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ABSTRACT
During solid tumor progression, the tumor microenvironment (TME) evolves into a highly immunosup-
pressive milieu. Key players in the immunosuppressive environment are regulatory myeloid cells, includ-
ing myeloid-derived suppressor cells (MDSCs) and tumor-associated macrophages (TAMs), which are 
recruited and activated via tumor-secreted cytokines such as colony-stimulating factor 1 (CSF-1). 
Therefore, the depletion of tumor-secreted cytokines is a leading anticancer strategy. Here, we found 
that CSF-1 secretion by melanoma cells is decreased following treatment with Cannabis extracts. 
Cannabigerol (CBG) was identified as the bioactive cannabinoid responsible for the effects. Conditioned 
media from cells treated with pure CBG or the high-CBG extract reduced the expansion and macrophage 
transition of the monocytic-MDSC subpopulation. Treated MO-MDSCs also expressed lower levels of iNOS, 
leading to restored CD8+ T-cell activation. Tumor-bearing mice treated with CBG presented reduced 
tumor progression, lower TAM frequencies and reduced TAM/M1 ratio. A combination of CBG and αPD-L1 
was more effective in reducing tumor progression, enhancing survival and increasing the infiltration of 
activated cytotoxic T-cells than each treatment separately. We show a novel mechanism for CBG in 
modulating the TME and enhancing immune checkpoint blockade therapy, underlining its promising 
therapeutic potential for the treatment of a variety of tumors with elevated CSF-1 expression.
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Introduction

During solid tumor progression, the tumor microenvironment 
(TME) frequently evolves into a highly immunosuppressive 
milieu1,2. Key players in the formation of this anti- 
inflammatory environment are regulatory myeloid cells, such 
as tumor-promoting (M2-like) tumor-associated macrophages 
(TAMs) and myeloid-derived suppressor cells (MDSCs)2,3. 
Regulatory myeloid cells are recruited, polarized and activated 
by tumor-secreted cytokines and chemokines, such as colony- 
stimulating factor 1 (CSF-1, also known as M-CSF), monocyte 
chemoattractant protein-1 (MCP-1, also known as CCL2) and 
macrophage inflammatory protein-2 (MIP-2, also known as 
CXCL2)1,2. For example, CSF-1 is one of the cytokines that 
prevent MDSCs differentiation into mature myeloid cells4 and 
under pathological conditions leads to the expression of the M2 
transcriptome5. Additionally, blocking the CSF-1 receptor was 
shown to stop the accumulation of immunosuppressive 
TAMs6.

The generation and expansion of regulatory myeloid 
cells are one of the main mechanisms adopted by cancer 
cells to ensure tumor progression and metastasis 
formation7. For example, once activated, MDSCs express 

various immunosuppressive markers, such as inducible 
nitric oxide synthase (iNOS) and Arginase-1 (Arg-1), lead-
ing to reduced CD8+ T-cell proliferation and activation8,9. 
This is one of the reasons why many patients fail to 
respond to immune checkpoint blockade therapies10. One 
promising strategy in targeting regulatory myeloid cells is 
the depletion of tumor-secreted cytokines to achieve 
a reduction in their expansion and activation11.

Medical Cannabis and its unique metabolites known as 
phytocannabinoids are gaining momentum in the field of 
drug development. They are intensely investigated for their 
potential anti-cancer functions and the effect of phytocanna-
binoids on the immune system has been described 
previously12,13. Phytocannabinoids modulate many processes 
in the body through their interaction with the endocannabi-
noid system, a ubiquitous and conserved neuromodulatory 
signaling system12,13. The endocannabinoid system is involved 
in the regulation and proper functioning of most physiological 
systems; thus, phytocannabinoids have a huge potential to 
influence a variety of physiological processes and exert ther-
apeutic effects in different diseases14,15. The most commonly 
known phytocannabinoids, (−)-trans-Δ9- 
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tetrahydrocannabinol (THC) and Cannabidiol (CBD), are 
extensively studied for therapeutic purposes14,16. However, 
very little is known about the other phytocannabinoids, 
although they were suggested to exert a variety of effects in 
pathological conditions17–20.

