and
palmitoyl-ethanolamide (OEA and PEA) are included in the definition of ECS [36]. PEA, re-
leased by the immune cells downregulates the inflammatory process [37,38] through the ac-
tivation of CB2 receptor. Other compounds such as 2-AG-ether and O-arachidonoylethanola-
mine [39,40] also belong to the EC family.

Synthetic cannabinoids (SCBs). SCBs are produced by chemical synthesis [41,42]. These
compounds bind to the CB receptors and produce effects similar to those induced by
phytocannabinoids and ECs [41,43]. Certain SCBs show greater selectivity and potency
compared to natural ligands [41,43]. The increase in their use as a recreational drug [44]
and the adverse health effects of SCBs (e.g., tachycardia, breathing disorders, and seizures)
have led to concerns globally [44,45]. More than 100 compounds are SCBs, including ACEA
(CB1 agonist) and JWH-133 (CB2 agonist) [29,46]. Based on their chemical structure they
can be divided into four classes: aminoalkylindoles, classic CB, non-classic CB and fatty
acid amides [47]. Depending on the type of agonist, target tissues, route of administration,
dose and duration of treatment, SCBs can cause inhibition of cell growth and proliferation,
inhibition of viability, and inhibition of the release of proinflammatory cytokines [44]
and angiogenic factors [29,46]. Some of these compounds may represent a promising
therapeutic approach for cancer [43,48].
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2.1. Receptors

Classical receptors. CB1 and CB2 receptors belong to the family of G protein-coupled re-
ceptor (GPCRs) [10,11]. The activation of these receptors inhibits adenylyl cyclase, resulting
in reduced cytoplasmic cyclic adenosine monophosphate (cAMP) production, closure of the
Ca?* channel, and stimulation of protein kinases that play a key role in multiple signaling
pathways, including mitogen-activated protein kinase (MAPK), phosphoinositide 3-kinase
(PI3K), or cyclooxygenase (COX) 2 pathways [49].

Although the CB1 receptor is ubiquitous, the expression of this receptor is greatest
within the central nervous system (CNS) [50]. CB1 receptors are also expressed by certain
immune cells [29,46,51]. CB2 receptors are found mainly on several immune cells, although
their expression has also been observed in the CNS [51,52]. Endocannabinoids bind to
both CB receptors; AEA has a higher affinity for the CB1 receptor, while 2-AG has the
same affinity for both CB receptors [53]. CB agonists are involved in several neurological
disorders [18] and in various models of cancer [54-57].

Other Endocannabinoidome Receptors

The orphan G protein-coupled receptor 55 (GPR55) is considered a full-fledged CB
receptor [58]. Although its endogenous ligand is the phospholipid lysophosphatidylinos-
itol [59], AEA, 2-AG and PEA can activate this receptor [47,60]. In breast cancer, GPR55
has been found to heterodimerize with CB receptors and its targeting reduces tumor
growth [49]. Furthermore, heterodimerization of CB2 receptor with HER2 and with C-X-C
chemokine receptor type 4 (CXCR4) causes the activation of CB2 and inhibits HER2 and
CXCR4 signaling. It has been suggested that this condition may represent a promising
target in antitumor strategy [61,62].

In recent years, new groups of receptors, potentially belonging to the family of non-
classical EC receptors, have been described [63—-65]. Among these, there is a large superfam-
ily of transient receptor potential (TRP). These are non-selective cation channels including
the transient vanilloid type 1 (TRPV1), a capsaicin receptor and TRPV2 [66,67]. AEA and
CBD activate TRPV1 channels [18,68]. Another potential part of the ECS is the group of
nuclear receptors called peroxisome proliferator-activated nuclear receptor-« (PPARc) and
PPARYy [69]. 2-AG, and AEA can activate PPARx and PPARYy, respectively [18]. Although
the detailed mechanisms of cannabinoid-PPAR interactions are not completely elucidated,
there is some evidence that PPAR are also involved in immune cell regulation. [70].

