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Abstract
Introduction: Glioblastoma (GBM) is the most common invasive brain tumor composed of diverse cell types
with poor prognosis. The highly complex tumor microenvironment (TME) and its interaction with tumor cells
play important roles in the development, progression, and durability of GBM. Angiogenic and immune factors
are two major components of TME of GBM; their interplay is a major determinant of tumor vascularization, im-
mune profile, as well as immune unresponsiveness of GBM. Given the ineffectiveness of current standard ther-
apies (surgery, radiotherapy, and concomitant chemotherapy) in managing patients with GBM, it is necessary to
develop new ways of treating these lethal brain tumors. Targeting TME, altering tumor ecosystem may be a vi-
able therapeutic strategy with beneficial effects for patients in their fight against GBM.
Materials and Methods: Given the potential therapeutic effects of cannabidiol (CBD) in a wide spectrum of diseases,
including malignancies, we tested, for the first time, whether inhalant CBD can inhibit GBM tumor growth using a
well-established orthotopic murine model. Optical imaging, histology, immunohistochemistry, and flow cytometry
were employed to describe the outcomes such as tumor progression, cancer cell signaling pathways, and the TME.
Results: Our findings showed that inhalation of CBD was able to not only limit the tumor growth but also to alter
the dynamics of TME by repressing P-selectin, apelin, and interleukin (IL)-8, as well as blocking a key immune
checkpoint—indoleamine 2,3-dioxygenase (IDO). In addition, CBD enhanced the cluster of differentiation (CD)
103 expression, indicating improved antigen presentation, promoted CD8 immune responses, and reduced in-
nate Lymphoid Cells within the tumor.
Conclusion: Overall, our novel findings support the possible therapeutic role of inhaled CBD as an effective, rel-
atively safe, and easy to administer treatment adjunct for GBM with significant impacts on the cellular and mo-
lecular signaling of TME, warranting further research.
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Introduction
Glioblastoma (GBM), the most common malignant brain
tumor, is highly invasive locally, recurs often, and has
poor prognosis.1–3 Despite advances in cancer therapies,
GBM remains incurable, with a median survival of only

15 months.1–5 Current standards of care for GBM, includ-
ing surgery, radiotherapy, and chemotherapy, produce
only limited responses.4 Therefore, an urgent need exists
for the development of novel, more effective alterna-
tive therapeutic modalities in the treatment of GBM.
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Tumor microenvironment (TME), a complex net-
work of many cell types, blood vessels, lymphatics,
and immune signaling, and extracellular matrices,
plays a significant and integral role in the progression
of cancer.5–8 The interplay between angiogenic and
immunogenic compartments within TME is of funda-
mental importance to tumor survival and thus poor
patient outcomes.7,9 Therefore, targeting angiogenesis
and immunologic components may alter the ecosystem
of TME with beneficial outcomes for patients with GBM.

Recent studies have suggested a central role for ape-
lin, an inotropic peptide with proangiogenic features
during the progression of GBM.10–13 While there was
a minimal level of apelin expression in normal brain
tissues, however, apelin expression was significantly el-
evated in GBM. Inhibition of apelin has resulted in the
decrease in growth rate of GBM tumor volume.12,13

Several studies have reported a very distinctive im-
mune profile within TME of GBM, characterized by
heightened immune checkpoint signaling, accumulated
suppressive myeloid cells, and a decrease in effector
lymphoid cells. There is a particularly low frequency
of cytotoxic T cells.7,9,14 The reciprocal communication
between immune compartment and nonimmune com-
ponents of TME (e.g., tumor cells, endothelial cells,
and vascular system) in GBM not only determines
the status of the immune profile of TME but also af-
fects the vascularization, angiogenesis, and ultimately
the longevity and viability of the tumor itself.7,9,15,16

Importantly, cellular immunity, mediated by effector
T cells, is the major arm of immune system against
tumor antigens and cancer progression.17,18 Inhibiting
T cell activation, particularly auto-reactive cluster of
differentiation (CD) 8 + cytotoxic T cells, is a central
immunomodulatory strategy by which immune check-
points exert their suppressive role against antitumor
immunity within GBM.5,19–21

As an immune checkpoint, indoleamine 2,3-dioxygenase
(IDO), a rate-limiting enzyme with inhibitory effects
on T cells, has emerged as a very attractive potential
target in the immunotherapy of several types of cancer,
including GBM.4,22–25 Due to its unique potential im-
munomodulatory function, IDO is considered a non-
conventional immune checkpoint with overarching
effects on chronic inflammation, antigen presentation,
and immune tolerance for tumor ecosystem.