Most previous studies investigated the direct effect of 
medical Cannabis on cancer cells, without taking the com-
plexity of the tumor ecosystem into consideration. A few 
studies focused on the effect of single cannabinoids, mostly 
THC or CBD, on MDSCs in healthy mice or immune- 
related diseases21,51. However, it is still not clear how 
whole Cannabis extracts or minor cannabinoids affect reg-
ulatory myeloid cell populations and what role these can-
nabinoids play in the TME.

In the current study, we aimed to investigate whether 
medical Cannabis can affect the cytokine secretion pattern 
of melanoma cells. Melanoma is one of the most immuno-
genic tumors and therefore it acquires different mechan-
isms to escape immune surveillance during tumor 
progression, one of which is the over-production of nega-
tive modulators of immune cells22. By altering the secretion 
of cytokines in the TME and thereby altering the character-
istics of regulatory myeloid cells, immune evasion may be 
reduced and tumor progression may be halted. Here, we 
show a novel mechanism by which the single cannabinoid, 
Cannabigerol (CBG), modulates the differentiation and 
activation of regulatory myeloid cells leading to reduced 
cancer progression.

Materials and methods

Reagents

Synthetic CBG (Symrise, Germany, Cat# 664714) and synthetic 
Cannabinol (CBN; Open Book Extracts, Cat# 
IOB_JACGA_CBN) were diluted in DMSO (Merck Millipore, 
Cat#101900) to stock solutions.

Cell lines and culture conditions

The murine melanoma cell line B16F10 was generously given 
to us as a gift from Dr. Yishai Ofran of Shaare Zedek Medical 
Center in Jerusalem. The human melanoma cell line A375 was 
purchased from ATCC (Cat# CRL-1619, RRID:CVCL_0132). 
B16F10 cells were incubated in RPMI (Sigma, Cat# R8758) and 
A375 in DMEM (Sigma, Cat# D5796), supplemented with 10% 
FBS (Sigma, Cat# F7524) and 1% Penicillin/Streptavidin 
(Sartorius, Cat# 03–031-1B) at 37°C with 5% CO2.

Apoptosis assay

Apoptosis was assessed by flow cytometry, measuring cells 
stained for Annexin V (BioLegend, Cat# 640941, 1:100) and 
propidium iodide (PI, BioLegend, Cat# 421301, 1:400) with 
indicated treatments. Stained cells were analyzed by BD 
FlowJo™ software version x.0.7 (BD Biosciences). Cell death 
was determined as the percentage of double positive cells.

Cytokine screen

Conditioned media from treated B16F10 cells were collected, 
and cytokines and chemokines content were measured using 
the proteome profiler mouse cytokine array kit panel A (R&D 
Systems; Cat# ARY006) as described in the manufacturer‘s 
protocol.

Elisa

The media from B16F10 and A375 cell lines, or homogenates 
from B16F10 tumors, were collected and the protein concen-
tration of MCP-1, MIP-2, CCL5 and CSF-1 were measured by 
Quantikine Mouse M-CSF ELISA kit (R&D systems, Cat# 
MMC00) as described in the manufacturer’s protocol.

Immunofluorescence (IF) microscopy

B16F10 cells were treated with either synthetic CBG or 
Cannabis extract 3704 for 24 h. Then, cells were fixed with 
4% PFA (Electron Microscopy Sciences, Cat# 15710) permea-
bilized, and blocked. Cells were then stained for CSF-1 (Santa 
Cruz; Clone D-4; Cat# 365779, RRID:AB_10846852, 1:50), 
washed and stained with the secondary antibody anti-mouse 
Alexa Fluor 488-secondary antibody (Abcam, Cat# 150077, 
RRID:AB_2630356, 1:500) and mounted with mounting solu-
tion containing DAPI (GBI labs, Cat# K1996619B). Samples 
were imaged using the Zeiss LSM 710 inverted confocal micro-
scope with 20× (0.8NA) objective lens for statistical analysis 
and 63×/1.4 Oil objective lens for representative image acquisi-
tion. Analysis was conducted using the IMARIS software and 
results were calculated using the formula: mean AF-488 inten-
sity divided by the number of nuclei.