2.2. Enzymes

Arachidonic acid is the initial substrate for the biosynthesis of AEA and 2-AG [39].
These compounds can also be stored in intracellular vesicles or organelles [71]. Enzymes
involved in the synthesis and degradation of ECs play an important role in cell signal
transduction [72]. Both AEA and 2-AG are removed from their sites of action by uptake
(e.g., simple diffusion, membrane-associated binding proteins or cellular transmembrane
transporter protein) and metabolized intracellularly [73]. The enzymes involved in the
degradation of ECs are fatty acid-amide hydrolase (FAAH) and monoacylglycerol lipase
(MAGL) [23,74-77]. FAAH and MAGL represent possible therapeutic targets for the
treatment of several disorders [70]. In some tissues, ECs can also undergo oxidative
catabolism through the lipoxygenase, cyclooxygenase 2 (COX-2), and cytochrome P450
isoenzymes [78]. The action of these enzymes leads to the generation of various com-
pounds such as prostaglandin-ethanolamides and glyceryl esters, hydroxy-anandamides
and hydroxycosatetraenoylglycerols [79]. Some of these endocannabinoid metabolites are
biologically active [80].
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3. Cannabinoids and Tumorigenesis

There is growing interest in the roles of CBs in the modulation of various aspects of can-
cer growth [4,81]. Cancer cells rapidly and uncontrollably proliferate and have the ability
to invade other tissues, causing metastasis [82]. It has been reported that ECS dysregulation
occurs during carcinogenesis and may be responsible for cancer aggressiveness [83-87].
ECs can modulate several aspects of tumorigenesis [88-91]. A major discovery was the
recognition of the ability of CBs to kill a plethora of cancer cells (e.g., lung, skin, breast,
prostate and pancreatic cancer, glioma) [92]. CBs promote apoptosis and autophagy, induce
cell cycle arrest, and have inhibitory effects on the migration, invasion, and self-renewal of
tumor cells [68,88,90,91]. These processes can be both dependent and independent of CB
receptors, showing that the antitumor activity of CBs has much more complex molecular
mechanisms than originally thought [88]. In addition, CBs exhibit several palliative effects
in cancer patients (e.g., inhibition of nausea and vomiting, stimulation of appetite, pain
relief, mood elevation, and relief from insomnia) [4,93,94].

Apoptosis, autophagy and inhibition of proliferation. A major characteristic of cancer
cells is uncontrolled proliferation. CB receptor activation increases de novo production
of ceramide, a sphingolipid with proapoptotic functions [92,95]. The upregulation of
the ceramide-induced stress-regulated protein p8 causes apoptosis through the overex-
pression of genes encoding the activating transcription factor 4, and Tribbles homolog
3 (TRB3) [49,96]. TRB3 is also responsible for inhibition of the Akt/mTORC1 complex
axis, which causes autophagy-mediated apoptosis and the inhibition of cell prolifera-
tion [68,72,97].

In Jurkat leukemia T cells, A°>-THC leads to apoptosis through the downregulation of
Raf-1, a kinase of extracellular signal-regulated kinase 1 and 2 (ERK1/2) pathway [98]. In
experimental colorectal cancer, apoptosis can be caused by the downregulation of another
member of ERK1/2 pathway, Ras, and PI3K-Akt survival pathway [99]. CBs also promote
apoptosis through inhibition of mitochondrial metabolism, increase of reactive oxygen
species (ROS) production and caspase activation [100], and induce autophagy [101-104].
CBs also cause apoptosis and proliferative arrest by inhibiting the signaling of the pancreatic
beta cell insulin receptor, which shows a direct interaction with CB1 receptor via Akt, MAPK
and ERK pathways [105,106]. It has been reported that TRPV2 is a cannabinoid target
involved in CBD-induced autophagy [107].

CBs cause an overexpression of p21y,f and p27p1, blocking the cell cycle in the G1/S
transition and the cyclin-dependent kinase (Cdk) 2 complex [49,68]. This overexpression
of p21y,f leads to a G2/M cell cycle arrest [49,68]. Cell cycle arrest in G2/M phase is also
caused by downregulation of the Cdk1 protein [108] or modulation of JunD [109]. Interest-
ingly, in cancer cells this mechanism is upregulated in several signaling pathways [110]. In
breast cancer the anti-proliferative effects are induced by inhibition of epidermal growth
factor (EGF), NF-kB, ERK/ Akt and matrix metalloproteinase (MMP) 2 and 9 signaling
pathways [111].

Migration and invasion. Cancer cells migrate more than normal cells, and they spread to
surrounding tissues and distant organs, leading to the formation of metastases [112]. There
is ample evidence that the activation of CB receptors can modulate these processes [113-119].
Activation of CB receptors impairs cancer cell invasion through the release of tissue
inhibitors of metalloproteinases (TIMP) 1 and TIMP-4 and down-regulation of MMP-
2[68,111,120].

