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Simple Summary: The endocannabinoid system (ECS) is a complex signaling pathway system involved
in the regulation of multiple functions in both normal tissues and cancer. A9-tetrahydrocannabinol and
cannabidiol are plant-derived cannabinoids that possess some efficacy against adult cancer, in part via
modulation of the ECS, and may be less toxic agents compared to other treatments used in oncology.
To date, there are minimal studies that have investigated these drugs in the pediatric cancer setting.
Indeed, there are currently no preclinical or clinical studies examining the effects of cannabinoids in
pediatric brain cancer, although there is some evidence that they can alleviate symptoms associated
with childhood cancer therapy, such as vomiting and nausea. Given there is accumulating evidence
that cannabis use during adolescence is associated with poor mental and cognitive health, there is a
present and urgent need to investigate the safety and efficacy of cannabinoids in pediatric oncology
to provide guidance to families and physicians.

Abstract: Cannabinoids are a group of chemicals that bind to receptors in the human body and, in
turn, modulate the endocannabinoid system (ECS). They can be endogenously produced, synthetic,
or derived from the plant Cannabis sativa L. Research over the past several decades has shown that
the ECS is a cellular communication network essential to maintain multiple biological functions and
the homeostasis of the body. Indeed, cannabinoids have been shown to influence a wide variety of
biological effects, including memory, pain, reproduction, bone remodeling or immunity, to name a
few. Unsurprisingly, given these broad physiological effects, alterations of the ECS have been found
in different diseases, including cancer. In recent years, the medical use of cannabis has been approved
in different countries for a variety of human conditions. However, the use of these compounds,
specifically as anticancer agents, remains controversial. Studies have shown that cannabinoids do
have anticancer activity in different tumor types such as breast cancer, melanoma, lymphoma and
adult brain cancer. Specifically, phytocannabinoids A9-tetrahydrocannabinol (THC) and cannabidiol
(CBD) has been shown to induce apoptosis and inhibit proliferation of adult cancer cells, as well as
modulate angiogenesis and metastasis. Despite increasing evidence that cannabinoids elicit antitumor
effects in adult cancers, there is minimal data available on their effects in children or in pediatric
cancers despite public and clinical demand for information. Here we describe a comprehensive and
critical review of what is known about the effects of cannabinoids on pediatric cancers, highlight
current gaps in knowledge and identify the critical issues that need addressing before considering
these promising but controversial drugs for use in pediatric oncology.

Keywords: cannabinoid; medical cannabis; A9-tetrahydrocannabinol; THC; CBD; cannabidiol;
pediatric oncology; childhood cancer

1. Introduction

Throughout history, cannabinoids have featured ubiquitously in modern and ancient
cultures for their potent biological and psychoactive properties, giving rise to their thera-

Cancers 2021, 13, 157. https:/ /doi.org/10.3390/ cancers13010157

https:/ /www.mdpi.com/journal /cancers


https://www.mdpi.com/journal/cancers
https://www.mdpi.com
https://orcid.org/0000-0003-4655-0932
https://orcid.org/0000-0002-9233-8273
https://orcid.org/0000-0003-3554-2769
https://doi.org/10.3390/cancers13010157
https://doi.org/10.3390/cancers13010157
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/cancers13010157
https://www.mdpi.com/journal/cancers
https://www.mdpi.com/2072-6694/13/1/157?type=check_update&version=2

Cancers 2021, 13, 157

20f 14

peutic use in folk medicine. Although more than 100 cannabinoids derived from the plant
Cannabis sativa (phytocannabinoids) have been identified [1], A9-tetrahydrocannabinol
(THC) and cannabidiol (CBD) attract the most attention due to their natural abundance
and potency. These compounds act via the endocannabinoid system (ECS), which was
originally discovered through research to understand the psychoactive effects of THC.
This system has broad-reaching effects in mammals and is comprised of two G-protein
coupled cannabinoid receptors type 1 and 2 (CB;R and CB;R), their endogenous cannabi-
noid ligands (endocannabinoids) and the enzymes which regulate their synthesis and
degradation [2].

