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Abstract

:

Recent research has emphasized the potential of natural and synthetic cannabinoids as anticancer agents. Yet it remains unclear whether and in which sense cannabinoids affect the anticancer activity of NK cells, an important branch of anticancer immunity. Similar uncertainty exists regarding NK cells-based immunotherapy. Here we presented an overview of multiple cannabinoid targets as canonical (mainly CB2) and non-canonical receptors, ion channels, transporters, and enzymes, expressed in NK cells, along with underlying molecular mechanisms. Through them, cannabinoids can affect viability, proliferation, migration, cytokine production, and the overall anticancer activity of NK cells. Respective holistic studies are limited, and, mostly, are phenomenological, not linking observed effects with certain molecular targets. Another problem of existing studies is the lack of standardisation, so that diverse cannabinoids at variable concentrations and ways of administration are applied, and often, instead of purified NK cells, the whole lymphocyte population is used. Therefore, there is an urgent need for more focused, systemic, and in-depth studies of the impact of the cannabinoid toolkit on NK cell function, to critically address the compatibility and potential synergies between NK activity and cannabinoid utilization in the realm of anticancer interventions.
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1. Introduction


Natural Killer (NK) cells are a fundamental component of the innate immune system [1], serving as the frontline defense against infections and malignant transformations. Unlike other immune cells that require prior exposure to a specific pathogen, NK cells possess innate cytotoxicity, enabling them to rapidly identify and eliminate infected or abnormal cells without prior sensitization. This effector function of NK cells relies on the regulation of several activating and inhibitory receptors as well as co-stimulatory receptors [2]. NK cell activation involves a delicate balance between stimulatory and inhibitory signaling, triggering key steps such as the formation and stabilization of the immunological synapse (IS), movement of cytolytic granules (CGs) to the microtubule organizing center (MTOC), polarization, and the subsequent release of CGs’ cytotoxic content (degranulation) into the target cell. Notably, degranulation, a critical step in the process, is heavily dependent on intracellular calcium (Ca2+i). Human NK granules contain perforin, a pore-forming protein facilitating the delivery of granzymes (A, B, H, K, M) to target cells, which through their serine protease function activate caspases to promote target cell death [3,4].



Activating and inhibitory receptors in NK cells, as well as granule content, are a subject of dynamic regulation by multiple endogenous and exogenous stimuli. Additionally, the activity of NK cells can be potentiated through the engagement of death receptors, which include Fas ligand (FasL), TNF, and TRAIL receptors. These receptors bind to their respective counterparts on the surface of target cells, triggering a conformational change in the death receptors. This alteration leads to the recruitment of intracellular adaptor proteins, which in turn induce downstream signaling, ultimately resulting in the apoptotic induction of the target cells.



Nowadays, significant attention is directed towards a group of functionally related molecules collectively termed cannabinoids. This category encompasses endogenously produced cannabinoids (endocannabinoids), those found naturally in plants (e.g., Cannabis sativa, phytocannabinoids), and synthetic cannabinoids. In recent decades, there has been extensive interest in the anticancer properties of certain cannabinoids, particularly those lacking psychoactive effects. Cannabinoids demonstrate significant clinical potential in addressing cancer-related symptoms and managing pain, anorexia, neurological diseases, and sleep-related issues [5]. Furthermore, accumulating evidence from in vivo and in vitro studies supports the anticancer properties of cannabinoids against multiple cancer types [6,7,8,9].



Incorporation of cannabinoids into chemotherapeutic protocols, with a specific focus on non-psychoactive phytocannabinoids like CBD, has been recently considered by our research group [9]. Despite a lack of regulatory approval, many cancer patients turn to CBD products as dietary supplements, to alleviate complications such as pain, fatigue, and neurological disorders. Additionally, cannabinoids have been reported to possess a notable immunomodulatory capacity [10]. This raises questions about how cannabinoids influence the anticancer activity of NK cells and whether NK cell-based immunotherapy is compatible with cannabinoid treatments.



The effects of cannabinoids are not predictable across all cell types, primarily due to complex and diverse mechanisms of action that remain only partially understood. Additionally, there is a growing body of evidence highlighting the significant diversity and variability in the expression of multiple targets for cannabinoids within various cell types. This variability ultimately shapes the response of cells to cannabinoids. Notably, some cannabinoids exhibit hormetic responses, demonstrating opposing effects on cells, depending on the concentration of the cannabinoid.



Given these complexities, modulatory effects of cannabinoids in each specific cell model have to be rigorously evaluated, in order to responsibly assess the clinical potential of these compounds. This consideration is particularly pertinent to NK cells and NK-based anticancer therapies, where NK-specific evaluations are essential for a comprehensive understanding of cannabinoid effects in the context of cancer treatment.



In this review, we have collected and critically analyzed the available data regarding the expression of elements of the cannabinoid toolkit in NK cells and the effects of cannabinoids on NK cells, focusing on the mechanisms underlying the immunomodulatory potential of these compounds. The article starts with a summary of available cannabinoid types and the presence, location, and functionality of multiple cannabinoid receptors and additional targets in NK cells. Then, we summarize the reported effects of cannabinoids on NK cell function and discuss the current state of research in this field, to identify the underexplored issues and to determine the directions of future research.




2. Cannabinoids


Cannabinoids, a group of terpenophenolic compounds, are categorized into three groups: phytocannabinoids, coming from plant sources like Cannabis (e.g., Δ9-tetrahydrocannabinol, THC; cannabidiol, CBD); endocannabinoids, naturally produced in humans and animals (e.g., anandamide, AEA; 2-arachidonoylglycerol, 2-AG); and synthetic cannabinoids, chemically designed ligands for cannabinoid receptors (Figure 1).



Synthetic cannabinoids comprise the largest subfamily within the cannabinoid group, including over 280 members, often demonstrating higher potency compared to endocannabinoids or phytocannabinoids. These cannabinoids are typically named after the scientist or company responsible for their initial synthesis, such as AM for Alexandros Makriyannis, CP for Charles Pfizer, HU for Hebrew University, JWH for John W. Huffman, and WIN for Sterling Winthrop, among others, followed by a sequential experimental number. Common examples of frequently utilized synthetic cannabinoids include CP55-940, WIN55212-2, JWH133, AM251, AM630, etc. For detailed and updated information on each cannabinoid type, extensive reviews are available online [12,13,14].



While cannabinoids exhibit promising anticancer properties by promoting cancer cell death and influencing cancer cell behavior, their translation into effective drugs faces significant challenges due to inconsistent in vivo outcomes compared to in vitro observations. This discrepancy argues for the need of understanding the intrinsic molecular mechanisms underlying cannabinoid-mediated effects, especially concerning their diverse impact on different cancers. Efforts to elucidate these mechanisms are underway, emphasizing the necessity of exploring the signaling pathways involved in cannabinoid actions and the development of innovative formulations and combinations with conventional chemotherapeutics. This approach aims to optimize the potency, efficacy, and delivery of cannabinoids as potential anticancer agents [9,15,16].