In lung cancer, CB treatment inhibits the EGF-induced phosphorylation of ERK1/2, c-
Jun-NH2-kinasel/2 and Akt, causing metastatic and proliferative suppression [61,121]. In
addition, CB receptor activation inhibits the phosphorylation of ERK and CXCR4 polymer-
ization, causing CXCL12 suppression and consequently cell migration and invasion [122].

Epithelial-to-mesenchymal transition (EMT) and stemness are fundamental features
of cancer cells [123]. CBs block the Wnt/ 3-catenin pathway inducing a decrease of EMT
and a reduction of mesenchymal markers (e.g., vimentin) [91,124] favoring a consequent
inhibition of migration, invasion, angiogenesis and finally self-renewal of cancer stem cells
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(CSCs) [91,124-127]. CB receptors, also expressed in glioblastoma stem-like cells (GSCs),
promote neural differentiation of GSC and inhibit gliomagenesis [128]. The effects of CB
on stem cells, and consequently on tumor progression is a new avenue for cancer research.

Angiogenesis and lymphangiogenesis. Angiogenesis, the formation of new blood vessels,
is a finely tuned process modulated by stimulatory and inhibitory signals [129,130]. During
adulthood, angiogenesis plays a central role in tumor initiation and growth [129]. Vascu-
lar endothelial growth factors (VEGFs), angiopoietins (ANGPTs), certain chemokines and
hepatocyte growth factor (HGF) are major proangiogenic molecules [131,132]. Lymphangio-
genesis is canonically considered pivotal for the diffusion of metastasis to draining lymph
nodes [133,134]. Cannabinoids modulate angiogenesis by multiple mechanisms [135]. CBs
inhibit angiogenesis in tumors in vivo directly and /or indirectly [136-140]. Cannabinoids
suppressed the migration and survival of endothelial cells and the expression of VEGF [141]
and the angiogenic features of endothelial cells [119,135]. Various cannabinoids (e.g., CBT,
JWH-133) stimulated the release of TIMP-1 from cancer cells [142]. TIMP-1 acted as an
endogenous inhibitor of metalloproteinases (MMPs).

Several studies have demonstrated a modulation of immune cells to contribute to
cannabinoid antiangiogenic responses. Macrophage-assisted vascular remodeling plays
a role in tumor growth [143]. Human lung macrophages (HLMs) produce 2-AG, PEA
and OEA and express CB1 and CB2 receptors [29]. Cannabinoid receptor activation by
ACEA (CB1 agonist) and JWH-133 (CB2 agonist) inhibited LPS-induced production of
VEGEF-A and ANGPTs [29]. Interestingly, CB1/CB2 agonists also inhibited the production
of the lymphangiogenic factor VEGF-C from HLMs. Although human monocyte-derived
macrophages (MDMs) expressed CB1 and CB2 at the mRNA and protein levels, ACEA
and JWH-133 did not modify the production of VEGF-A in response to LPS [29]. More
recently, we have found that low concentrations of ACEA and JWH-133 inhibited LPS-
induced VEGEF-A release from human neutrophils [46]. These cannabinoids did not affect
the LPS-induced release of CXCL8 and HGF from neutrophils. Importantly, ACEA and
JWH-133 inhibited the angiogenic response (i.e., number of tubules and tubule length)
induced by LPS-activated neutrophils. Collectively, the results of these studies indicate that
CB1 and CB2 receptors are functionally present on two immune cells (i.e., macrophages
and neutrophils) present in TME that play a prominent role in tumorigenesis [129,144,145].

Energy metabolism. Mitochondria produce and release ROS, which play an important
role in energy metabolism. During the apoptotic process ROS levels increase [146] by
acting on the ERK and ROS pathways, and reduce the expression of Id-1, an inhibitor of
basic helix-loop-helix transcription factors and regulator of the proliferative, angiogenic
and metastatic processes of various tumors [147,148]. In pancreatic adenocarcinoma, CBs
alter the AMP/ATP ratio [101], and associated with the chemotherapeutic gemcitabine,
abolish the proliferation of cancer cells through ROS-induced autophagy [102]. Other
groups have confirmed the importance of the effects of CBs on tumor energy metabolism in
different tumors [149,150]. A recent review extensively examined the role of cannabinoids
in experimental and human cancers [64].

Figure 1 schematically illustrates the different mechanisms by which endocannabi-
noids, phytocannabinoids and synthetic cannabinoids can modulate various aspects of
tumor growth through the engagement of CB1/CB2, GPR55 and TRPV1/TRPV2 receptors.
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Figure 1. Schematic representation of the potential anticancer effects of endocannabinoids, phytocannabinoids and synthetic
cannabinoids through the activation of CB1/CB2, GPR55 and TRPV1/TRPV2 receptors.