The best-characterized endocannabinoids are 2-arachidonoylglycerol (2-AG) and N-
arachidonoylethanolamide (AEA or anandamide). They are lipid-based signaling molecules
that are synthesized from arachidonic acid present in the cellular membrane [2]. These
endocannabinoids mediate different biological functions by binding and stimulating CB;R
and CB;R [3,4]. Both receptors are expressed throughout the body with abundant expression
of CB;R in the central nervous system (CNS) [5] and CB;R primarily found in immune cells
with some cell-specific CNS expression [6]. While many effects of THC are mediated via CB;R
and CB,R, CBD has a lower affinity for these receptors. Additionally, endocannabinoids
and phytocannabinoids can bind and mediate their effects by modulating non-cannabinoid
receptors such as adenosine receptor, transient receptor potential cation channel subfamily V
member 1 (TRPV1), peroxisome proliferator-activated receptors (PPARs) and other G-protein
coupled receptors including GPR55 and GPR18 [7-9] (Figure 1).
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Figure 1. Plant-derived cannabinoids modulate cannabinoid and non-cannabinoid receptors in the
human body. A9-tetrahydrocannabinol (THC) functions primarily by activating G-protein coupled
cannabinoid receptors type 1 and 2 (CB;R and CB;,R) that are normally stimulated by endogenous
cannabinoids, such as N-arachidonoylethanolamine (AEA) and 2-arachidonoylglycerol (2-AG). Addi-
tionally, phytocannabinoids have been shown to bind and modulate the activities of non-cannabinoid
receptors. Examples shown are G-protein coupled receptors including GPR55 and GPR18, tran-
sient receptor potential channels (e.g., TRPV1) and peroxisome proliferator-activated receptors
(e.g., PPARYy).
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The characterization of CB1R in the early 1990s led to the discovery that the ECS is
involved in several pathophysiological processes, including embryogenesis, neurogene-
sis, immune response, memory and learning, metabolism, and inflammation, to name a
few [10]. In consequence, immense interest in whether the ECS could be therapeutically
targeted for the human disease developed. In this context, one promising avenue of re-
search has been the discovery of THC and CBD as anticancer agents. Over the past two
decades, preclinical data indicate that THC, CBD, as well as other synthetic cannabinoids
induce cancer cell death and inhibit tumor proliferation, metastasis, and angiogenesis [11].
While it is generally accepted that cannabinoid-based treatments confer relatively few
negative side effects in adult cancer patients compared to conventional treatments such as
radiotherapy and chemotherapy, these results have unfortunately not been translated into
many adult clinical trials despite increasing interest in these compounds in the medical
and oncology space.

In terms of pediatric cancer, there is a paucity of clinical and preclinical evidence
describing the pros and cons of medicinal cannabinoids. Indeed, recent surveys reveal only
30% of oncologists and pediatricians felt they had sufficient knowledge to make a qualified
decision on the administration of cannabinoids to a sick patient [12], and 85% stated they
needed more education on the safety and efficacy of cannabinoid treatments [13]. Despite
this lack of self-reported expertise, 76% of 1446 oncologists said they would approve
cannabinoids for a medical purpose [14,15]. Furthermore, despite the lack of rigorous
research on cannabinoids in pediatric oncology, many parents still choose to administer
cannabis to their sick children [16].

It is clear that there is a dearth of knowledge regarding the safety and efficacy of
cannabinoids in pediatric oncology, and few guidelines exist that define or recommend
effective dosing [17]. Here, we discuss what is known about the effects of cannabinoids
on pediatric cancers and highlight current gaps in our knowledge. Specifically, we will
focus on how the ECS is altered in pediatric cancers and which data are available about
the antitumor effect of cannabinoids in these cancers, paying special attention to pediatric
brain tumors given the promising data emerging on their utility in adult brain cancer.
We aim to provide a better picture of the current knowledge regarding the potential use
of cannabinoids for the treatment of pediatric cancers, the unsolved problems, and what
future evidence is needed before considering these promising but controversial drugs for
use in pediatric oncology.