Meanwhile, cannabinoids exert indirect anticancer effects by modulating the activity of the immune system, as extensively observed in immune cells such as B and T cells, and macrophages [17,18]. However, information specific to NK cells is limited, despite the fact that NK cells express canonical cannabinoid receptors and a diverse array of additional molecular targets for cannabinoids. To unlock the full potential of cannabinoids in NK cell function and therapeutic applications, a deeper understanding is required regarding which of these cannabinoid targets are effective and how the respective signaling pathways integrate, thereby influencing the overall immune response




3. Structural and Functional Diversity of the Cannabinoid Targets in NK Cells


3.1. Overview of the Cannabinoid Targets


Since the discovery of the endocannabinoid system in the mid-1980s, including the cannabinoid receptors CB1 and CB2, it has become evident that their distribution extends beyond the central nervous system. While CB1 is primarily localized in the cerebellum and cortex of the brain, with marginal presence in peripheral tissues, CB2 was initially identified within the immune system, exhibiting a notable expression in B lymphocytes and NK cells [19,20,21,22,23] (Supplementary Table S1).



Recent experimental data indicate that cannabinoids exert effects beyond classical targets, CB1 and CB2, prompting the exploration of new cannabinoid receptors (CBRs). NK cells exhibit numerous non-canonical CBRs, including enzymes (11), ion channels (9), G-protein coupled receptors (GPCRs; 7), and transporters (4; Figure 2). Expression and functional roles of these CBRs are tissue dependent. While their involvement in immune system function is extensively studied in various cell types, evidence for NK cells is limited. Subcellularly, most of the reported CBRs are localized in the plasma membrane (PM), followed by cytosol, mitochondria, and nucleus (Figure 2B). Notably, functional evidence is absent for many of the CBRs expressed in NK cells, leaving their roles elusive. Nonetheless, functionally explored CBRs exhibit diverse outcomes, influencing effector functions, intracellular signaling, and metabolism (Figure 2C; see also Section 4).




3.2. Canonical CB1 and CB2 Expression in NK Cells


Canonical CBRs, CB1 and CB2, have been extensively characterized in human and murine NK cells through multiple experimental approaches (Figure 2A, Supplementary Table S1). Notably, the preponderance of CB2 in NK cells is highlighted by a striking 100:1 ratio of CB2 to CB1 expression, as revealed by PCR analysis [21,23].



CB2 mRNA expression in NK cells is surpassed only by B cells among immune cell populations. Flow cytometry and fluorescent microscopy analysis confirmed that NK cells express high CB2 protein levels, albeit showing a considerable variability among donors [22]. A similarly high CB2/CB1 ratio was also observed in NK cells, infiltrating in human and murine lung cancer [25].



Single reports of CB2 expression are also available for uterine NK cells (uNK) [26] and KHYG-1, a cell line derived from a patient with aggressive NK leukemia [27], underscoring the widespread presence of CB2 not only in circulating primary NK and uNK cells but also in cancerous NK cell lines



Activation of NK cells is characterized by the overexpression of multiple genes. This transcriptional response extends to the cannabinoid receptors, particularly CB2. Notably, studies have revealed that a specific subset of NK cells, referred to as NKT cells, undergoes a significant increase in CB2 expression during activation induced by IL-2 [28,29]. However, it remains uncertain whether the increased CB2 expression, observed during IL-2-induced activation of NKT cells, is universally applicable to other activation mechanisms, such as chemical induction or recognition of target cells. Currently, there is a lack of evidence supporting similar dynamics in other subsets of NK cells and different activation scenarios, which should be addressed in future research.




3.3. Non-Canonical Cannabinoid Receptors in NK Cells


The orphan G protein-coupled receptors (GPCRs), GPR55 and GPR18, have been identified as key candidates, responsible for mediating the non-CB1/2 effects of cannabinoids. They are also expressed in NK cells (Supplementary Table S1). In one study, microarray analysis demonstrated a gradual increase in GPR18 expression during the differentiation of human CD34+ cells to NK cells from the umbilical cord under in vitro experimental conditions [30]. Another work reported a higher GPR55 protein expression in human monocytes and NK cells as compared to other immune cell populations, based on flow cytometry, western blot analysis, and confocal microscopy data [31].



Other CBRs belonging to the GPCRs family have been described in NK cells, including dopamine receptors (D2), serotonin receptors (5HT1A), and opioid receptors (δ, μ, ҝ). Their role in NK function has been linked to the regulation of antitumoral activity, by modulation of intracellular calcium (Ca2+i) levels, cytokine production, and NK granule content [32,33,34,35,36,37]. However, the actual evidence is very scarce, and this issue needs to be explored in more detail.




3.4. Ion Channels and Ca2+ Signaling


In non-excitable cells such as NK cells, generation and modulation of Ca2+ signals play a crucial role in gene transcription, proliferation, metabolism, cytokine secretion, cell death, and migration. Ca2+ influx in immune cells is primarily mediated by the store-operated Ca2+ entry (SOCE), mediated by Ca2+ release-activated channel (CRAC). This channel is composed of two Orai protein subunits, whose assembly is orchestrated by STIM (stromal interaction molecules) proteins, which undergo oligomerization in a response to endoplasmic reticulum (ER) Ca2+ depletion [38]. SOCE is required for NK cell degranulation and target killing [39]. Of note, degranulation of NK cells has a relatively low Ca2+ optimum level, which is slightly above the resting value (100 nM).



During the activation of NK cells, triggered by the recognition of target cells, multiple receptors are engaged, leading to an increase of Ca2+i. However, this signal is often exaggerated and not optimal for NK cell function. Thus, manipulations leading to a decrease of SOCE can improve the NK activity [40,41].



While there is no direct evidence indicating that cannabinoids directly impact CRAC, they target additional channels that modulate CRAC activity. Upon the formation of the immunological synapse (IS), both Orai and mitochondria relocate to the IS, where mitochondria absorb inflowing Ca2+, alleviating CRAC inactivation induced by local Ca2+i increases in the vicinity of the IS [42]. CBD targets a unique ion and metabolite exchange channel in the outer mitochondrial membrane, VDAC, inducing its highly Ca2+-permeable conformation. This results in mitochondrial Ca2+ overload and the formation of the stable permeation transition pore, collapsing all gradients across the inner mitochondrial membrane and rendering the mitochondria incapable of taking up Ca2+ [43,44,45]. Additionally, CBD induces Ca2+ release from the ER [44]. CBD-induced changes in Ca2+ handling by mitochondria and ER can eventually impact Ca2+-dependent degranulation by NK cells, which requires further investigation.