Mouse tumor model

To induce tumors, B16F10 cells were resuspended to 
a concentration of 1 × 106 cells in 200 µl sterile PBS and trans-
planted subcutaneously into the right flank of 8–10-week-old 
female WT C57BL/6 mice (Envigo Israel, 17.44 g ± 1.14 g) or 
male NOD-SCID IL2rγ-null (NSG) mice (Technion animal 
facility, Israel). After either 24 h or 3 d, mice were randomly 
divided into groups and treated as indicated with either 
a vehicle of Cannabis extract solvent (18:1:1 ratio of DDW +  
0.9% NaCl, Sigma, Cat# S7653; Cremophor® EL, Cat# 238470; 
Ethanol, Sigma, #Cat 111,727), CAN (100 mg/kg), synthetic 
CBG (2.5 mg/kg) or 3704 (3.75 mg/kg). Tumor volume was 
measured from day 10 to the endpoint (day 14–21) using 
a vernier caliper and calculated according to the formula 
(length × width2)0.5. Treatment with isotype control (Bio 
X Cell, Cat# BP0090, 200 µg/mouse) or α-PD-L1 (Bio X Cell, 
Cat# BE0101, RRID:AB_10949073, 200 µg/mouse) com-
menced on day 3 and administrated every 4 d. For the survival 
analysis, mice bearing a tumor that had signs of ulcers or 
a volume higher than 1,000 mm3 were euthanized.

To prepare single-cell suspensions from the tumors, 
on day 14 the tumors were excised from the mice and 
placed in Hanks’ Balanced Salt solution (HBSS, Sigma; 
Cat# H6648) containing 20 µg/ml DNase I (Sigma, Cat# 
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D5025), 1 mg/ml collagenase D from Clostridium histolyti-
cum (Sigma-Aldrich, Cat# C5138) and 0.1 mg/ml hyaluro-
nidase (Sigma-Aldrich, Cat# 6254). Tumors were 
mechanically digested using a scalpel and the 
gentleMACS™ Dissociator (Miltenyi Biotec). After centrifu-
gation, the supernatant was further used for cytokine and 
chemokine concentration measurements. For the character-
ization of myeloid cell frequencies in tumors, cells were 
resuspended in 40% percoll gradient solution (prepared 
from 100% percoll, Cytiva, #17089101) and then 80% per-
coll was added on top of the 40% solution without mixing. 
Cells were isolated from the interphase between the 40% 
and 80% percoll solutions. Subpopulation frequency was 
measured by spectral flow cytometry using Cytek® Aurora 
(Cytek Biosciences), and cell count was measured by 
Countbright absolute counting beads (Cat# C36950, 
Invitrogen).

In-vitro Bone Marrow derived-MDSC differentiation 
(BM-MDSC)

Bone-marrow-derived cells (BMDCs) were isolated from 
the fibula and tibia bones of healthy female WT C57BL/6 
mice (8–12-week-old). Cells were counted, and 1 × 106 cells 
were seeded in complete RPMI (Sigma, Cat# R8758) con-
taining 10% FBS (Sigma, Cat# F7524), 1% L-Glutamine 
(Sartorius, Cat# 03–020-1B), 1% Penicillin/Streptavidin 
(Sartorius, Cat# 03–031-1B), 1% MEM-Eagle (Sartorius, 
Cat# 01–340-1B), 2.5% HEPES (Sartorius, Cat# 03–025- 
1B) and 1% sodium pyruvate (Sartorius, Cat# 03–042-1B) 
and supplemented with 20 ng/ml of GM-CSF and IL-6 
(R&D systems, 415-ML and 406-ML). BMDCs were incu-
bated for 4 d and then treated with conditioned media of 
treated B16F10 cells.

BM-MDSCs CD8+ T-cell co-culture suppression assay

Generated BM-MDSCs were treated with conditioned media for 
24 h, then sorted into monocytic (MO)-MDSC and polymor-
phonucler (PMN)-MDSC subsets. Concurrently, CD8+ T-cells 
were isolated from the spleens of healthy female WT C57BL/6 
mice. To isolate CD8+ T-cells, spleens were mechanically disin-
tegrated and the red blood cells were lysed with the red blood 
lysis buffer (Biological industries, Cat# 01–888-1B). CD8+ 
T-cells were isolated using the EasySep Mouse CD8+ T-cell 
isolation kit (Stemcell Technologies, Cat # 19853) according to 
the manufacturer’s protocol.