2. Effects of Cannabinoids in Pediatric Cancer

In past decades, a broad range of studies has shown that cannabinoids exhibit an-
titumor properties in different adult cancer types, including breast cancer, melanoma,
pancreatic cancer, lymphoma and brain tumors, among others. These include studies in a
wide variety of experimental models of cancer, ranging from cancer cell lines to xenografted
animals and genetically engineered mouse models [11,18] (Figure 2 and Table S1). Despite
these data demonstrating the antitumor properties of cannabinoids in adult cancers, very
little is known about their effects on pediatric tumors.

The majority of the research regarding pediatric cancers has been conducted in
leukemia models, especially in T-cell acute lymphoblastic leukemia (IT-ALL), a highly
aggressive and chemotherapy-resistant cancer which makes up 15% of all childhood ALL
cases. Several groups have shown that cannabinoids induce leukemia cell death both
in vitro and in vivo [19-24]. Specifically, these studies show that cannabinoids increase
intracellular stress and damage mitochondrial membrane potential, resulting in subse-
quent cytochrome c release and cleavage of caspases 8,9, 2 and 10 [19,23,24]. Importantly,
ceramide biosynthesis was shown to be essential for cannabinoid-mediated activation
of the intrinsic apoptotic pathway [22], as also has been reported in adult glioblastoma
models [25]. Additionally, CBD induces ROS production in leukemia cells [26], a common
mechanism of action found in other cancers involving an increase in the expression of
NAD(P)H oxidases Nox4 and p22Phox [24].
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Figure 2. The anticancer activity of phytocannabinoids THC and cannabidiol (CBD) has been
extensively demonstrated in animal models of adult cancer, but childhood cancers remain under-
investigated. A range of animal studies including ectopic (blue dot) and orthotopic xenografts
(including chemically induced tumors, red dot) in immune-competent mice; ectopic (purple dot) and
orthotopic (orange dot) xenografts in immune-deficient mice; or studies on tumors spontaneously
arising in genetically engineered mouse models (green dot) have been used to demonstrate the
antitumor effects of THC and CBD. In contrast, preclinical research for pediatric cancers is limited to
a few studies in a limited number of cancers. Of note, some animal studies have demonstrated that
THC may also have tumor-promoting actions in lung and breast cancers.

More recently, Kalenderoglou et al. showed that CBD targets the mammalian target of
rapamycin (mTOR) pathway in leukemia cells, decreasing the phosphorylation of AKT,
mTOR and ribosomal S6, affecting leukemia cell size [27]. In addition, Olivas-Aguirre
and colleagues showed that CBD induces cell death via necrosis and autophagy in mul-
tiple types of T-ALL [20]. Suppose there is a direct link between the mTOR pathway,
autophagy and apoptosis following cannabinoid treatment in leukemia cells, as there is in
glioblastoma [25,28] or hepatocellular carcinoma [29]; it is still to be investigated. Impor-
tantly, promising results have been found when combining cannabinoids with leukemia
chemotherapies. Specifically, THC and CBD synergize with doxorubicin, vincristine and
cytarabine in leukemia cells in vitro [30,31]. Validating these results in vivo would be an
essential step towards the clinical translation of these exciting data.

Encouraging data were reported in pediatric rhabdomyosarcoma, the most common
soft tissue sarcoma in children, in 2009, when THC and the synthetic cannabinoid HU-
210 were observed to inhibit the growth of these tumors [32]. In vitro and in vivo results
showed that THC and HU-210 induced CB;R-mediated apoptosis via the inhibition of
AKT signaling and an increase in stress-associated transcription factor p8. This finding was
consistent with the actions observed for cannabinoid-induced apoptosis in adult cancer
cells [33].