Inflowing across plasma membrane Ca2+ induces a depolarization, which reduces SOCE, acting as a feedback control [38]. This implies that the activity of other channels, functionally expressed in plasma membrane, can either repolarize or further depolarize the membrane, thus modulating SOCE. Besides, some of these channels can directly contribute to Ca2+ signal. In this regard, transient receptor potential (TRP) family members are vital. The activity of TRP channels, constitutive or stimulated, contributes to membrane potential depolarization, and exerts a significant influence on CRAC channel functionality [46].



The TRP superfamily members, TRPV1-4, TRPM8, and TRPA1, are direct targets for cannabinoids and are often named “ionotropic cannabinoid receptors” [47]. These channels are nonselective cation ones, conducting Ca2+ with a little preference over Na+. TRPV1 activation is influenced by endocannabinoids such as AEA (acting as a low-potency partial antagonist), phytocannabinoids like CBD (which desensitizes TRPV1 to its natural agonist capsaicin), and synthetic cannabinoids like arachidonoyl-2 chloroethanolamine (which also desensitizes TRPA1, forming a reciprocal relationship, where TRPA1-selective cannabinoids desensitize TRPV1) [48,49]. Notably, the synthetic cannabinoid analog WIN55212-2 exhibits dual effects on TRPV1: inhibition at low concentrations, peaking at 1 nM, and stimulation at concentrations above 1 μM [50]. While TRPV1 is functionally expressed in NK cells and contributes significantly to Ca2+ entry, its precise physiological role remains unclear [51].



Non-acidic phytocannabinoids are exclusive natural modulators of TRPV2. CBD and THC activate TRPV2 at low micromolar range, but at the same concentrations cause posterior TRPV2 desensitization [48]. Structure–function relationships, related to CBD binding in TRPV2, are well understood [52]. Recent studies revealed a distinct binding site for another phytocannabinoid (C16), which is under allosteric control by TRPV2 agonist probenecid [53]. TRPV2-mediated Ca2+ signaling plays multiple roles in different immune system cells, yet its role in NK cell remains unexplored, albeit its gene expression exceeds by more than one order of magnitude an average of that in innate and adaptive immunity cells and by two orders of magnitude of that in any other tissue [54]. Of note, CBD not only activates TRPV2 but also induces its relocation from internal compartments to PM [55]. In mast cells, TRPV2-mediated Ca2+ influx plays a key role in stimuli-induced degranulation [56]. Thus, it is tempting to test the role of TRPV2 in target cell-induced Ca2+ influx and degranulation in NK cells, along with the CBD modulation of these processes.



Phytocannabinoids and endocannabinoids exhibit a potent inhibition of TRPM8-mediated Ca2+ influx (IC50: 0.1 μM for CBD and THC) [47,48]. While the exact role of TRPM8 in immune cells remains elusive, unlike other members of the TRPM family (e.g., TRPM2 and TRPM3) that are functionally expressed in NK cells and contribute to cytotoxicity through Ca2+ signaling [57,58], the functional expression of TRPM8 has not been demonstrated yet. Indirect evidence supporting the potential significance of TRPM8 in NK cell function is derived from Marshall-Gradisnik and colleagues [59], who demonstrated that two single nucleotide polymorphisms in TRPM8 are associated with reduced efficiency in the killing of target cells by NK cells.



While TRPA1 was traditionally believed to be specifically expressed in sensory neurons, recent studies have unveiled its functional expression in immune cells, particularly in NK cells [60,61]. Intriguingly, TRPA1 expression is confined to the NK CD56dimCD16+ subset, recognized for its maximal cytotoxic potential against target cells. Notably, specific stimulation of TRPA1 with allyl isothiocyanate in this NK subset induces Ca2+ influx, enhancing granzyme production, degranulation, and target cell killing [61]. TRPA1 is activated and desensitized by phytocannabinoids like CBD and THC at submicromolar concentrations. In contrast, endocannabinoids and synthetic cannabinoids exhibit a lower potency in modulating TRPA1 [47,48].



There is abundant evidence that immune cells possess the complete cholinergic system, including enzymes for acetyl choline (Ach) synthesis and degradation, Ach transfer proteins, and various muscarinic and nicotinic receptors, which affects them in autocrine and paracrine ways [62]. Nicotinic acetylcholine receptors (nAChRs) are ionotropic, conducting small cations with low preference, mediating both Ca2+ and Na+ influx. In NK cells, the functional expression of α7 nAChR has been demonstrated. Stimulation of α7 nAChR induces intracellular Ca2+ release, resulting in the reduction of inflammatory cytokine production and decreased cytotoxicity against target cells [63,64,65]. The homopentameric channel formed by α7 nAChR subunits is inhibited by CBD (IC50 ~11 μM), whereas other cannabinoids, including THC, produced inefficient results [66]. The inhibitory effect of CBD on the nAChR channel is complex and likely arises from the stabilization of resting or desensitized conformational states of the nAChR complex [67]. Thus, CBD acts as an antagonist for nAChR, although, to our knowledge, there have been no attempts to reverse the reduction of NK cell cytotoxicity caused by nAChR agonists using CBD.



NK cells also possess GABA and glycine receptors, characterized by selectivity for small anions such as Cl−. In lymphocytes, which are characterized by a relatively high internal Cl− concentration, the activation of GABA and glycine receptor channels in the PM causes Cl− efflux, which depolarizes the membrane potential, thus reducing SOCE [38].



GABA stimulation of intrinsic GABAA receptors, expressed in NK cells, results in reduced degranulation and cytotoxicity [68]. 2-AG and CBD act as allosteric agonists for GABAA receptors [69]. Notably, NK cells can produce, secrete, and respond to GABA [70].



The presence of glycine receptors (GlyRs), particularly the α subunits, has been demonstrated on the cell surface of NK cells [71]. While direct evidence of GlyR functionality in NK cells is currently lacking, downregulation of GLRA3 expression is associated with NK cell dysfunction in AML [72]. By drawing parallels with other immune cells, it is plausible to speculate that glycine, analogous to its effects in other contexts, might contribute to the modulation of Ca2+ influx and cytokine secretion in NK cells [71].



The presence of Nav channels in NK cells is based on membrane potential evaluation by fluorescent dyes and its modulation by Nav agonists and antagonists [73,74]. To our knowledge, Nav currents have never been measured in NK cells and the information available for other immune cells (T cells) is controversial [38]. Typical Cav3.1 channel activity has been directly demonstrated so far only in mouse T cells [75]. All attempts to detect depolarization-activated Ca2+ currents in human T cells have been unsuccessful. Although the mRNA of pore-forming α subunits of Cav3.2 and Cav3.3 has been found, these encode truncated proteins, which are likely unable to form functional voltage-dependent ion-conducting channels [76]. Given the uncertainty of the operation mode of Nav and Cav proteins in immune cells, we feel that the discussion of a possible impact of their modulation by cannabinoids would be premature.