Along with IDO, recent studies have demonstrated
that P-selectin may serve as an immune checkpoint
within TME, promoting tumor growth in GBM.26,27

P-selectin is a transmembrane protein acting as a cell

adhesion molecule on the surfaces of activated endo-
thelial cells and platelets, providing the foundation
for interplay between tumor cells and cellular compo-
nents of the blood.28

Furthermore, the phylogenetically ancient, but
newly discovered members of TME are innate lym-
phoid cells (ILCs).29–31 These special lymphoid cells
mirror T-helper cells, but possess neither T cell recep-
tors nor lymphoid surface markers, except CD45.32–34

The role of ILCs in tumor development and cancer
progression is controversial and yet to be elucidat-
ed.30,31,35 However, increasing evidence suggests a
central role for ILCs (including natural killer, NK,
cells) in GBM.36 Given the complexity and heterogene-
ity of GBM, an alternative treatment to alter the TME
by inhibiting immune checkpoints may be a potential
therapeutic modality with significant beneficial effects
for patients with GBM.

Cannabidiol (CBD) is a relatively safe, nonpsychoac-
tive phytocannabinoid produced by Cannabis plants.
Recent work by our laboratory and others suggest a
beneficial effect of CBD alone or in combination with
other cannabinoids in the treatment of malignan-
cies.37–41 Increasing evidence suggests therapeutic and
potential antitumor effects of cannabinoids in the treat-
ment of GBM.42–56 Multiple pre-clinical studies, in-
cluding in vitro as well as in vivo animal models,
have demonstrated very encouraging results by inhibit-
ing the growth of GBM.42–52,57,58 Several investigations
on human subjects and clinical trials have supported
the notion that cannabinoids may have the potential
as therapeutic modalities in GBM.44–49,53,56

In this study, we tested, for the first time, the poten-
tial effect of inhaled CBD in the progression of GBM
in a murine model, and whether such treatment
could alter the TME of GBM. Our findings demon-
strated the potential of CBD inhalation in the inhibi-
tion of tumor growth with alterations of TME in GBM.

Materials and Methods
Animals
Wild-type (total of 11 mice from 3 independent co-
horts), 9- to 11-week-old male C57BL/6 mice (obtained
from Jackson Laboratories, Bar Harbor, ME) were used
to generate the orthotopic GBM model. The animals
were housed in the laboratory animal facilities of
the Augusta University with free access to food and
water. All the experiments were performed according
to the National Institutes of Health (NIH) guidelines
and regulations. The Institutional Animal Care and
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Use Committee (IACUC) of Augusta University (pro-
tocol No. 2011–0062) approved all the experimental
procedures.

Tumor cells and orthotopic animal model of GBM
To generate the orthotopic GBM model in mice, synge-
neic GL261 cells were used as described previously.59 In
brief, luciferase positive GL261 cells were grown in
standard growth media (RPMI-1640 plus 10% fetal bo-
vine serum) and collected in serum-free media on the
day of implantation. Mice were anesthetized using
3% isoflurane and maintained with 1.5–2% isoflurane
throughout all surgical procedures. After preparation
and drilling a hole at 2.25 mm to the right and 1 mm
posterior to the bregma, taking care not to penetrate
the dura, a 10 lL Hamilton syringe with a 26G-needle
containing tumor cells (30,000) in a volume of 3 lL was
lowered to a depth of 4 mm and then raised to a depth
of 3 mm.

During and after the injection, a careful note was
made for any reflux from the injection site. The needle
was withdrawn 1 mm at a time in a stepwise manner 2–
3 min after completing the injection. The surgical hole
was sealed with bone wax. Finally, the skull was
swabbed with Betadine before suturing the skin. Post-
operative analgesia was provided with a single injection
of buprenorphine (1 mg/kg sc).