This was followed by another group that investigated the synthetic cannabinoid,
WIN 55,212-2, a potent CB;R agonist, as an antitumoral agent using a model of pediatric
osteosarcoma [34]. In cultured osteosarcoma cell lines, WIN 55,212-2 induced cell cycle
arrest and upregulated several hallmarks of endoplasmic reticulum stress such as GRP7S,
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CHOP and TRB3, along with subsequent autophagy [34]. As above, these mechanisms of
action for cannabinoid signaling are consistent with reports from adult cancers [25,28].

Fisher and colleagues investigated the effects of THC and CBD in pediatric neuroblas-
toma [35]. They reported that both THC and CBD significantly reduced neuroblastoma
cell viability in vitro, and CBD impeded xenograft growth in vivo [35]. While the study
did not elucidate a mechanism for the antitumoral effects of CBD, it was noted that CBD
induced neuroblastoma cell apoptosis both in vitro and in vivo.

Overall, these preclinical data indicate cannabinoids have potential anticancer efficacy
across a range of different pediatric cancers, albeit with a variety of mechanisms of action
reported. Of note, these pediatric cancers have very different cells of origin, exist within
different tissue contexts and are typically driven by tumor-specific driver mutations [36].
The disadvantage of these studies is the use of long-term cultured cell lines, which are often
criticized for not truly representing human cancer [37]. Few studies have validated their data
in animal models, and those that did failed to use orthotopically xenografted models, thus,
not replicating the true tissue context of these cancers (Figure 2 and Supplementary Table S1).
Nonetheless, across these studies and despite the investigation of several different CB;R
and/or CByR agonists, cannabinoids appear to consistently reduce pediatric cancer cell
proliferation. There are still numerous pediatric cancers where the effects of cannabinoids
have not been examined, including brain cancer. Given the evidence demonstrating the
antitumor effect of cannabinoids in adult brain tumors, the suitability of these compounds for
childhood brain cancer treatment should be studied.

3. Cannabinoids and Pediatric Brain Tumors

Brain cancers comprise the second most common neoplasms diagnosed in chil-
dren [38]. Numerous studies have confirmed an antitumor effect of cannabinoids in adult
brain tumors. In mouse models of glioblastoma (the most common brain cancer in adults),
it has been shown that both THC and CBD improved animal survival when administered in
combination with temozolomide, the standard-of-care chemotherapy [39,40]. Furthermore,
when glioma cells were pretreated with THC or CBD, either in vitro or in vivo, they were
sensitized to radiation-induced death resulting in prolonged survival of mice [41]. How-
ever, despite these encouraging data, and the known ability of cannabinoids to penetrate
the blood-brain barrier, there is no existing preclinical data on the effect of these agents in
pediatric brain tumor models.

Although there is published evidence that ECS expression is altered in adult brain
tumors, whether it is altered in pediatric brain tumors compared to healthy brain tissue
and whether this alteration influences tumor progression is limited to two previous studies,
highlighting the urgent need to expand the current literature. An initial study investigated
CB;R immunoreactivity across 25 pediatric brain tumors [42]. CB;R immunoreactivity was
reported to be very high in pediatric astrocytic tumors such as glioblastoma (n = 3) and
subependymal giant cell astrocytoma (1 = 1), but low in embryonal brain tumors such
as medulloblastoma (n = 2) and supratentorial primitive neuroectodermal tumor (PNET,
n =1). These data suggested that CB;R expression may correlate with the histopathological
origin of the disease [42].

For CB1R expression, Sredni and colleagues investigated gene expression in 33 pe-
diatric low-grade gliomas. Within their cohort, they compared sub-totally resected cases
where tumors were either stable or had spontaneously involuted with cases that relapsed.
They reported that CB1R expression was the best predictor of spontaneous involution
(p = 0.007) [43]. Moreover, they confirmed that the expression of CB;R in the fetal brain and
these childhood brain cancers are significantly higher than in the adult brain [43], as are
many pediatric brain cancer-associated genes [44,45].