Phytocannabinoids (particularly THC) are widely recognized as promoting phospholipase activity [77]. The consequent increase in the production of diacylglycerol (DAG) serves as an activator for several Ca2+-permeable transient receptor potential canonical (TRPC) channels. For NK cells, only TRPC3 expression has been demonstrated functionally where it mediates the Ca2+ response to haptens [78]. Therefore, it is plausible to hypothesize that specific cannabinoids, given their capacity to promote phospholipase activity, elevate DAG levels and activate Ca2+-permeable TRPC channels, which may influence NK cells activity via subsequent alterations in global calcium signaling. TRPC channels functionally interact with SOCE, by variating the membrane potential and by interacting with specific proteins in ER, which are essential for Ca2+ release, Ca2+ store, and CRAC assembly [79].



In summary, there are multiple channels or targets for cannabinoids, which are potentially able to shape Ca2+ signaling in NK cells (Figure 3). Although the effects of different cannabinoids on individual channels are relatively well understood, a prediction of their impact on NK cells’ Ca2+i global responses and function is very challenging. Apparently, the effects of the same cannabinoid, e.g., CBD, on different ion channels, can partly compensate each other. Also, the dual effect on TRPVs and TRPA1 on activation and desensitization, needs to be considered. One needs to establish first which of these channels contribute significantly to the response induced by a specific stimulus like target cell presentation, deciphering later on their specific roles in NK cell function.




3.5. Enzymes


Enzymes belonging to the cytochrome P450 superfamily (CYPs) are an emerging and abundant group of cannabinoid targets in NK cells. Although the level of CYP1B1 is low in healthy resting NK cells, in vitro NK expansion by IL-21 or IL-2 administration resulted in a robust (ten times) increase of CYP1B1 transcript. However, the implication of such change to the NK cell function has not been fully understood and the experimental evidence is limited to the observation that CYP1B1 antagonism did not alter NK cell viability [80].



Interestingly, many other CYP3A isoforms are overexpressed in NK tumors with different occurrences: CYP3A4 (57%), CYP3A7 (29%), or CYP3A5 (14%) [81]. It is important to mention that CYP1B together with CYP3A are responsible for the inactivation of many anticancer drugs (e.g., flutamide, vincristine, paclitaxel, docetaxel). In this context, phytocannabinoids (e.g., Δ9-tetrahydrocannabidiol, THC; Cannabidiol, CBD; and Cannabinol CBN; 0–10 µM) act as CYP inhibitors [82]. Consequently, the administration of phytocannabinoids to CYP-overexpressing NK tumors may result in the improvement of chemotherapy (Figure 4). Of note, some CYP3A subfamily members, like CYP3A4, display only limited sensitivity to most of the phytocannabinoids [83].



Another important enzyme that acts as a target for cannabinoids is the phospholipase A2 (PLA2), which catalyzes the hydrolysis of membrane phospholipids to produce free fatty acids, including endocannabinoid production, e.g., arachidonic acid (AA) and lysophospholipids, which can be further metabolized to produce eicosanoids. The latter can alter the cytotoxic activity of NK cells against target cells [84,85]. The role of PLA2 in NK cells is evidenced as its inhibition reduced AA/lysophospholipids production and consequently cytotoxicity against K562. These alterations were reverted by the addition of lysophosphatidylcholine, suggesting that PLA2 activity is necessary for NK effector activity. Correspondingly, independent groups have demonstrated that multiple phytocannabinoids promote PLA2 activity [77,86]. Nonetheless, to date the effect of cannabinoid-mediated PLA2 activation and consequent increase of cytotoxicity against target cells have not been experimentally tested.



Cyclooxygenase 2 (COX-2) is another NK target that can be modulated by cannabinoids. It is responsible for the production of prostaglandins and eicosanoids from AA. Analysis of COX-2 in NK lymphoma demonstrated that up to 70% of the patients displayed COX-2 enrichment. However, its functional role in NK malignancies has not been elucidated yet [87]. Conversely, in non-oncological murine NK cells, COX-2 inhibition led to an enhanced cytotoxic activity against tumor target cells [88]. Interestingly, phytocannabinoids have been described as potent and selective COX-2 inhibitors [89,90]. However, whether cannabinoid administration modulates the cytotoxicity of healthy NK cells through COX-2 inhibition remains elusive.



Fatty acid amide hydrolase, FAAH, a crucial enzyme for the metabolism of endogenous cannabinoids, is also expressed in NK cells. FAAH-deficient mice do not exhibit any significant alteration in NK cytotoxic function. However, despite the unaltered cytotoxic activity of NK cells, these mice demonstrate exaggerated responses to endocannabinoids, including hypomotility, analgesia, and catalepsy [91]. Moreover, FAAH-deficient mice display a reduced cytokine production within NK cells. Additionally, it has been observed that FAAH silencing induces the redistribution of circulating NK cells, with a predominant re-localization to the spleen [92,93].



Grimaldi and colleagues’ discovery, elucidating estrogen’s regulation on FAAH expression [94], represents a significant advance in understanding of the interplay between hormones and the endocannabinoid system. Reinforcing this insight, Curran and co-workers demonstrated estrogen’s modulation of NK cell activity, even in the absence of estrogen receptors in knockout (KO) mice, suggesting alternative pathways for estrogen’s influence on NK cells [95].



Notably, in certain estrogen-regulated cancer types such as breast cancer, patients with low FAAH expression face a poor prognosis. The precise connection between NK estrogen regulation via FAAH expression and this clinical observation remains unclear but signifies a compelling area for future exploration.



Finally, the energy supply for NK cells relies mostly on glycolysis and oxidative phosphorylation (OXPHOS). Both processes are more pronounced in activated NK cells. OXPHOS is indeed a requisite for NK cell function and the inhibition of ETC complexes, e.g., inhibition of the F-ATP synthase by oligomycin or Complex I inhibitor rotenone limits NK cells IFN-γ and TNF-α production [96,97]. In this regard, multiple phytocannabinoids (CBD: 8.2 µM; THC: 36 µM) and endogenous cannabinoids (AEA: 43 µM) act as Complex I inhibitors. Additionally, phytocannabinoids and endocannabinoids act as Complex II (CBD: 19 µM; THC: 24 µM; AEA: 39 µM) and Complex IV (CBD: 18 µM; THC: 14 µM; AEA: 23 µM) inhibitors [98]. Due to the strong dependence of malignant NK cells on OXPHOS, its inhibition by cannabinoids can represent an effective approach for the treatment of NK malignancies.




3.6. Transporters


Early studies of glycoprotein P (P-gp) expression patterns demonstrated that among leukocytes, NK cells express the highest amount of P-gp. Interestingly the inhibition of P-gp by multiple pharmacological approaches limits the cytotoxic effects of NK cells against target cells in a dose-dependent manner [99,100,101]. The data from independent groups suggest that P-gp is critical for promoting NK function. However, the precise mechanism responsible for such NK-cytotoxicity improvement is still elusive.