Tumor growth was determined by optical imaging
(bioluminescence imaging after injecting luciferin) on
day 8 post-implantation. In vivo, optical images were
obtained to keep track of primary tumor and metastasis
development by injecting 100 lL of luciferin (dose
150 mg/kg) intraperitoneally followed by the acquisi-
tion of bioluminescence signal by spectral AmiX opti-
cal imaging system (Spectral Instruments Imaging,
Inc., Tucson, AZ). The photon intensity per mm per
second was determined by Aura imaging software by
Spectral Instruments Imaging, LLC (version 4.0.0).

Treatment protocol
The animals were further subdivided to receive ei-
ther inhalant CBD or placebo (10 mg/day), delivered
through an inhaler (ApelinDx; TM Global Bioscience
USA) as described. The dose was calculated based on
effectiveness and tolerability of CBD to achieve antitu-
mor effect.60,61 Inhalant CBD or placebo was applied to
the animals every day for a period of 8 days, first dose
on day 9 and last dose on day 16 post-surgery. At day
17 post-implantation, another set of imaging was per-
formed before all animals were sacrificed and tumor

tissues were harvested for histology and immunohisto-
chemical analysis, as well as all flow cytometry-based
assays.

Metered dose tincture inhaler: composition
and pharmacokinetics
TM Global Bioscience USA provided the metered dose
tincture inhaler, ApelinDx. As depicted in Figure 1,
ApelinDx was modified by adding an extra nozzle
piece to adjust to the mouse model and to further con-
trol the intake of CBD. ApelinDx contained 985 mg of
broad-spectrum CBD (winterized crude hemp extract)
plus 15 mg of cosolvent, surfactant, and propellant,
total volume of 1000 mg (5 mg dose per spray, with
200 mL/min flow rate). For the placebo, the 985 mg
of broad-spectrum CBD was replaced with 985 mg of
hemp seed oil.

The plasma concentration of inhalant CBD is
reached to the peak rapidly within 3–10 min and max-
imum concentration is higher relative to oral inges-
tion.60 Several studies have shown an average
systemic bioavailability of 31% for CBD.62 Further-
more, it is reported that inhalant CBD reduces con-
centrations of an inactive circulating metabolite and
enhanced CBD bioavailability compared with oral ad-
ministration.62–64 These values improve therapeutic
ratio by preventing erratic absorption and bypasses
first-pass hepatic metabolism, reducing local and sys-
temic side effects.65

Histology and immunohistochemistry
Freshly harvested GBM tumor tissues were fixed with
10% neutral buffered formalin (HT50-1-128; Sigma),
processed, and then embedded with conventional
dehydrated paraffin. All subsequent procedures were
performed at room temperature. Fixed paraffin-
embedded tumoral tissues were cut in 4 lm sections
and stained with hematoxylin and eosin (H&E) based
on standard protocol of H&E staining, observed and
analyzed by a bright field light Zeiss microscope. To
analyze the tumor size, we cut all tumors in half from
the location with longest diameter to send for histology
sectioning. We then measured and quantified the area
of tumor invasion by using NIH ImageJ software (ver-
sion 1.53g).

Further immunohistochemical assessment was car-
ried out as described previously.66 In short, all slides
were rehydrated and endogenous peroxidase activity
was blocked using hydrogen peroxide diluted 1:10
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with distilled water for 10 min. Sections were treated
with proteinase K for 10 min and washed twice in
phosphate buffered saline (PBS).

Next, slides were incubated with antibodies
against apelin (Cat. No. BS-2425R-A750; Bioss), in-
terleukin (IL)-8 (Cat. No. Orb360891; Biorbyt),
P-selectin (Cat. No. 148309; Biolegend), IDO (Cat.
No. SC-53978 AF594; Santa Cruz Biotechnology),

CD103 (Cat. No. 121415; Biolegend), and CD8
(Cat. No. 553032; BD Biosciences) for 2 h at room
temperature. Biotinylated immunoglobulins (Cat.
No. HK340-9K; Biogenex) were added to all slides
for 20 min. After two washes with PBS, all slides
were incubated with peroxidase-conjugated strepta-
vidin (Cat. No. HK330-9K; Biogenex) for 20 min fol-
lowed by two washes in PBS.