There is a lack of published reports describing the expression of other components of
the ECS in pediatric cancer. Searches for studies investigating AEA, 2-AG, GPR55, GPR1S,
PPAR or TRPV1 in pediatric brain tumors revealed a complete lack of research in this area.
In contrast, for adult brain cancers, AEA levels have been studied in glioma, but with



Cancers 2021, 13, 157

6 of 14

conflicting results. Some reported AEA to be higher in meningioma and glioma compared
to normal brain tissue [46], while others found expression to be lower in glioma [47,48].
Conflicting results have also been reported for CB;R expression, with some authors demon-
strating CB1R to be upregulated in high-grade glioma compared to low-grade glioma
and normal brain tissue [47], while others have found the opposite [49]. Overall, a basic
understanding of the role of the ECS system in pediatric brain cancer cells is required
before one can speculate on the potential effects that cannabinoids may exert on these
cancers, prior to considering their use in childhood CNS neoplasms.

4. Clinical Evidence of the Effect of Cannabinoids in Pediatric Brain Cancer

In line with the scarcity of preclinical data about the effect of cannabinoids in different
pediatric cancer, to date, there are no clinical trials addressing the potential antitumor effect
of cannabinoids in childhood cancer. However, there are anecdotal reports that tout the
benefits of medicinal cannabis for children with brain cancer. A report by Foroughi et al.
described two cases of spontaneous regression of low-grade glioma (pilocytic astrocytoma)
in two females that coincided with the consumption of cannabis via inhalation [50]. As men-
tioned above, a retrospective study of low-grade gliomas shown that CB;R expression does
correlate with tumor involution providing a plausible mechanism of action [43]; however,
Foroughi and colleagues did not investigate CB1R expression in the cases reported.

In a more traditional approach, Kenyon and colleagues investigated the effects of
synthetic CBD, delivered in controlled and defined doses to 119 patients with a broad
range of different cancer types, including pediatric patients [51]. The best response to CBD
was observed in a 5-year old male with posterior fossa ependymoma. After experiencing
limited success with standard therapies, including two surgeries, chemotherapy and con-
formal photon radiotherapy, the child was prescribed CBD with no concomitant treatment.
A magnetic resonance imaging scan performed 10 months after initiating CBD therapy
revealed an approximately 60% decrease in tumor volume, and further scans showed
stable disease [51]. Disease reduction was also reported in an adult with ependymoma, as
well as for adults with breast, prostate and esophageal cancer. In this study, a maximal
recommended clinical trial dose for CBD could not be defined due to the complete absence
of side effects [51].

Despite numerous other anecdotal reports that describe anticancer benefits of cannabi-
noids in pediatric cancer patients, formulating a rigorous conclusion on their true effects is
not possible. This is because the cannabis products used are varied, ranging from synthetic
cannabinoids to whole-plant extracts or cannabinoids purified from plant extracts (purified
oils). The exact components of the substances used are not well described, and cannabi-
noid concentrations within plant extracts have not been comprehensively documented
(as would be done in a conventional clinical trial). In addition, the dosage and route of
cannabinoid administration differ across reports. To this end, a recent Australian study
found significant variability in the actual vs. reported cannabinoid content and profile of
extracts purchased via nontraditional means [52]. Moreover, many cancer patients have
received conventional therapeutics (such as radiotherapy and chemotherapy) either prior
to cannabinoid therapy or concurrently. Thus, to date, there are no studies that comprehen-
sively demonstrate that cannabinoids have antitumoral benefits in childhood brain cancer,
yet the anecdotal positive responses that have been reported sustains significant interest in
this type of medication.