4. The Endocannabinoid System as Gate-Keeper of the Inmune System

In the 1970s, several groups of investigators started to evaluate the effects of CBs on
different immune cells [151]. It has been suggested that the ECS contributes to maintaining
the immune homeostasis and functions as a gate-keeper of the immune system [39,152-156]
through the activation of classical and non-classical receptors [157-159]. Almost all immune
cells express and interact with members of the ECS [160]. Human peripheral blood immune
cells (i.e., B cells, NK cells, monocytes, neutrophils, eosinophils and CD8" and CD4" lym-
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phocytes) express different degrees of CB receptors [34,70]. The state of cellular activation
modulates the different expression of CB receptors. For instance, phorbol 12-myristate
13-acetate (PMA) downregulates the CB1 receptor in T cells whereas it upregulates it in B
cells [161], Jurkat T cells and macrophages [162].

The tumor microenvironment (TME) contains a plethora of immune cells (i.e., macro-
phages, neutrophils, mast cells, eosinophils, CD8* and CD4" T cells, etc.) which produce a
multitude of mediators that promote cell proliferation, angiogenesis, lymphangiogenesis,
and the formation of metastasis [163-165]. Although surgery, radiotherapy, chemotherapy,
endocrine therapy or immunotherapy are used, alone or in combination, to treat different
types of cancer, due to the emergence of drug resistance and relapse, metastasis and
death can occur [166,167]. Therefore, it is important to find novel therapeutic approaches.
The expression of classical (CB1 and CB2) and non-classical endocannabinoid receptors in
immune cells may represent novel targets in the treatment of several tumors [50]. Moreover,
there is ample evidence that ECs modulate key functions of immune cells and tumor
growth [78,160,168-170]. Importantly, cannabinoids can affect tumor growth through the
inhibition of angiogenesis and lymphangiogenesis [29,46,171]. Collectively, these findings
suggest that selective CB ligands might have a promising potential for the treatment of
cancer [64,81].

T lymphocytes. Different subsets of T cells play fundamental roles in cell-mediated
immunity [172,173]. Within the TME, several T cell types are involved in the generation
of antitumor immunity [174]. It is not yet clear whether human and mouse T cell subsets
produce CBs, but they express both receptors [175-181]. CB1 receptors, poorly expressed
at baseline, are upregulated in cannabinoid-induced T cell polarization [175,176]. CBs
regulate the T cell proliferation, reduce their cytolytic activity, and modulate the profile of
Th subsets (Th1/Th2) [177,179,180,182]. AEA inhibits human lymphocyte proliferation by
mechanisms independent of CB receptors [178], and induces cell death by apoptosis [180].
It was also shown that 2-AG reduced the expression of IL-2 in activated Jurkat T cells [183].
CBs may also be responsible for the conversion of Th1 cells to the Th2 profile, increasing
the production of Th2 cytokines (IL-4, IL-5, IL-13) and decreasing those of Th1 type (IL-2,
IL-12, and IFN-y) [177,181]. CD4* T regulatory (Treg) cells potently and specifically inhibit
B cell responses and play a role in autoimmune responses and cancer [184,185]. It has
been suggested that CBs can up-regulate Foxp3* Tregs and down-regulate inflammatory
cytokines [186]. There is overwhelming evidence that CD4* [187,188] and CD8* T cells [189]
are highly heterogeneous. The selective distribution of CB1 and CB2 receptors on different
subsets of CD4" and CD8" T cells involved in tumor growth is largely unknown.

Macrophages. Macrophages are immune cells resident in all tissues and play a cen-
tral role in both physiological and pathological processes [190]. Cell line and peritoneal
macrophages have been used to study the biosynthesis, uptake and degradation of
ECs [191-195]. Mouse and rat macrophages express both CB1 and CB2 receptors [196,197].
There is some evidence that the CB2 receptor is predominantly expressed in cell line
macrophages [198,199]. Lypopolisaccharide (LPS) and platelet activating factor (PAF)
can induce the synthesis of ECs in mouse macrophages [197,200]. Macrophages express
and release AEA, 2-AG, OEA and PEA, which activate CB receptors through different
mechanisms [195,197,199-201]. CB receptor activation modulates macrophage migra-
tion [196,202], antigen presentation and phagocytosis [203], the release of inflammatory
mediators (i.e., nitric oxide, TNFe, IL-1, IL-6) and the production of arachidonic acid
metabolites [198,200,204]. 2-AG induces a rapid polymerization of actin in various types of
inflammatory cells, including macrophages [205]. Cannabidiol exerts anti-tumor effects
in breast cancer through the inhibition of macrophage migration induced by cancer cell
conditioned medium [111]. Recent evidence demonstrates that MAGL regulates CB2-
dependent macrophage activation and cancer progression [206]. We have shown that the
activation of both CB1 and CB2 receptors on primary human lung macrophages inhibits
the LPS-induced release of angiogenic and lymphangiogenic factors [29]. These results
suggest that ECs can modulate macrophage-assisted vascular remodeling in cancer. There
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is compelling evidence that macrophages constitute a highly heterogeneous cell population
localized in different compartments [207-209]. Further studies will likely characterize the
expression and functional roles of CB1/CB2 receptors in different subsets of macrophages.