FIG. 1. Inhalant CBD inhibits tumor growth and improved survival in GBM. (a) Optical imaging
(bioluminescence imaging after injecting luciferin) showed the establishment and growth of GBM tumor on
day 8 post-implantation. (b) Tumor growth was inhibited after eight consecutive daily treatments of
inhalant CBD compared to the placebo-treated group as optical bioluminescence images were quantified
(*p > 0.05) (c). (d) Mice were treated with CBD/placebo using inhaler ApelinDx. (e) H&E staining suggested
significant decrease in tumor size after CBD treatment compared to placebo. The difference in tumor size
between CBD- and placebo-treated groups ( p < 0.05) was quantified using ImageJ Java-based image
processing program (*p > 0.05) (f). (g) Survival was evaluated (n = 6/group), showed that, while all animals in
CBD-treated group were alive at 16 days after orthotopic implantation of the tumor, however, 50% of
animals from placebo group (3/6) died by day 13 post-implantation, suggesting beneficial effects of CBD
treatment. GBM, glioblastoma; H&E, hematoxylin and eosin. Color images are available online.
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All slides were then treated with chromogen (Cat.
No. K3461; Dako) until clearly detectable color
appeared. Excess chromagen was decanted and all
slides were washed by distilled water. All preparations
were counterstained with hematoxylin (Cat. No. 812;
ANATECH Ltd.) for 3 min and mounted in an aqueous
mountant (Cat. No. 13800; LERNER Laboratories) be-
fore the analysis using bright field Zeiss (AXIO Imager
M2) light microscope.

Analytical flow cytometry
For flow cytometry analysis, tumor tissues were placed
in a tissue culture dish with 1 mL PBS + 2% fetal calf
serum, 2 mg/mL of collagenase type II, and 1 mg/mL
of DNase type I for 30 min at 37�C. Samples were
then sieved through a cell strainer (BD Biosciences),
followed by centrifugation (252 g, 5 min, 4�C) to pre-
pare single-cell suspensions. Cells then were subjected
to flow cytometry analysis using a NovoCyte Quanteun
and analyzed by FlowJo analytical software.

Briefly, cells were gated as Lin�CD45 + (mouse, cat-
alog 103114, clone 30-F11) lymphocytes and a lineage
cocktail of antibodies (all antibodies from BioLegend,
unless otherwise noted), including FITC-conjugated
anti-CD3 (mouse, catalog 100204, clone 17A2), anti-
CD4 (mouse, catalog 100406, clone GK1.5), anti-CD14
(mouse, catalog 123308, clone Sa14-2), anti-CD16
(mouse, catalog 101305, clone 93), anti-CD19 (mouse,
catalog 152404, clone 1D3/CD19), anti-CD8 (mouse,
catalog 140404, clone 53-5.8), anti-CD15 (human/
mouse, catalog 125611, clone MC-480), anti-CD20
(mouse, catalog 152108, clone SA271G2), was used
for negative selection.

Subsequently, ILC1s were identified as mouse (Lin�

CD127 + IL-12Rb2 + [mouse/human, catalog FAB1959P-
100, clone 305719; R&D Systems]) cells, ILC2s were
identified as mouse (Lin�CD127 + GATA3 + ) cells, and
ILC3s were identified as mouse (Lin�CD127 + RORct + ;
mouse/human, catalog 17-6988-82, clone AFKJS-9;
Thermo Fisher Scientific) cells (all antibodies from
BioLegend). Isotype-matched controls were analyzed
to set the appropriate gates for each sample. For each
marker, samples were analyzed in duplicate.

To minimize false-positive events, the number of
double-positive events detected with the isotype con-
trols was subtracted from the number of double-
positive cells stained with corresponding antibodies
(not isotype control). Cells expressing a specific marker
were reported as a percentage of the number of gated

events. A population was considered positive for a spe-
cific marker if the population exceeded a 2% isotypic
control threshold.

Statistics
For statistical analysis, Brown-Forsythe and Welch
analysis of variance (ANOVA) was used to establish
significance ( p < 0.05) among groups. For tissue
quantification statistical analysis, we compared the
area of expression in both placebo and CBD-treated
groups by using two-way ANOVA followed by post-
hoc Sidak test for multiple comparison ( p < 0.05).
Survival between groups was compared using
Kaplan-Meier analysis and the Log-rank Mantel-
Cox test.