P-gp is also present in NK leukemias, where it acts as a multidrug efflux system. A case-report of a patient with NK cell leukemia demonstrated increased levels of functional P-gp [102]. However, the implications of P-gp expression in NK cell chemoresistance or leukemic progression was not evaluated. Some phytocannabinoids (CBD, CBN, and THC) rapidly limit the P-gp-mediated drug extrusion. Additional independent evidence confirmed that long-exposure to cannabinoids (72 h) promotes P-gp downregulation [103,104]. Thus, suppression of P-gp by cannabinoids can be used as a tool against cancerous NK cells (Figure 2).



The ATP-binding cassette (ABC) family includes multiple proteins that extrude chemotherapeutic drugs. The subfamily G, member 2 protein (ABCG2) is expressed in oncological NK cells [105]. In these cells, ABCG2 expression confers resistance to multiple chemotherapeutics such as cytarabine, doxorubicin, cisplatin, or gemcitabine, in contrast to non-oncological cells. Therefore, in oncological NK cells, ABCG2 plays a pro-survival role. Of note, some cannabinoids (CBN, CBD, and THC) have strong inhibitory effects on ABCG2-expressing cancer cells [103]. However, their effect on NK lymphoma/leukemia has not been addressed yet.



A less-known cannabinoid target found in NK cells is the fatty-acid-binding protein 5 (FABP5). The role of FABP5 seems to depend on the cell type. A recent study with NK cells demonstrated that FABP5 is necessary for the NK control of tumor development. Specifically, FABP5 deficiency leads to impaired NK maturation, decreased granzyme content, limited IFNγ production, and consequent tumor progression [106]. It is known that endocannabinoids (2-AG, AEA) as well as phytocannabinoids (CBD, THC) target FABP5 [107,108]. Yet the impact of these interactions for the NK function is to be evaluated.



In this section we have described the total of CBRs found in NK cells and NK tumors, with the emphasis on those characterized functionally. The effects of different cannabinoids on the same CBR can differ. Apparently, some CBRs may have more influence on specific NK functional properties than others, and, eventually, the net effect of simultaneous hitting of multiple CBRs must be considered. Therefore, it is important to review global effects of cannabinoids on NK functions. Available data will be discussed next.





4. Biological Effects of Cannabinoids on NK Cells in Animal Models and In Vitro Studies


Original data discussed in this section are presented in more detail in Supplementary Table S2.



4.1. Functional Role of CB2 in NK Cells: Evidence from Murine CB2-Knockout Models


The role of the CB2 receptor in NK cell function has been explored using a CB2-knockout (CB2−/−) murine model, exposed to allergen-induced pulmonary inflammation. In this model, CB2−/− mice exhibited increased migratory capacity of pulmonary NK cells, leading to enhanced infiltration and accumulation in the airway’s microenvironment. CB2−/− mice were found to be resistant to the development of allergic airway disease, contrasting with wild type (WT) mice. Correspondingly, pharmacologic CB2 inhibition with AM251 in WT mice decreased peribronchial inflammation, while NK cell depletion in CB2−/− mice restored allergic inflammation. Transfer of CB2−/− NK cells into WT mice suppressed the allergic response. In vitro activation of CB2−/− NK cells resulted in a higher IFN-γ production compared to WT NK cells. The findings suggest that CB2 expression in lung NK cells is linked to allergic predisposition [109].



Independent work established a murine model of non-small cell lung cancer, using CB2−/− mice [25]. In this model, the leukocyte count remained unaffected in terms of viability and proliferation patterns. However, for NK cells, there was a notable increase in migratory capacity compared to WT NK cells. Additionally, CB2−/− NK cells exhibited enhanced degranulation capacity when subjected to an activating stimulus in vitro. These findings strongly suggest that CB2 plays a negative regulatory role in the migratory and antitumor capacities of NK cells.




4.2. Effects of Cannabinoids on NK Cell Viability and Proliferation


Cannabinoids have been shown to be cytotoxic against various types of tumors [15,44,110,111,112,113,114]. A non-psychotropic cannabinoid, CBD, was tested in most of these studies. For in vitro experiments, the cytotoxic effects of CBD were reported for micromolar concentrations, whereas a significant decrease of tumor growth in animal models was observed for 5–10 mg/kg doses [9,115]. There is multiple evidence that cannabinoids preferably affect cancer cells. However, CBD is almost equally toxic to healthy activated lymphocytes and T-ALL cells, whereas healthy resting lymphocytes are resistant. Also, many cancer types are much more resistant to CBD than T-ALL cells [44]. Thus, both tissue specificity and metabolic/physiological status matter.



The earliest work, studying the effect of Δ9-THC on NK cells, was performed on a population of cloned murine NK cells stimulated by IL-2 [116]. It was found that Δ9-THC in the concentration range of 2.5–10 μM drastically limited the incorporation of 3H thymidine, a marker of cell proliferation. This inhibitory effect was reversible.



CBD (2.5 or 5 mg/kg/day) induces lymphopenia in rats at 14 days of administration. However, this effect was restricted to T and B lymphocytes populations, but not to NK cells [117]. Moreover, the authors reported that lower doses of CBD (2.5 mg/kg/day) stimulated proliferation of NK and NKT cells. Thus, NK cells seem to be more resistant to CBD than other lymphocytes. Findings in animal models have been confirmed by some observations in humans (Section 5).



As mentioned above, the effects of cannabinoids on tumor and NK cells under similar experimental conditions reveal true differences in their sensitivity. In this regard, Garofano and Schmidt-Wolf tested the cytotoxicity of CBD in the range of 1–20 μM on multiple myeloma cell line KMS-12 PE and cytokine-induced CD3+CD56+ NKT cells [28]. They demonstrated that whereas CBD caused cytotoxicity against myeloma at high (15–20 μM) concentrations, it was protective at all tested concentrations against spontaneous in vitro lysis of primary NKT cells, and the absolute number of alive NKT cells was even increased at 1 μM CBD.



The data presented here suggest that NK cells may be less sensitive to cannabinoids than T and B cells and cancer cells. Yet we feel that the existing experimental evidence is insufficient to draw definitive conclusions. Additional comparative studies, using different types of tumors and NK cells, are needed to elucidate the differential effects of cannabinoids on tumor and NK cells. The emphasis should be on CBD, since this cannabinoid is the most likely candidate for the anticancer therapy, and it is the one most often consumed by cancer patients for palliative purposes.




4.3. Effects of Cannabinoids on NK Cell Migration and Cytokine Production


Increased level of cytokine production, in particular of IFNγ and migration capacities, are the main features of activated NK cells. Here we present some available data on how cannabinoids modulate these processes.



As it was mentioned above (Section 4.1), silencing of CB2 receptors in mice drastically increases the production of IFN-γ, migratory, and degranulation capacities of NK cells, in a response to activation stimuli [109]. One can assume from this data that endocannabinoids, through CB2 receptors, negatively regulate the NK cell activity. In this context, the long-term administration of the specific CB2 agonist JWH-133 (5 mg/kg) on spontaneous chronic colitis progression in IL-10−/− murine model decreases the migration of NK cell in vivo, confirming the assumption that CB2 negatively regulates NK cells’ migration [118].