5. Cannabinoid Metabolism and Potential Interactions with Other Cancer Therapeutics

Cannabinoids are predominantly metabolized in the liver by hepatic enzymes such
as those in the cytochrome p450 family and glucuronosyltransferases (UGTs) [53], a large
family of hepatic enzymes responsible for 75% of all drug metabolism in humans [54].
Specifically, CYP3A4 is primarily involved in the metabolism of THC and CBD [53,55].
Of note, this enzyme is also important in the metabolism of several brain cancer chemother-
apeutics, including cyclophosphamide and vincristine [56,57]. Therefore, there is the
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potential that co-administration of cannabinoids with conventional cancer treatment proto-
cols could alter the bioavailability of chemotherapeutics, prolonging their cytotoxic effects.
The liver is also the primary location of metabolism for numerous other drugs, including
several pharmaceuticals used in the treatment of cancer, such as anticonvulsants, analgesics
and traditional chemotherapies. As such, cannabinoid use during conventional cancer
therapy should be very carefully considered. Knowledge of which drugs are metabolized
by the same enzymes that metabolize cannabinoids and the inhibitory or inductive effect
of cannabinoids on these enzymes will allow for the prediction and understanding of drug-
drug interactions (Figure 3 and Table S2). As evidence for potentially detrimental drug
interactions, a recent study of 42 epileptic children found almost one-third of those taking
concomitant CBD and anticonvulsant valproate recorded abnormal liver function tests
and increased aspartate and alanine aminotransferase levels [58]. Whether these effects
on liver function are transient and reversible is unknown. Interestingly, the brain and
brain stem are an extra-hepatic metabolic site and express several p450 enzymes, including
CYP3A4 [59]. As the expression of p450 enzymes in the brain is heterogeneous among
individuals [60], this could cause differences for cannabinoid or other drug effects and
impact either treatment response or toxicity across individuals.

CYP1A2 CYP2B6 CYP2C8 CYP2C9 CYP2C19
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Figure 3. Potential interactions between CBD and/or THC and other drugs used in pediatric oncology.
Shown are various drugs used in childhood cancer care that have the potential to be affected by
CBD, THC, or their metabolites, divided into groups based on which enzymes they are known to
be metabolized by. Note that several drugs are metabolized by more than one enzyme (indicated
with an asterisk). Enzymes enclosed in the red shaded area are involved in the metabolism of CBD in
humans, while enzymes in the area shaded blue are involved in the metabolism of THC, while no
shading indicates enzymes that do not metabolize CBD or THC. The arrows extending from THC
and CBD indicate the enzymatic interactions that have been observed, which are mostly inhibitory.

It is well established that drug metabolism in children differs from adults [61]. While
the activity of the main enzyme that metabolizes THC and CBD (CYP3A4) is not signifi-
cantly different between these two age groups [62], a pharmacokinetic study on synthetic
CBD reported some differences in CBD plasma concentrations between infants, children
and adults, with higher maximal CBD plasma associated with increasing age [63]. Differ-
ences in activity of other THC/CBD metabolizing enzymes, specifically CYP2C19, have
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been described with higher activity reported in children compared to adults [62]. It has
been speculated this may facilitate the higher pediatric clearance of voriconazole com-
pared with adults [62], and as such, may also mediate higher clearance of cannabinoids
in children.

6. Role for Cannabinoids to Improve Quality of Life for Pediatric Cancer Patients

Instead of directly investigating the anticancer effects of THC and CBD, there are
several clinical studies that have aimed to evaluate the role of cannabinoids in symptom
management and improvements in quality of life (QOL) for children with cancer. To date,
most of our understanding of the utility of cannabinoids in managing symptoms associ-
ated with cancer or cancer treatments is derived from adult studies where cannabinoid
administration can increase appetite, reduce chemotherapy-induced nausea and vomit-
ing, and improve mood [14,64]. However, these studies are limited by small cohorts and
heterogenous cannabinoid products.

There are several historic studies that examined cannabinoids as antiemetic agents
in pediatric cancer patients. Two randomized, double-blinded trials showed THC was a
superior antiemetic compared to placebo [65,66]. A follow-up study found patients with
chemotherapy-induced nausea and vomiting responded better to THC than prochlorper-
azine, a common anti-sickness medicine [67]. However, the benefits of THC appeared to be
specific to the chemotherapy being used for treatment because while THC had antiemetic
properties for sarcoma patients on high-dose methotrexate, this was not the case for pa-
tients treated with doxorubicin and cyclophosphamide [68]. These studies did not include
children with brain cancer. A more recent report describing the experience of patients at
Children’s Minnesota, which did include children with brain cancer, states that cannabi-
noid use in conjunction with traditional antiemetic regimens does improve the patient
chemotherapy experience and quality of life [69].