Post-sorted MDSC subpopulations were co-cultured in com-
plete RPMI with CD8+ T-cells that were activated with 
Dynabeads® (Cat# 11456D; 12.5 µl/1 × 106 cells). After 48 h, the 
activation beads were removed and cells were incubated with 
eBioscience Cell Stimulation Cocktail (Invitrogen, Cat# 00-4970- 
93) for 3 h and then also with BD GolgiStop™ Protein Transport 
Inhibitor (BD Biosciences, Cat# 51-2092KZ). Intracellular stain-
ing of IFN-γ and Granzyme B in CD8+ T-cells was achieved by 
using the BD Cytofix/Cytoperm™ Kit (BD Biosciences, Cat# 
554714) as stated in the manufacturer’s instructions.

Fluorescent activated cell sorting (FACS)

To analyze the two subpopulations of BM-MDSCs, the cells 
were stained with Ly6C-BV421 and Ly6G-APC and sorted into 
MO-MDSC or PMN-MDSC using the BD FACSAria III Cell 
Sorter instrument (BD Biosciences). Directly after sorting, the 
two separate subpopulations were co-cultured with CD8+ 
T-cells or lysed and further analyzed via Western blot. A full 
list of antibodies used for flow cytometry assays can be found 
in the Supplemental materials.

Preparation of cell lysates and Western Blot

B16F10 cells, and sorted MO-MDSC and PMN-MDSC 
achieved as described, were lysed in RIPA buffer (Sigma, 
Cat# R0278) supplemented with Protease/Phosphatase 
Inhibitor Cocktail (Cell signaling, Cat# 5872S). Total protein 
concentrations were measured using the detergent-compatible 
protein assay (Bio-Rad, Cat# 5000113 and 5000114) and equal 
amounts were used. Primary antibodies used were CSF-1 
(Santa Cruz; Clone D-4; Cat# sc -365779, RRID: 
AB_10846852), iNOS (Abcam, Clone Cat# ab15323, RRID: 
AB_301857) or GAPDH (Cell Signaling Technology, Clone 
14C10, Cat# 3683S, RRID:AB_1642205).

Statistical analysis

The data were analyzed by GraphPad Prism 6 (GraphPad 
Software Inc.), and the results were presented as mean ±  
SEM. Comparisons were performed using one- or two-way 
ANOVA followed by post hoc Tukey’s analysis or a student’s 
t-test as indicated. A p-value <0.05 was considered statistically 
significant.

Study approval

All procedures involving animals were conducted in accor-
dance with the standards approved by the Technion Animal 
Care and Use Ethics Committee and the studies adhered to the 
Technion Code for Experimentation on Animals.

Results

CSF-1 secretion is reduced after treatment with a high-THC 
Cannabis extract

We have previously shown that Cannabis extracts differ greatly 
in their phytocannabinoid profile23 and therefore in their antic-
ancer activity12. While some extracts exerted apoptotic effects, 
others influenced the dormancy state of cancer cells24. 
Regulatory myeloid cells were found to play key roles in promot-
ing cancer dormancy and progression22. Therefore, in the cur-
rent study, we focused on the effect of Cannabis and its bioactive 
metabolites, the phytocannabinoids, on the characteristics of 
myeloid cells in the TME. First, we chose a Cannabis extract 
(CAN) that we observed affects B16F10 tumor size in-vivo in 
wild-type (WT) mice (Figure 1a,b) but not in immunodeficient 
mice (Figure 1c). The major phytocannabinoids in this whole 
Cannabis extract were identified using Ultrahigh-performance 
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liquid chromatography with an ultravioletdetector (HPLC/UV) 
according to the retention time of each specific phytocannabi-
noid and were found to contain mainly THC (66%) and other 
phytocannabinoids in lower percentages (0.08%–1.66%) 
(Supplemental STable 1, Supplemental materials). When the 
B16F10 cell line was treated with CAN, we decided to focus on 
a concentration that affects the cells without inducing cell death, 
so that we could assess differences in cytokine secretion. The 
cells were treated with increasing concentrations of CAN, and 
we identified 2 µg/ml as the optimal concentration which does 
not lead to increased cell death (Figure 1d). Using a cytokine 
screen array, a reduction in three myeloid-related cytokines and 
chemokines was detected, namely CSF-1, MIP-2 and C-C Motif 
Chemokine Ligand 5 (CCL5) (Figure 1e). Changes in MCP-1 
secretion were not detected; however, MCP-1 concentrations 
were tested in further experiments as a positive control 
(Figure 1e). To validate the change in secretion observed by 
the B16F10 cell line, the four above indicated cytokines and 
chemokines were measured in B16F10 tumors from mice that 
were treated either with a control vehicle or with CAN using an 
enzyme-linked immunosorbent assay (ELISA). We were able to 
detect only a reduction in the concentration of CSF-1 in tumors 
of CAN-treated mice (Figure 1f,g). In-vitro validation of CSF-1 
secretion by B16F10 cell line and the human A375 melanoma 
cells showed the reduced secretion of CSF-1 by CAN-treated 
cells as well (Figure 1h-i). The optimal concentration of CAN for 