KHYG-1 cell line is a popular in vitro model to study NK cells. It was used to explore and compare the effects of two main endocannabinoids (AEA and 2-AG) and Δ9-THC [27]. It was observed that 2-AG (1 μM), in contrast to AEA and Δ9-THC, induced the migration of KHYG-1 cells in a concentration-dependent manner. Similar data were obtained with human primary NK cells isolated from peripheral blood. The effect was abolished by CB2 receptor antagonist SR144528, suggesting the CB2 involvement in the 2-AG-induced NK cells’ migration. Interestingly, Δ9-THC also abolishes the 2-AG-induced migration, indicating an antagonistic effect of Δ9-THC on CB2 in NK cells. These results apparently contradict the data on the negative regulation of NK cell migration activity through the CB2 receptor [109]. However, the increased migration was observed at micromolar concentrations of 2-AG, whereas its serum concentrations in humans are lower, 10 to 500 nM [119]. Furthermore, KHYG-1 cell line was derived from an aggressive NK cell leukemia, whose features may differ from those of native NK cells.



When AEA at high (10 μM) concentration was added to the incubation medium of isolated uterine NK cells, they slightly increased IFNγ production [26]. Although this study demonstrated the expression of both CB1 and CB2 receptors on uterine NK cells, their role in the observed effect was not experimentally tested.



Indirect data, evidencing the inhibitory effect of Δ9-THC on IFNγ but not IL2 production by NK cells, were earlier reported by Massi and colleagues [120]. In this work, Δ9-THC and CB1/CB2 antagonists were administrated in vivo to mice. Cytokines’ production by the whole population of isolated splenocytes but not pure NK cells in response to Con A was tested in this work, limiting the data interpretation. Interestingly, that inhibitory effect of Δ9-THC on IFNγ production was completely reversed by both CB1 and CB2 antagonists.



As mentioned previously, expression of orphan cannabinoid receptor GPR55 is higher in human NK cells than in other populations of immune cells [31]. Correspondingly, GPR55 stimulation with O-1602, increases the expression of CD69 and production of granzyme B, IFNγ, and TNFα, which evidences possible involvement of GPR55/GPR18 receptors in NK cell activation and function [31].




4.4. Effect of Cannabinoids on Anticancer Activity of NK Cells


To functionally assess the anticancer capacity of NK cells, the standard practice involves conducting an in vitro cytotoxicity assay. NK cells are co-cultured with tumor target cells, and subsequent determination of target cell death is performed. Within the scope of this review, we present a comprehensive analysis of several reports elucidating the modulatory effects of cannabinoids on the cytotoxic activity of NK cells against target cells.



Sub-chronic treatment of Wistar rats with Δ9-THC (3 mg/kg, subcutaneously, 25 days) suppresses cytotoxicity of isolated splenocytes against target YAC cells, whereas acute injection was not effective [121]. However, a decreased cytolytic activity of splenocytes was reported also after acute Δ9-THC injection in mice, when the drug concentration was higher (15 mg/kg subcutaneously) [120]. This inhibitory activity of Δ9-THC was attributed to canonical CB1 and CB2 receptors, since in vivo pretreatment of animals with corresponding CB1/CB2 antagonists partially reversed the effect, and the CB1 antagonist was more effective. Intraperitoneal injection of high Δ9-THC concentration in mice (1 mg/mice ≈ 40 mg/kg) also significantly decreased the cytotoxic activity of splenocytes against target YAC-1 cells after 2 days of treatment [122].



An inhibitory effect of Δ9-THC (10–30 µM) was evident in in vitro experiments, when the drug was directly introduced into the cultured medium during cytotoxicity assays. These experiments were conducted using splenocytes isolated from murine and human peripheral blood lymphocytes against K562 cells [122,123,124,125,126]. Notably, the suppressive potency of 11-hydroxy-THC surpassed that of Δ9-THC. Similar results were observed for CBD at high concentrations (3–20 μM). While CBD demonstrates suppressive effects on the cytotoxicity of NKT cells against the myeloid cell line KMS-12 PE, the concentrations of 10–20 µM also exhibit toxicity towards NKT cells [28].



Regarding synthetic cannabinoids, studies with the non-selective CB1/2 agonist CP-55,940 (0.2–0.4 mg/kg) in murine models revealed a partial inhibition of the cytotoxic activity, exhibited by rat splenocytes against YAC cells, without concurrent adverse effects on NK cell viability [124,125]. Moreover, synthetic agonists for CB1 and CB2 receptors, ACEA and GW833972A, respectively, revealed distinct outcomes in the modulation of cytotoxic activity. While ACEA lacked any effect, the cytotoxicity of CD8+ cells was attenuated in the presence of GW833972A [126].



Finally, markers of the anticancer activity against target cells, such as enhanced levels of granzyme B and degranulation markers (e.g., CD107), were observed in purified human NK cells exposed to O-1602, a GPR55/GPR18 agonist, and these stimulatory effects were abolished in the presence of the GPR55 antagonist CBD [31].



The data presented here suggest that cannabinoids often display an inhibitory effect on the activation and functional activity of NK cells. This may call into question the compatibility of cannabinoids and immunotherapy. It should be noted, however, that there are few studies of the topic, and the range of studied concentrations is limited. Low concentrations that are achieved when consuming CBD-containing supplements have not been studied. The fact that functional tests were performed in most cases on a total population of splenocytes (in rodents) or human peripheral blood lymphocytes, rather than on a purified population of NK cells, complicates the interpretation.



Global effects of cannabinoids on NK cells are summarized in Figure 5.




4.5. Effect of the Cannabinoids in the Interaction between NK and Target Cells


As previously discussed, NK cells’ effector function depends on the balance between inhibitory and activator receptors, which in turn is regulated by the interaction with respective ligands on the target cell surface (Supplementary Table S3). Most of the activator receptors act by employing conserved sequences (Immunoreceptor Tyrosine-based Activation Motifs; ITAMs). Downstream events result in the elevation of Ca2+i levels, which favors the transcription of cytokines and chemokines, as well as cytoskeleton reorganization, and stimulates cytotoxic granule release [2,127]. Another consequence of NK cell activation is the expression of death ligands, which, through death receptors, induce the regulated cell death. These death ligands include TNF-α, Fas ligand (FasL), and TRAIL, which bind their cognate receptors (TNFR1, Fas, and DR4/DR5, respectively) in the target cell, triggering cell death [128].



In this context, endocannabinoids, phytocannabinoids, and synthetic cannabinoids—through the modification in the activator receptors and ligands in the NK and target cells —change their balance, hence defining the activated or inhibited NK phenotype. Respective data can be found in Supplementary Table S3, with a summary presented in Figure 6.