Results
Inhalant CBD inhibited tumor growth
and improved survival rate in GBM
Tumor establishment was shown by optical imaging at
pre-treatment stage (Fig. 1a) before dividing mice into
two groups of placebo or CBD-treated groups. As dis-
played in Figure 1b, and quantified in Figure 1c, photon
intensities of optical imaging demonstrated that inhal-
ant CBD (Fig. 1d) was able to inhibit tumor growth in
GBM compared to the placebo group. In addition,
histological assessment using H&E staining revealed a
significant inhibition of tumor growth ( p < 0.05) in
CBD-treated mice versus placebo control group
(Fig. 1e, f).

Survival was evaluated (Fig. 1g), for total of eight
animals (two independent of four animals per
cohort), and showed that, while all animals in CBD-
treated group were alive at 16 days after orthotopic
implantation of the tumor, three animals (38%)
from placebo group died by day 13 post-
implantation, suggesting beneficial effects of CBD
treatment.

Inhalant CBD suppressed angiogenic factors
within GBM tumor
Immunohistochemistry staining showed that inhalant
CBD was able to repress the expression of P-selectin
(Fig. 2a) and apelin (Fig. 2b), as well as IL-8 (Fig. 2c),
in CBD-treated group compared to the placebo group
as quantified (Fig. 2d). Downregulation of these pro-
teins can potentially alter the TME, affecting the tumor
angiogenesis negatively.
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Inhalant CBD blocked immune checkpoint
signaling, altering the immune profile in GBM
Further immunohistochemistry analysis showed that
inhalant CBD blocked the IDO expression (Fig. 3a),
while it enhanced CD8 and CD103 expression com-
pared to placebo-treated group (Fig. 3b, c). IDO re-
duction might have promoted antitumor immunity
by increasing frequency of CD8 + cells and improving
antigen presentation through heightened CD103 ex-
pression as quantified (Fig. 3d). Besides IDO, CBD
was able to repress the expression of P-selectin, a non-
classic immune checkpoint with immunosuppressive
role, enhancing antitumor immunity.

Inhalant CBD regulated ILCs, affecting local
proliferation and activation of ILCs within TME
Flow cytometry analysis showed that ILCs were
downregulated significantly ( p < 0.001) in group trea-
ted with inhalant CBD compared to the placebo group
(Fig. 4). Since each cytokine produced by each class of
ILCs can affect TME in a specific way, the reduction in

ILCs would affect the interaction between ILCs and
TME, altering the intratumor vascularization and im-
mune profile.

Discussion
Our findings are significant and novel at several levels.
This is the first study in which CBD is applied in an ex-
perimental model for the treatment of GBM. CBD is a
relatively safe and naturally occurred compound.67–70

Therefore, such inhibitory effect of CBD on tumor
growth offers a novel therapeutic modality with high
relevance and significant clinical values in the treat-
ment of GBM, the most fatal primary brain tumor.
More importantly, the use of inhaler to deliver the
CBD in noninvasive, precisely metered doses is highly
translational to human trials.

GBM is a hypervascular type of tumor, highly
depending on angiogenesis and vascularization.59,71

Therefore, targeting angiogenic factors has emerged
as an attractive and potentially effective therapeutic
modality in the treatment of GBM. In addition to

FIG. 2. Immunohistochemical staining of paraffin-embedded GBM tumor tissues showed inhalant CBD
decreased expression of angiogenic factors: (a) P-selectin, (b) apelin, and (c) IL-8 significantly compared to
the placebo treated group as quantified (*p > 0.05; **p > 0.01) (d). All images have been obtained using
bright field Zeiss (AXIO Imager M2) light microscope, magnifications of 200 · and 630 · . IL, interleukin;
TME, tumor microenvironment. Color images are available online.
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cellular heterogeneity and matrix complexity of TME
in GBM, the strategic location of GBM at central ner-
vous system within the blood-brain barrier (BBB)
zone has added to the intricacy and existing challenges
of therapy for GBM. Results of our current studies sug-
gested that inhalant CBD could penetrate into the BBB,
blocking angiogenic factors and altering the balance be-
tween stimulating versus inhibitory forces during the
tumor angiogenesis within TME, resulting in the
tumor growth inhibition.