A375 was assessed in a similar manner to B16F10 and found as 6  
µg/ml in-vitro (Supplemental Figure 1a, leftmost columns).

CBG reduces CSF-1 secretion by B16F10 cells

Since we identified the specific reduction of CSF-1 after CAN 
treatment, we continued investigating the specific phytocannabi-
noids present in the whole extract that are responsible for the seen 
effects. For this purpose, CAN extract was fractionated into four 
fractions F1-F4 (Figure 2a, Supplemental materials). The major 
phytocannabinoids in each fraction are shown in Supplemental 
STable 1. Then, B16F10 cells were treated with each fraction 
separately and all the possible combinations. The concentration 
of each fraction was normalized according to the concentration of 
the phytocannabinoid with the highest weight-to-weight percen-
tage in the whole extract. We found that a combination of frac-
tions F1 and F2 mimics the effect of the whole extract (Figure 2b). 
The phytocannabinoids with the highest weight-to-weight per-
centage in F1 were CBN and CBG. In F2, the major phytocanna-
binoid detected was THC and this fraction was almost exclusively 
composed of THC (93%). This led us to investigate the change in 
CSF-1 secretion on a single-molecule resolution. Synthetic pure 
CBN and synthetic pure CBG were tested in combination with F2, 
used as indicative of pure THC. We used the same concentrations 
of the cannabinoids as they are present in the whole extract, cells 
were treated separately or by any other cannabinoid combination  