Seizures are a common symptom of brain cancer [70]. Medical cannabis (synthetic or
plant-derived extracts) has been investigated in 11 studies for children and adolescents
affected by epilepsy [71]. In these noncancer patients, most experienced a reduction in
seizures with cannabinoid administration, and while no major side effects were associated
with CBD [51], THC was found to cause drowsiness and dizziness that increased in severity
at higher doses [71]. There is one report of using CBD for seizure management in an
adolescent with brain-tumor related epilepsy. However, they experienced increased seizure
frequency, albeit with a reported reduction in seizure severity, while adults in this trial
experienced a reduction in seizure frequency [72].

More recently, a single institution in Israel reported their experience over 15 years
in 50 pediatric patients (including 9 with brain tumors) where patients were prescribed
medical cannabis for cancer and related nausea, vomiting, pain, loss of appetite and
depressed mood [73]. The compounds were provided by several producers/distributors
licensed by the Israel Ministry of Health and delivered via oral oil drops, inhalation or
a combination of both. Questionnaire-based assessments revealed 80% of patients were
highly satisfied with cannabinoid treatment, reporting that its usage improved some
or most of their cancer-related physical and psychological suffering (domains assessed
included pain, nausea and vomiting, sleep, appetite and mood). Reports of negative side
effects were infrequent [73]. However, the study is limited by its retrospective approach
and the lack of detailed outcomes.

Overall, this and previous studies are important first steps to aid our understanding
of these compounds and their benefits, but our ability to form conclusions is limited by
the heterogeneity of the cannabinoid products used and differences in route of delivery.
Typically, oral administered cannabinoids rarely reach 20% bioavailability [74], while it can
be as high as 45% when inhaled [75]. The fact that 60% of patients described by Ofir et al.
used the oral route may explain why so few negative side effects were reported [73].

A trial currently being conducted out of the Children’s Hospital Colorado will evaluate
the impact of cannabis-derived products for children with CNS tumors who choose to
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self-medicate (clinicaltrials.gov identifier: NCT03052738). This much-needed study will
make use of questionnaires to measure the quality of life and, importantly, will also
collect peripheral blood samples to assess blood cannabinoid levels [76]. Such data are
essential to determine if there is a true correlation between measurable patient outcomes
and cannabinoid exposure.

7. Risk of Cannabinoid Use in Children

Although controlled medical cannabis use in adults is reported to be safe and well-
tolerated, it should not be assumed that it is safe for children and adolescents. The ECS
plays a major role during brain development with CB;R, 2-AG and AEA all present in the
brain from early in prenatal development [77]. Endocannabinoids influence neurodevel-
opment by regulating neuronal migration, while CB;R has been reported to have roles in
neuronal precursor proliferation, migration, axonal elongation, as well as synaptogenesis
and myelination later in development (reviewed in [78]). In zebrafish, a common model
for research in the ECS, in utero exposure to THC and CBD was shown to cause morpho-
logical defects such as shorter body length [79], although the concentrations tested were
significantly higher than those achievable in human plasma. Murine studies demonstrate
that exogenous cannabinoid exposure during embryogenesis can disrupt neurotransmitter
systems resulting in altered motor function and reproductive function, but these studies
focused only on THC and also used high concentrations that would not be considered
suitable in a pediatric cancer setting [80-82].