Neutrophils (PMNs). PMNs are innate immunity cells involved in various acute and
chronic inflammatory processes, cardiovascular diseases, infectious diseases, asthma and
tumors [46,210,211]. The discovery of CB receptors on PMNs dates back to the 1990s [34].
Their activation mediates the immunosuppressive functions of PMNs [212]. A°-THC in-
hibits chemotaxis of human PMNs [213,214]. GPR55 is expressed on human neutrophils
and its activation increases the migratory response to 2-AG, inhibiting the degranulation
of PMNs and the production of ROS [215]. CB receptor activation also blocks cell differ-
entiation in human myeloid precursor cells [216]. Recent evidence indicates that 2-AG
modulates human neutrophils functions, not only through the activation of CB receptors,
but also through numerous lipid metabolites [80]. Recently, we have demonstrated that
low concentrations of both ACEA (CB1 agonist) and JWH-133 (CB2 agonist) selectively
inhibited LPS-induced release of VEGF-A from human neutrophils. In contrast, ACEA
and JWH-133 did not affect the release of CXCL8 and hepatocyte growth factor (HGF)
from neutrophils. Interestingly, ACEA and JWH-133 inhibited the angiogenic response (i.e.,
number and length of tubules) induced by LPS-activated neutrophils. These inhibitory ef-
fects were presumably due to the reduction of VEGF-A release in neutrophils supernatants.
PMNs are among the most common immune cells in TME in different types of human
cancers [217,218]. The roles and effects of CBs on PMNSs in TME have not yet been defined.

Mast cells (MCs). MCs are multifunctional immune cells involved in a variety of
processes such as allergic inflammation, cancer and defense against parasites [165,219,220].
Rat mast cells express the gene and a functional CB2 receptor [221,222]. Mast cells can
have both anti-tumorigenic and pro-tumorigenic effects [223,224]. 2-AG inhibited antigen-
induced histamine release from guinea pig mast cells through the engagement of CB2 [225].
It has been shown that CB1 activation of human skin mast cells occurs through the local
release of EC [226]. CB1 and CB2 agonists decreased the vascularization of granulomas and
the mast cell number and activation [227]. More recently, CB1 was shown to be expressed
on human mucosal mast cells [228] and on the connective tissue mast cells of human hair
follicles [226]. In the latter study, it was demonstrated that blocking this receptor increased
mast cell degranulation without affecting mast cell proliferation in situ [226]. Most of the
data obtained in human studies indicate an inhibitory effect of endocannabinoids on mast
cell function both directly through CB2 and indirectly through CB1. Both CB1 and CB2
receptors are expressed by mouse bone marrow-derived (BMMCs) mast cells [229]. LPS
induced 2-AG from BMMCs through the activation of TLR4. Moreover, TLR4 triggering
produced trafficking of CB2 receptors in mast cell vesicles. Finally, 2-AG prevented LPS-
induced TNF-« secretion in vivo in a mast cell-dependent model of endotoxemia. It has
been shown that AEA inhibits FceRI-dependent degranulation and cytokine synthesis in
mast cells through CB2 and GPR55 receptor activation [230]. The role of CB1 and CB2
receptors in mast cells infiltrating TME in different cancers is largely unknown. However,
research in this field is still evolving and it is clear that further investigations are needed to
reveal the role of CB receptors in mast cell involvement in tumorigenesis.