Figure 1. Cannabis extract treatment leads to a specific reduction in CSF-1 secretion by melanoma cells. (a) WT C57B6/L female mice (8–10-week-old,n=14) were 
subcutaneously injected with 1×106 B16F10 cells. After 24 h, mice were randomly divided into two groups and treated with either vehicle or the high-THC Cannabis 
chemovar CAN (100 mg/kg). After 14 d, the mice were sacrificed, and the tumors were excised and weighed. (b) Representative image of excised tumors from mice 
treated with vehicle (left) or CAN (right). (c) Immunodeficient NSG male mice (8-week-old,n=8) were treated as in a. After 14–15 d, the tumors were excised and 
weighed. (d) B16F10 cells were treated with a control (DMSO) or increasing concentrations of CAN extract for 24 h (n=1–4). Cell death was evaluated by APC Annexin V/ 
PI staining and apoptotic cells were measured using flow cytometry. (e) B16F10 cells were treated with 2 µg/ml of CAN and assessed for cytokine secretion with the 
proteome profiler cytokine array. Representative membranes of the cytokine screen are depicted and four selected cytokines: CSF-1, MIP-2, CCL-5 and MCP-1 are shown 
in higher magnitude. (f-g) The concentrations (pg/ml) of MCP-1, MIP-2, CCL5 and CSF-1 were measured using ELISA in tumor homogenates that originated from B16F10 
tumors of mice treated over a period of 2 weeks with either Cannabis extract solvent (Control) or CAN (n=5–23/group). (h-i) Change in secreted CSF-1 concentration in 
the supernatants of B16F10 cells treated with 2 µg/ml (h) and A375 (I) treated with 6 µg/ml of CAN (n=4–6). Results were normalized to control group, presented as 
average +SEM and statistically analyzed by a student’s t-test (NS – non-significant, *p < 0.05, **p < 0.01).
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Figure 2. CBG reduces CSF-1 secretion by B16F10 cells. (a) Diagram of CAN chromatographic separation achieved using preparative HPLC/UV. CAN was separated into 
four fractions (F1-F4) according to their retention time using preparative HPLC/UV with a HALO C18 Fused-Core column and a ternary A/B/C multistep hydrophobic 
gradient. (b-d) CSF-1 secretion was measured by ELISA and normalized to DMSO control after treatment of B16F10 cells with (b) CAN and different combinations of 
fractions F1-F4 from CAN extract, (c) CAN and different combinations of fractions F1-F2 and the synthetic cannabinoids in their concentrations as in the whole extract, 
CBN (0.04 µg/ml) and CBG (0.026 µg/ml); and (d) different ratios of CBG and F2. (e) A375 cells were treated with 1.5 µg/ml CBG and 2 µg/ml 3704 and CSF-1 secretion 
was measured using ELISA. Results were normalized to DMSO. (f) CSF-1 protein expression in B16F10 cells treated with either DMSO control, 1.5 µg/ml CBG or 2 µg/ml 
3704 was visualized by confocal microscopy using a 63X objective. The nuclei were visualized with DAPI. Relative AF-488 intensity of each treatment was normalized to 
the DMSO treatment. Each biological repeat included three random images taken, n=3. (g) Representative images of f. (h) B16F10 cells were treated as in e, then 
harvested with RIPA and the cell lysates were assessed for CSF-1 protein levels via Western blotting with anti-CSF-1 and GAPDH as the loading control. Results are shown 
as fold-change + SEM, and statistical significance was calculated with one-way ANOVA (NS – non-significant, *p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 0.0001).
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(Figure 2c). The addition of synthetic CBN together with CBG 
and F2 did not further reduce CSF-1 secretion. However, the 
combination of CBG and F2 was not as efficient as the whole 
extract or F1 and F2 combined. Therefore, we tested the effect on 
CSF-1 secretion by different ratios of CBG and F2 (Figure 2d). 
Strikingly, with increasing concentrations of CBG up to 1.45 µg/ 
ml and decreasing concentrations of F2, CSF-1 secretion was 
reduced more efficiently. As a positive control, we used a high- 
CBG chemovar, termed 3704, at the same concentration of 2 µg/ 
ml as was used for CAN. We identified a more significant reduc-
tion in CSF-1 secretion compared to the original CAN extract 
(Figure 2d, rightmost column). These results were verified in the 
A375 cell line, cells treated with 1.5 µg/ml CBG and 2 µg/ml 3704 
showed reduced CSF-1 secretion in this cell line as well 
(Figure 2e). Further validation was conducted by measuring 
CSF-1 protein levels in B16F10 cells treated with either 1.5 µg/ 
ml CBG or 2 µg/ml 3704 using confocal microscopy or a Western 
blot assay (Figure2f-h). The toxicity of all the different treatments 
at the indicated concentrations was measured, and no increased 
cell death was identified compared to DMSO (Supplemental 
Figure 1a-b).

Conditioned media from CBG-treated B16F10 cells reduces 
MO-MDSC expansion and macrophage transition

Since CSF-1 is a key regulator of differentiation and expansion 
of the monocyte-macrophage axis4, we investigated how the 
reduction in CSF-1 secretion by CBG-treated B16F10 might 
influence the myeloid subpopulation frequency distribution ex- 
vivo. For this purpose, BM-MDSCs were treated as indicated in 
Figure 3a, myeloid frequencies were measured using flow cyto-
metry after 24 h or 48 h and the gating strategy is shown in 
Figure 3b. As a control, we treated BM-MDSCs with control 
growth media with the same concentrations of DMSO, CBG and 
3704 treatments as were added to the B16F10 cells. We found 
that the overall percentage of monocytes (Ly6C+/Ly6G− cells25) 
did not change when BM-MDSCs were treated with the different 
B16F10 CM nor with control growth media (Figure 3c). 
However, we identified a significant increase in the frequency 
of the Ly6Chigh/Ly6G− MO-MDSC subpopulation25, when BM- 
MDSCs were treated with CM from B16F10 (Figure 3d). 
Moreover, when BM-MDSCs were treated with CM from 
B16F10 treated with either CBG or 3704, we detected 
a significant decrease in MO-MDSC percentages compared to 
B16F10 treated with DMSO (Figure 3d). The effect was specific 
to the MO-MDSCs as PMN-MDSC frequencies (LyC6+/ 
Ly6G+25) were not affected by any treatment (Figure 3e).