5. Cannabis Effect on NK-Related Branch of Immunity in Clinical Reports


Available data suggest that NK cells are relatively resistant to cannabinoid-mediated cytotoxicity (Section 4). We searched for human studies on this topic and found that clinical reports on the effects of cannabinoids on immune function, and in particular NK cell status, are limited and have been conducted under variable conditions. Here we present some of the published results.



For example, the effects of cannabinoid ingestion (in the form of bhang, made from cannabis leaves boiled with water and sugar) on the immune system were studied in groups of high school and university students in Egypt [129]. In this study, a statistically significant reduction in the amount of NK cells in peripheral blood was observed in those individuals who consumed bhang for a period of up to 24 months, while for longer periods of use up to 36 months, the amount of NK was closer to the control value, with no statistical difference (each study group included 30 people). A similar study was conducted by Pacifici and colleagues to evaluate cell-mediated immune function in young cannabis users and compare them with non-users (20–30 participants in each group) [130]. They reported an approximately two-fold decrease in NK cell numbers. A significant limitation of both reports was that the composition and dose, frequency, and period of cannabis use were not controlled. It should be noted that the influence of additional factors that can affect the immune status in groups of cannabis users cannot be excluded, in particular specific lifestyle habits, including poor diet, tobacco and alcohol consumption, circadian rhythm disorders, deficiencies in medical care and hygiene, among others. For example, severe stress has been shown to cause a decrease in NK cell populations in asymptomatic human immunodeficiency virus (HIV)-positive homosexual men [131].



There is some research on the effects of cannabinoids on immune status in human immunodeficiency virus (HIV)-infected patient populations. Marijuana and THC (dronabinol, marinol) have been used to treat HIV-associated anorexia and weight loss. But few of these studies have specifically addressed the relationship between cannabis use and immune competence of NK cell populations. Bredt and colleagues designed a study to determine the safety/toxicity profile of THC in people with HIV infection on protease inhibitor-containing regimens [132]. The drug was consumed by smoking of cigarettes (0.9 mg, 3.95% THC, 3 times daily) or as dronabiol capsules. In this study, no differences in NK cell count and function were observed between marijuana smokers, dronabinol, and placebo groups (20 individuals in each group) after a short-term (21 days) protocol. Similarly, no differences in NK cell counts were detected in HIV-positive adolescents using marijuana, in comparison to non-users [133]. Interestingly, lytic activity per NK cell moderately enhanced and was associated with recent cannabis use in this report.



Non-psychotropic cannabinoid CBD seems to stimulate the lymphocyte proliferation at low concentrations (discussed in Section 4.2). These findings in animal models were confirmed by some observations in humans. When CBD was used as a daily supplement (50 mg/daily) in 530 healthy volunteers, the number of NK cells in peripheral blood was enhanced [134].



As for other cannabinoids, Siniscalco’s group reported that long-term oral administration of GPR55 endogenous agonist palmitoylethanolamide (PEA) in a dose up to 1200 mg daily by a 13-year-old male with allergic and asthmatic disorders resulted in the slight enrichment of NK cells in peripheral blood samples from 32 to 52 cells/mL (normal range 60–300 cells/mL) after one month of treatment [135]. However, the mechanisms by which PEA favors NK proliferation were not explored.




6. Conclusions and Perspectives


This review has been stimulated by a growing interest in cannabinoid use in anticancer therapies. This raises a very important question of how cannabinoids affect patients’ immune system, and, in particular, NK cells, which represent the important branch of natural anticancer immunity. Compatibility of cannabinoid use with NK-based immunotherapy for diverse cancer types remains a pivotal consideration for both palliative and anticancer treatments.



Nowadays we know that the signaling events, triggered by cannabinoids, are complex. These are not restricted to the action through canonical CB1 and CB2 receptors, of which CB2 is predominantly expressed in immune system cells. Cannabinoids act on multiple other targets, including non-canonical receptors, ion channels, transporters, and enzymes. Here we summarized the current knowledge on those expressed in NK cells, focusing on their function and the mechanisms of modulation by diverse cannabinoids. On the other hand, we discussed here global effects of cannabinoids on NK cell viability, proliferation, migration, cytokine production, and anticancer activity. Critical analysis reveals that the present state of research on these topics is rather incomplete. We are, as yet, unable to state which of the reported CBRs are more essential for each global function.



The growing interest in cannabinoid effects on NK cells contrasts with the current state of the literature, which remains notably fragmented. Studies exhibit discrepancies across experimental systems, clinical observations, cannabinoid types, concentrations, and administration routes, lacking a cohesive framework. Differential impact of various cannabinoids on common targets, along with dose- and use-dependent effects, emphasizes the urgency for more focused investigations. Moreover, methodological limitations, such as employing entire populations of rodent splenocytes or human peripheral lymphocytes in functional assays rather than purified NK cells, underscore the critical need for rigorously designed systematic studies. Thus, effects of cannabinoids need to be primarily evaluated on purified NK cells.