Monocytes. Monocytes are innate immune cells involved in the maintenance of tissue
homeostasis [231] and in pathological processes such as cancer [232]. Activated monocytes
may be responsible for tumor progression associated with a negative prognosis [233]. By
contrast, there is some evidence that monocytes can inhibit metastasis development [234].
2-AG promotes the migration of both human monocytic leukemia cells and peripheral
blood monocytes, whereas AEA does not induce migration of these cells [235]. Further-
more, 2-AG has been shown to recruit inflammatory cells and induce degradation of the
extracellular matrix in a CB2-dependent manner [236]. The CB2 receptor agonist JWH-
015 reduced human monocyte migration to CCL2/CCL3 and the IFN-y-induced ICAM-1
expression [236]. Monocytes are subdivided into three major subsets [CD14** CD16" (clas-
sical), CD14** CD16" (intermediate) and CD14* CD16** (non-classical)] [237]. GPR55
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was particularly expressed in intermediate and in non-classical monocytes [238]. The
distribution of CB1/CB2 receptors on different subsets of human monocytes remains to
be investigated.

Natural killer cells (NK cells). NK cells are cytotoxic lymphocytes that respond quickly
to virally-infected cells and cancer cells [239,240]. NK cells express CB1, CB2 and GPR55,
and release large amounts of AEA and 2-AG [39]. A? -THC inhibits the cytolytic activity
of human and mouse NK cells [241-244]. 2-AG causes chemotaxis of a NK cell line and
of human peripheral blood NK cells, whereas AEA does not induce chemotaxis of these
cells [245]. Recently, it has been shown that CB2”/~ mice displayed elevated numbers of NK
cells in the lung [246]. To date, there is evidence of diversity of peripheral blood human NK
cells by single-cell RNA sequencing [247]. The characterization of CB1/CB2 and GPR55
receptors in different subsets of blood NK cells and their role in tumorigenesis remain to
be explored.

Dendritic cells (DCs). DCs are a diverse group of specialized antigen-presenting cells
(APCs) playing a central role in inducing primary immune responses, immunological
tolerance and ensuring the regulation of responses of T cells [248]. Although DCs constitute
a rare immune cell population within tumors and lymphoid organs, these cells are central
to initiation and tumor immunity [249]. Murine bone marrow-derived DCs express both
CB1 and CB2 receptors [250]. The endogenous cannabinoid system (i.e., AEA, 2-AG,
and PEA) is present in human DCs [251]. LPS stimulated the amount of 2-AG in these
cells, which expressed both CB1 and CB2. In vivo administration of 2-AG acted as a
chemoattract for DCs [252]. Engagement of both CB1 and CB2 receptors also induced
apoptosis of DCs [250,252]. In myeloid and plasmacytoid DCs (pDCs), AEA reduced the
release of cytokines (i.e., TNF-a and IFN-co) as well as their ability to induce Th1 and
Th17 polarization [253]. The role of infiltrating DCs in tumors is controversial [254-256].
The mechanisms by which DCs infiltrate the TME may provide new opportunities for
therapeutic intervention for ECs [257].

B lymphocytes. B-cells in TME can exert an antitumor function [258], mediating tumor
cell death by apoptosis [259,260] or by the release of IFN-y [261]. B-cell infiltration is
considered a predictor of good clinical outcome in patients with metastatic melanoma [262].
B-cells are immune cells expressing the highest levels of CB1 and CB2 receptors [263,264].
CB2 is a crucial receptor for B cell differentiation [265] and promotes the conversion of
IgM to IgE [39]. In mantle cell lymphoma (MCL), a malignant B-cell lymphoma, and in
non-Hodgkin’s lymphoma, CB1 and CB2 receptors are overexpressed [266,267]. In MCL,
CBs regulate the proliferative process and induce cell death through [267,268]. Activation
of both CB1 and CB2 receptors of MCL cells induces the accumulation of ceramide and
apoptosis [269]. In chronic lymphocytic leukemia (CLL), CB receptors are overexpressed
compared to healthy B-cells and CB1 could be a novel prognostic marker [270].

Eosinophils. Eosinophils are involved in parasitic infections, allergies and cancer [271-273].
Eosinophils express only the CB2 receptor [274]. 2-AG induced the migration of eosinophils
in eosinophil leukemia cells, and this effect was abolished by a CB2 antagonist [235,275,276].
More recently, it has been confirmed that human and mouse eosinophils selectively express
the CB2 receptor [277]. Although the pro- and anti-tumorigenic effects of eosinophils are
well known [273,278,279], there are still no studies on the contribution of endocannabinoid-
eosinophil interactions in TME.