Our findings revealed, for the first time, that inhalant
CBD could block apelin, P-selectin, and IL-8; all are
able to influence angiogenesis and vascularization in
GBM. Apelin, a neuroangiogenic peptide, promotes
cancer metastasis through contribution to the tumor
angiogenesis, promoting cancer stem cells and drug re-
sistance.72 Furthermore, the role of IL-8 and its recep-
tors CXCR1/2 in the progression of several cancers,
including GBM, has been demonstrated.73

Accordingly, as a potent angiogenic factor, IL-8 plays
a crucial role in the progression as well as invasion of
GBM, altering TME in GBM, affecting angiogenesis pro-

cess in an autocrine/endocrine manner. Regulation of
NF-jB, NO (nitric oxide) signaling, as well as the inhi-
bition of cross talk between IL-8 and the intratumor IL-
6/VEGF are examples of potential mechanisms by which
targeting IL-8 may limit the tumor growth in GBM.74–77

While several previous studies had shown the sup-
pressive effect of CBD on IL-8,78 however, our findings,
for the first time, showed the downregulation of IL-8 in
GBM by inhalant CBD, supporting the notion that
CBD may be used as an immunotherapeutic agent in
the treatment of GBM.

The other novel finding of our studies here was the
blockade of P-selectin expression in GBM after CBD
treatment. Several reports have already indicated the
role of P-selectin in the progression of GBM.26,27

P-selectin is a vascular adhesion molecule contributing
to cancer development by facilitating the cancer-
endothelial cell interactions, enhancement of myeloid
cell recruitment, and promoting cross talk between
cancer cells and platelets.28,79 By blocking P-Selectin,
inhalant CBD not only interrupted the basic P-selectin
functions but also re-structured the GBM TME.

FIG. 3. Inhalant CBD modulates immune checkpoints within TME in GBM, altering the intratumoral
immune profile. Immunohistochemical staining of paraffin-embedded GBM tumor tissues showed inhalant
CBD blocked the immune checkpoint, IDO (a), while enhancing CD8 (b) and CD103 (c) expression
compared to the placebo-treated group as quantified (*p > 0.05; **p > 0.01) (d). All images have been
obtained using bright field Zeiss (AXIO Imager M2) light microscope, magnifications of 200 · and 630 · .
CD, cluster of differentiation; IDO, indoleamine 2,3-dioxygenase. Color images are available online.

830 KHODADADI ET AL.



In addition, besides the traditional role of P-selectin
as a cell adhesion molecule and conciliator of cellu-
lar recruitment, several recent studies have reported
that P-selectin may function as an immune checkpoint
through its receptor, PSGL-1, by regulating T cells and
curtailing the immunoinflammatory responses.80 Inter-
estingly, our findings revealed that in addition to
P-selectin, CBD was able to reduce the IDO expression
within TME. IDO functions as an immune check-
point by depletion of tryptophan, an essential amino
acid, regulating T effector cells and promoting Tregs
induction.

Given the previous reports indicating the significance
of IDO inhibition in limiting GBM development,4,80–82

the potential of CBD in downregulation of IDO may
be an effective immunotherapeutic strategy in the treat-
ment of GBM, requires further investigations.

Importantly, the suppression of immune checkpoints
in CBD-treated animals was associated with higher
CD103 and CD8 expression. As a member of integrin

family, integrin aE (ITGAE), also known as CD103,
plays crucial roles in a variety of biological processes, in-
cluding limiting tumor growth.83,84 Several studies have
demonstrated the association between heightened in-
tratumoral level of CD103 and improved outcomes for
cancer patients.84,85 Consistent with our findings,
CD103-expressing dendritic cells have been shown to
possess higher quality of antigen presentation, result-
ing in more effective recruitment of CD8 + T cells and
greater antitumor immunity, with better prognosis as
well as more favorable clinical consequences.84,85

The interactions between cannabinoids and their re-
ceptors are essential for cannabinoid functions, includ-
ing their impact on the tumor and malignancies.86–88

While CBD has the minimal direct and low affinity
with CB receptors (CB1 and CB2), it can modulate
the binding of CB receptors with other cannabinoids,
including THC. CBD, however, can bind and activate
a wide range of non-CB receptors with potential anti-
tumor functions.