Remarkably, there is a very limited number of clinical studies in which the effects of cannabis use on the human immune system have been assessed. It should be noted that these studies were limited to measuring circulating leukocyte populations, without assessing cell function and reported conflicting results: increased, decreased, or no change in NK cell numbers for cannabis users. Our view aligns with the National Institutes of Health (NIH) committee report on cannabis health effects [136], emphasizing the urgent need for well-designed clinical research on this topic.
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Figure 1. Overview of the cannabinoid types. The structure of representative phytocannabinoids (green; left), endocannabinoids (orange, center), and synthetic cannabinoids (grey, right) are provided. Further details and additional characteristics for each cannabinoid can be accessed online through the PubChem database [11]. 
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Figure 2. Overview of the classical and non-classical CBRs in NK cells. (A) Classification of the proteins targeted by cannabinoids in NK cells. (B) Subcellular location of the CBRs in NK cells. (C) Processes regulated by the reported CBRs in NK cells. Color code: CBRs were colored only when their subcellular localization was appropriately validated for NK cells, whereas grey-coded CBRs represent functionally expressed ones with the suggested location, based on the data from the protein atlas [24] (see details in Supplementary Table S1). 
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Figure 3. Role of the ion channels present in NK cells in the regulation of intracellular calcium and NK cell function. (1) NK cell activation results in the formation of the immunological synapse (IS), promoting the intracellular downstream signaling, which results in the production of IP3 and consequent Ca2+ release from the ER. (2) Depletion of ER Ca2+ induces STIM conformational change, resulting in the interaction of STIM with Orai subunits, to assemble the functional CRAC channel, which promotes Ca2+ entry (SOCE). (3) K+ channels functionally interact with CRAC by mediating K+ efflux and promoting hyperpolarization to sustain CRAC activity. (4) Mitochondria are recruited upon IS formation and contribute to preserve CRAC activity by taking up high amounts of Ca2+ to limit CRAC inactivation. Additionally, mitochondrial Ca2+ uptake favors the cell´s metabolism, necessary for its effector function (e.g., migration, degranulation). (5) Intracellular Ca2+ rise triggers the expression of multiple genes involved in NK cell activation, proliferation, and function. (6) The magnitude of intracellular Ca2+ rise determines the efficiency of the lytic granule release (see text for details). (7) The contribution of TRP family members, nAChR, and GABAA, to the global Ca2+ signal can impact the NK cells’ response to target cells. Blue circles depict Ca2+ ion. Yellow signs (!) indicate ion channels, expressed in NK cells, which are regulated by cannabinoids (see text for the details of regulation). Pink rectangles represent perforin, whereas yellow circles represent granzymes. 
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Figure 4. Model for cannabinoid-induced sensitization of malignant NK cells to chemotherapy. (A) Tumoral NK cells exposed to chemotherapy overexpress proteins belonging to the cytochrome P450 superfamily (CYPs), which metabolize common chemotherapeutics to promote a pro-tumorigenic state. Additionally, they express high levels of P-gp and ABCG2, both acting as efflux systems for chemotherapeutics. (B) Cannabinoids, mainly from plant sources, act as P-gp, ABC2G, and CYP inhibitors, which enable maximum retention of chemotherapeutics in NK tumor cells, limiting tumor growth. 
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Figure 5. NK cytotoxic activity against target cells and its modulation by cannabinoids. The effector response of NK cells is a multistep process. First, NK cells recognize the target cell through the interaction of surface molecules, forming the immunological synapse (IS). Protein clustering at the IS promotes the intracellular cell signaling that includes Ca2+i elevation, cytoskeleton reorganization, and gene expression. As an early response, lytic granules, containing granzymes and perforin, are released. A long-term response involves the production and release of cytokines and chemokines with autocrine and paracrine activities. Numbers indicate the steps at which cannabinoids have been demonstrated to act as regulators. (1) THC and O-1602 promote the expression of activation receptors in the target cell (detailed information can be found in Supplementary Table S3). (2) Most cannabinoids (CBD, THC, O-1602, AEA) have been shown to regulate intracellular Ca2+ levels in multiple cell types. (3) Cannabinoids have different effects on cytokine production and release. THC, CBD, and JWH133 decrease IFN-γ, IL-12, and TNF-α production, whereas AEA, AA, and O-1602 promote IL-12, IFN-γ, and TNF-α production. WIN55-212-2 and AEA promote cytokine production and release, whereas THC and JWH-133 inhibit cytokine production. (4) O-1602 enhances Granzyme B content in lytic granules, whereas CBD decreases Granzyme B content. (5) O-1602 favors NK degranulation. (6) CBD and THC have been shown to inhibit the NK chemotactic stimuli produced by target cells. (7) Cannabinoids modify the balance between activator and inhibitor proteins in target cells (further discussed in Section 4.5). (8) Cannabinoids exert direct cytotoxic effects on several cancer types [113,114]. 
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Figure 6. Activatory and inhibitory interactions, modulated by cannabinoids in NK and target cells. Green: modifications in these interactions result in activation of NK cells. Red: modifications in these interactions result in inhibition of NK cells. Names of altered proteins are set in colored and bold font. 






Figure 6. Activatory and inhibitory interactions, modulated by cannabinoids in NK and target cells. Green: modifications in these interactions result in activation of NK cells. Red: modifications in these interactions result in inhibition of NK cells. Names of altered proteins are set in colored and bold font.



[image: Receptors 03 00007 g006]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file4.png
A

C

CBRs in NK cells

<\ 4

Total=31

B Enzymes

B lon channels
I GPCRs

l Transporters

Processes regulated by CBRs

&
L

B Cytotoxicity

B Degranulation/granule content
© Chemoresistance

B Metabolism

B Proliferation

B Migration

B Cytokine profile

¥ Cell to cell contact

B Calcium signaling

GPRss GPR18

ETC 0 CYP3A4 0 CYP3A7

CYP1B1

0 CYP3A5

TRPM TRPV
2,3,8 1,2

TRPA1 GABA-A





nav.xhtml


  receptors-03-00007


  
    		
      receptors-03-00007
    


  




  





media/file2.png
Phytocannabinoids Endocannabinoids Synthethic cannabinoids

Cannabidiol Cannabigerol Anandamide AM-251 AM-630

RV et g o

JWH-122 JWH-133

Delta-9-tetrahydrocannabinol Cannabinol 2-Arachidonylglycerol

Cannabividivarin Cannabichromene CP55-940






media/file5.jpg





media/file3.jpg
o B I

cans et o o &
p Y
= b St 5 5 A
A Trasgorers ‘Hw
oz 4 .
c vose o W FABPs
— ] ) =

| o o o -

QR BT T LA
7" =, “ GTR N

Calo cetcontact T cuan
s St 256






media/file1.jpg
Phytocannabinoids Endocannabinoids Synthethic cannabinoids

[ o —

“ Qm‘%

i o
AL ks
Rh_ PA
S

=

pr—
N

2 vaciconyohcors

e

[ QO
8~ -
& ¢

s G
~A o §

by
Q
baBt






media/file7.jpg
Cancer NK cell
under chemotherapy

Increased drug metabolsm  Chemotherapy evasion
e g fec ot rorston

g

© Camnabinoids ncreased g elemion  Sensazaton o chemotharapy
I ‘enhanced dug fect e nnaton

9 —






media/file10.png
Intracellular Ca? levels (nM)

NK cell Target cell

Activator ligand

Activator receptor Immunological synapse

Inhibitor ligand

Inhibitor receptor

o

Cytokines O
release
@ G C
@ @ ranzyme -y ~8spase Cell death
) incorporation activation
Optimum levels o @
for NK degranulation o °
Migration : Chemotactic stimuli

towards target cell production and release





media/file12.png
Receptor
NKG2D
NKp46
NKG2C
KLRG1
KLRG1
PILR
CD69
FasL
FasL
TRAIL
TRAIL

Activation

Ligand

MICA
Viral HA
HLA-E
Cadherins
Cadherins
CD99

Fas
Fas
DR5

DR4/DR5

Inhibition
Cannabinoid Receptor Ligand Cannabinoid
SR141716 KIR3DL1 HLA-A THC
CB2 /- NKp30 B7-H6 THC
THC KIR2DL2 HLA-B/C THC
Cannabis LILR MHC-I THC
CB2 /- LILR MHC-I CBDV
CBD LILR MHC-| CBD
0O-1602 LILR MHC-I CBG
AEA LILR MHC-I CBN
CBD LILR MHC-I CBC
WINS52122 LILR MHC-I  WIN552122
CBD PD1 PD-1L  WIN552122 Z Z
FasL Fas JWH133 Z
FasL Fas THC

FasL Fas SR141716





media/file9.jpg
NK cell Target cell
Immuncogica syn