Basophils. Peripheral blood basophils express the full tetrameric (xf3y2) form of the
high affinity receptor for IgE (FceRI) and the heterodimeric receptor for IL-3 [164,280]. In
addition, human basophils express a wide spectrum of surface receptors [281]. Activation
of human basophils induces the release of proinflammatory mediators (histamine and
cysteinyl leukotriene C4) and the de novo synthesis of several cytokines (IL-4, IL-13, IL-3,
CXCLS8) [282-284] and angiogenic factors [285]. Although increasing evidence indicates
that basophils and their mediators are involved in different cancers [286,287], the presence
of ECS in these cells is presently unknown.
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Table 1 summarizes some main effects of cannabinoids and CB receptor ligands on
cells of innate and adaptive immune system.

Figure 2 shows that several cells of innate and adaptive immune system present in
TME express CB2 and/or CB1 receptors.

T cell:
CB receptors

Macrophage: Neutrophil:
CB receptors CB receptors

NK cell:
CB receptors

Mast cell:
CB receptors

Monocyte:
CB receptors

B cell: Eosinophil:
CB receptors CB2 receptor

DC:
CB receptors

Basophil * Platelet Cancer cell

Figure 2. Schematic representation of cells of innate and adaptive immune system expressing CB receptors in the tumor mi-
croenvironment.
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Table 1. Main effects of cannabinoids and CB receptor ligands on cells of innate and adaptive immune system.
Immune Cells Effeét]; Io{icc:p[:g:?jil;;d;:nd Ligands References
Inhibition of T cell proliferation AEA [180]
Inhibition of cytolytic activity A-THC [182]
T Cells Modulation of Ty1/Ty?2 subsets A-THC [181]
(human, mouse) Inhibition of IL-2 expression AEA, 2-AG [183]
Inhibition of proliferation and cytokine release JWH-015, AEA [179,288]
Up-regulation of CB receptors A%-THC, JWH-015 [177]
Inhibition of T cell migration AEA, JWH-133 [289]
Treg Cells Up-regulation of Tregs A°-THC [186]
LPS and PAF induce the synthesis of 2-AG [197,200]
Inhibition of migration CP55, 940 [196]
Inhibition of chemotaxis 0-2137 [202]
Modulation of phagocytosis 2-AG [203]
(hux:;t(ﬁgzgg,srat) Inhibition of macrophage cytotoxicity AEA [204]
Inhibition of IL-6 release A°-THC, 2-AG [198]
Inhibition of TNF-x 2-AG [290]
Promotion of ROS production ACEA [291]
Inhibition of angiogenic factor release ACEA, JWH-133 [29]
Inhibition of lymphangiogenic factor release ACEA, JWH-133 [29]
Inhibition of ROS production 2-AG [215]
Inhibition of chemotaxis AEA [51]
Neutrophils Inhibition of motility 2-AG, JWH-015 [212]
(human) Inhibition of angiogenic factor release ACEA, JWH-133 [46]
Promotion of myeloperoxidase release 2-AG [292]
Promotion of LTB4 synthesis 2-AG [292]
Inhibition of histamine release 2-AG, AEA [225,230]
Inhibition of activation of skin mast cells AEA, ACEA [226]
(human, l\g/[;isr:egelilisg, mouse) Inhibition of TNF-« secretion 2-AG [229]
Inhibition of cytokine release AEA [230]
Modulation of angiogenesis ACEA, JWH-015 [227]
Promotion of migration 2-AG [235]
Inhibition of chemotaxis JWH-015 [236]
Monocytes Inhibition of ICAM-1 expression JWH-015 [236]
(human) Inhibition of cytokine release AEA [238]
Modulation of ROS production AEA, ACEA, WH-015 [291]
Inhibition of cytolytic activity A°-THC [241-244]
Natural Killer Cells Promotion of migration 2-AG [245]
(human, mouse)
Modulation of lung NK cells AM630 [246]
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Table 1. Cont.

Effects of Cannabinoids and

Immune Cells CB Receptor Ligands Ligands References
Induction of apoptosis A?-THC [250]
Dendritic Cells . .
Promotion of chemotaxis 2-AG [252]
(human, mouse)
Inhibition of cytokine release AEA [253]
B-cell differentiation 2-AG [265]
B cells Accumulation of ceramide Win55 [269]
(human)
Promotion of migration 2-AG [293-295]
Eosinophils Promotion of chemotaxis 2-AG, JWH-133 [275-277]

(human, mouse)

2-AG: 2-arachidonylglycerol; AEA: anandamide; ACEA: arachidonyl-2’-chloroethylamide (CB; agonist); A’-THC: delta 9-
tetrahydrocannabinol; ROS: reactive oxygen species; JWH-015 and JWH-133 are CB2 agonists.