FIG. 4. Inhalant CBD decreased ILC frequencies in GBM, regulating local proliferation and activation of
ILCs within TME. Flow cytometry analysis showed that inhalant CBD was able to reduce frequencies
of ILCs within TME of GBM significantly ( p < 0.001), potentially improving antitumor immunity. ILCs were
characterized by live gating of total tumor cells (a) based on FSC/SSC, and further gating (b) as CD45 +

lineage negative (CD3e, CD11b, CD24, CD5, CD11c, CD19, NK1.1, Gr-1, TER119, and gd TCR), followed by
additional gating (*p > 0.05) (c) as Lin-CD45 + Thy1 + . A pie chart (d) displays the representation of the ratio
of ILC counts of CBD-treated (green 33%) vs placebo group (red 67%). FSC, forward scatter; ILC, innate
lymphoid cell; NK, natural killer; SSC, side scatter. Color images are available online.
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Transient receptor potential (TRP) channels are re-
sponsible for calcium signaling and cell homeostasis,
are shown to play a crucial role in antitumor function
of cannabinoids, particularly regarding CBD beneficial
impact on brain tumors.87,89

TRP superfamily constitutes of over 30 members;
among them, 2 receptors of TRPV1 and TRPV2 (vanil-
loid family) and their high affinity binding with CBD
appear to play a central role in antitumor features
of CBD.88,89 In fact, our recent findings showed that
the nonpsychotropic cannabinoid, cannabichromene
(CBC), can modulate transient receptor potential
ankyrin-type1 (TRPA1) in an inflammatory process,
may have implications for treatment of malignancies
such as GBM.90 Peroxisome proliferator- activated re-
ceptor gamma (PPAR-c) is also a non-CB type II nuclear
receptor that has been shown to interact with CBD.

Several studies have reported that regulation of
PPAR-c has resulted in increased median survival for
GBM.86,87,91 Interestingly, G-protein-coupled receptor
55 (GPR55) is suggested to play a role in the progres-
sion and growth of GBM. CBD is shown to have an an-
tagonistic effects on GPR55, proposing the cross-talk
between CBD and GPR55 as a potential novel thera-
peutic target in the treatment of GBM.86,91

In addition, our studies here showed that CBD re-
duced the frequencies of ILCs within TME of GBM.
Due to their fast-reacting feature to the microenviron-
mental stimulators, ILCs are considered central modu-
latory cells during inflammatory responses.92,93 While
increasing evidence indicates crucial roles for ILCs in
cancer, however, the exact roles of ILCs in cancer are
controversial and not fully understood.35,93–95

Several studies have reported that TME of certain
cancers is enriched with ILCs compared to the scant
numbers of ILCs in normal tissues and circulation.93

While our findings here showed high frequencies of
ILCs within TME in GBM, CBD treatment was able
to reduce ILCs significantly in GBM compared to the
placebo group. Furthermore, ILCs are heterogenic
and plastic innate cells with high capabilities in cross
talking with all components of TME.93–95 Therefore,
CBD-induced regulation of ILCs in GBM tumors has
the potential to be considered an effective immuno-
therapeutic strategy in the treatment of GBM.

In conclusion, our findings suggest that inhalation of
CBD can inhibit the tumor growth of GBM by re-shaping
and establishing an antitumor dynamic within TME of
GBM. Given the urgency to explore new therapeutic strat-
egies for more effective treatment of GBM, leveraging the

modulatory and protective capacities of CBD seems a po-
tent option to help patients with GBM. Our data defini-
tively warrant further research in this area.
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Abbreviations Used
ANOVA¼ analysis of variance

BBB¼ brain–blood barrier
CBD¼ cannabidiol

CD¼ cluster of differentiation
FSC¼ forward scatter

GBM¼ glioblastoma
GPR55¼G-protein-coupled receptor 55

H&E¼ hematoxylin and eosin
IDO¼ indoleamine 2,3-dioxygenase

IL¼ interleukin
ILC¼ innate lymphoid cell

NIH¼National Institutes of Health
NK¼ natural killer

PBS¼ phosphate buffered saline
PPAR-c¼ peroxisome proliferator- activated receptor gamma

SSC¼ side scatter
THC¼ tetrahydrocannabinol
THG¼ Thriftmaster Holding Group
TME¼ tumor microenvironment
TRP¼ transient receptor potential
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