The critical role of the ECS in mediating neural and cognitive function are not iso-
lated to gestation or early childhood. During adolescence, CB;R activation mediates the
maturation of interactions between the pre-frontal cortex, amygdala and hippocampus—
neural centers responsible for emotion and stress-related behaviors [83]. Furthermore,
CBjR-mediated processes are involved in the regulation of neurogenesis, memory, learning,
cognition, reward centers and depression [84]. It is therefore conceivable that disruption of
normal ECS functions by exogenous THC use may alter a range of brain functions. By far,
the majority of reports describing cannabinoid effects in adolescents focus on cohorts with
self-reported chronic smoked cannabis use where the amount of THC consumed is seldom
measured or reported. Inhalation of smoked cannabis can cause short-term physiolog-
ical effects, such as tachycardia, somnolence and xerostomia, and psychological effects
such as paranoia, short-term memory loss and anxiolysis [85]. Prolonged cannabis use
via inhalation in adolescents is associated with mental health problems and drug depen-
dence [86]. However, a rigorous longitudinal co-twin control study found that short-term
cannabis use had no significant effect on IQ or executive functions, even among heavy
cannabis users [87]. The study stated that familial background factors played a major role
in predicting whether adolescent cannabis users would perform worse on IQ and executive
function tests. The notion that lower IQ precedes cannabis use in adolescents is supported
by other longitudinal studies [88,89]. Given the complexity of factors surrounding this
multigenerational chicken-or-the-egg conundrum, it is unsurprising that the evidence on
the harm of cannabis is conflicting.

A major distinction between THC and CBD is that CBD does not signal via CB;R, and
in fact, preclinical models have shown that CBD has neuroprotective activity in conditions
of oxygen and glucose deprivation [7]. In a review of five clinical trials analyzing CBD
treatment in over 1000 pediatric patients suffering from Dravet syndrome, it was found that
a daily dose of 20 mg/kg for a period of up to 14 weeks was safe and well-tolerated [90].
Not only did CBD significantly reduce seizure frequency in all trials, but the only adverse
effects experienced during administration were somnolence, diarrhea, and decreased
appetite. Importantly, no adverse mental or cognitive effects were reported. While these
results indicate low CBD toxicity over the period of administration, they are limited due to
a lack of long-term cognitive examination.

Whether cannabinoid administration to children or adolescents could cause long-term
disruptions in cognition and neurological functioning or exacerbate CNS damage caused
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by conventional cancer treatments requires further investigation. Furthermore, specifically
in the cancer setting, it remains unknown whether cannabinoids can be safely or effectively
administered to the pediatric population in combination with other conventional cancer
treatments. In the absence of conclusive studies, the American Academy of Pediatrics has
taken a cautious view and does not approve of cannabinoid usage in children [91,92].

8. Conclusions

The debate over cannabinoid use in children’s cancer continues due to a complete lack of
rigorous and thorough literature describing its safety and efficacy. As cannabis is increasingly
legalized around the world, there is a greater demand for its utilization in medicine by
parents of children with severe diseases and the urgency to elucidate their efficacy and safety
intensifies. Current preclinical evidence supports their efficacy and safety in adult brain
tumors, with some indications that cannabinoids may interact synergistically with selected
chemotherapies. However, this is yet to be demonstrated clinically.

Despite some promising reports, any data demonstrating the potential benefit of
cannabinoids for pediatric cancer patients is preliminary. Our knowledge regarding the
cellular mechanisms of action for cannabinoids in different cancer types or between adult
versus pediatric cancers is still not well understood and presents a challenge when trying
to translate results from adult clinical trials to children. Existing studies, unfortunately,
employ a broad variety of methodologies to assess the antitumor effects of THC and CBD,
as well as differences in the types of cannabinoids (purified from plants versus synthetic),
formulations (plant extracts or pure compounds), doses, and routes of administration uti-
lized. Unsurprisingly, this has led to differences in the observed effects and mechanisms of
action. Given the important role of the ECS on neural development in early life, the impact
of exogenous cannabinoids in children requires careful consideration; however, the realm
of research in this area is currently barren. Further research is vital to clarify whether
there is true potential for the use of cannabinoids as therapeutic agents in the management
of pediatric cancers. Moreover, carefully controlled long-term studies are necessary to
determine if medical cannabis use in children does have negative neurodevelopmental
consequences and if these outweigh their anti-neoplastic utility.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com /2072-669
4/13/1/157/s1, Table S1. Summary of selected studies that have investigated the anticancer efficacy
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published sources used to generate Figure 3.
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