5. Conclusions and Future Perspectives

Although the pharmacological properties of Cannabis sativa were known in ancient
times, the chemical identification and pharmacological properties of its components were
only recently characterized [18,63]. There is compelling evidence that the human en-
docannabinoid system modulates multiple physiological processes mainly through the
activation of cannabinoid receptors CB1 and CB2 [8,32,296]. The two receptors share 44%
total sequence identity and 68% sequence similarity in the transmembrane regions [11].
However, they differ in their tissue distribution, where CB1 is expressed predominantly in
the CNS, whereas CB2 is mainly expressed by several immune cells [18].

Cells of the innate and adaptive immune system play a central role in the initiation
and progression of cancer [123,163,190,210,211,286,287]. Cannabinoids can modulate a
variety of biological effects which are central to tumor growth [4,81,297,298]. For instance,
cannabinoids stimulate cancer cell death, autophagy, inhibit cancer cell proliferation,
and activate apoptosis [8,64]. Importantly, the activation of CB receptors inhibits the
release of angiogenic and lymphangiogenic factors from human macrophages [29] and
neutrophils [46]. Moreover, cannabinoids modulate several biological functions of different
immune cells (i.e., T cells, macrophages, monocytes, NK cells, DCs, mast cells, neutrophils,
eosinophils) involved in various aspects of cancer initiation and growth [190,299,300]. The
expression of CB1 and CB2 on different subsets of immune cells recently identified in
TME [301,302] is largely unknown and deserves further studies.

Recently, the structure of the human cannabinoid receptor CB2-G; signaling com-
plex has been characterized [303,304]. These studies have revealed various activation
and signaling mechanisms between CB2 and CB1 receptors. These findings could be of
paramount importance for the synthesis of specific CB2 and CB1 agonists and antagonists.
These compounds will facilitate the characterization of CB receptors on different subsets of
immune cells from peripheral blood and in TME. We anticipate that the results that will
arise from these studies are likely to aid the rationale for and design of potent and selective
CB2 and CBI ligands with therapeutic potential in cancer.

Author Contributions: Conceptualization, M.B., and S.L.; writing—original draft preparation, M.B.,
SM., M.R.G. and S.L.; writing—review and editing, G.M., G.V. and S.L.; supervision, G.V., G.M.
and S.L.; validation, all authors. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.



Cells 2021, 10, 1282

13 of 25

Acknowledgments: The authors thank M. Bifulco for critical reading of a preliminary manuscript
and the administrative staff (R. Bifulco and A. Ferraro), without whom it would not be possible to
work as a team.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

Abbreviations

2-AG 2-arachidonoylglycerol

AEA or anandamide  N-arachidonoylethanolamide
ANGPT angiopoietin

APC antigen-presenting cell

B cell B lymphocyte

BAD BCL2 associated agonist of cell death
BMMC bone-marrow-derived mast cell
cAMP cyclic adenosine monophosphate
CB cannabinoid

CBD cannabidiol

Cdk cyclin-dependent kinase

CLL chronic lymphocytic leukemia
CNS central nervous system

COX cyclooxygenase

CSsC cancer stem cells

CXCR4 C-X-C chemokine receptor type 4
DC dendritic cell

EC endocannabinoid

ECS endocannabinoid system

EGF epidermal growth factor

EMT epithelial-mesenchymal transition
ERK extracellular receptor kinase
FAAH fatty acid amide hydrolase

GCS glioblastoma stem-like cells

HGF hepatocyte growth factor

HLM human lung macrophage

IFN interferon

IL interleukin

LPS lipopolysaccharide

MAGL monoacylglycerol lipase

MAPK mitogen-activated protein kinase
MCL mantle cell lymphoma

MCs mast cells

MDM monocyte-derived macrophage
MMP matrix metalloproteinase

NK cell natural killer cell

OEA oleoylethanolamide

pDC plasmacytoid dendritic cell

PEA palmitoylethanolamide

PI3K phosphoinositide 3-kinase

PKB pro-tumorigenic protein kinase B
PIGF placental growth factor

PMN neutrophil

PPAR peroxisome proliferator-activated receptors
ROS reactive oxygen species

SCB synthetic cannabinoid

T cell T lymphocyte

Th cell T helper cell
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TIMP tissue inhibitors of metalloproteinases
TLR toll-like receptor

TME tumor microenvironment

TNF tumor necrosis factor

TRB3 Tribbles homolog 3

TRP transient receptor potential channels

VEGF vascular endothelial growth factor
A°-THC  A9-tetrahydrocannabinol.
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