During tumor progression, tumor-secreted CSF-1 mediates 
the differentiation of monocytes and MO-MDSC into anti- 
inflammatory macrophages11. Therefore, we investigated 
whether reduced CSF-1 secretion by CBG-treated B16F10 
cells affects the transition of MO-MDSCs to alternatively acti-
vated F4/80+ macrophages. We measured the expression of 
Arg-1 in the double-positive F4/80+ and Ly6C+ cells and 
ensured that the immunosuppressive phenotype in those cells 
is conserved when they were treated with B16F10 CM for 48 
h (Supplemental Figure 2a). We identified a reduction of F4/80 
expression by Ly6C+ cells when CM from B16F10 cells treated 
with CBG or 3704 was added compared to DMSO. This trend 

was apparent after 24 h (Figure 3f) and was statistically sig-
nificant after 48 h (Figure 3g).

Treated MO-MDSCs express lower levels of iNOS leading to 
restored CD8+ T-cell activation

Our results showed that reduced CSF-1 secretion by B16F10 
cells treated with CBG or 3704 specifically affects the expansion 
of Ly6Chigh MO-MDSC and reduces the transition to F4/80 
expressing macrophages ex-vivo. We hypothesized that the 
reduced MO-MDSC expansion is associated with decreased 
immunosuppressive properties as well. To test this, BM- 
MDSCs were generated and treated as mentioned above. 
After 24 h, the expression of the immunosuppressive markers 
Arg-1 and iNOS8,9 by the BM-MDSC subpopulations was 
assessed using flow cytometry. Arg-1 expression in MO- 
MDSCs and PMN-MDSCs did not change significantly when 
cells were treated with CM from B16F10 cells compared to 
when cells were treated with control growth media 
(Supplemental Figure 2b,c). In addition, when BM-MDSCs 
were exposed to CM of CBG- or 3704-treated B16F10, no 
significant difference was detected in Arg-1 expression com-
pared to CM of DMSO-treated B16F10 cells in neither of the 
MDSC subpopulations (Supplemental Figure 2c,b). However, 
the expression of iNOS by BM-MDSCs increased significantly 
for the subset of MO-MDSCs when the CM of DMSO-treated 
B16F10 cells was added to the BM-MDSCs (Figure 4a, gray). 
The addition of CM of CBG- or 3704-treated B16F10 cells 
significantly decreased iNOS expression in specifically MO- 
MDSC compared to CM of DMSO treated B16F10 cells 
(Figure 4a, yellow, red). iNOS expression also increased by 
PMN-MDSCs when CM of DMSO-treated B16F10 cells was 
added (Figure 4b, gray), although not to the same extent as the 
MO-MDSC subset. Additionally, no significant decrease in 
iNOS expression by PMN-MDSC was detected, when exposed 
to CM of CBG- or 3704-treated B16F10 cells compared to CM 
of DMSO-treated B16F10 cells (Figure 4b). To exclude the 
possibility of direct effects of CBG and 3704 on iNOS expres-
sion by MDSCs, BM-MDSCs were generated as described and 
added medium from untreated B16F10 to the cells together 
with either DMSO, CBG or 3704. iNOS expression was mea-
sured in each subpopulation and no significant differences 
were detected (Supplemental Figure 3a,b), indicating that the 
observed effect is mediated through the change in tumor cyto-
kine secretion in the TME.

For further validation, BM-MDSCs were generated and 
sorted into MO-MDSC and PMN-MDSC subsets; then, iNOS 
expression was measured in each subpopulation by Western 
blot (Figure 4c). A reduction of iNOS expression was observed 
specifically in MO-MDSCs when CM from CBG- or 3704- 
treated B16F10 cells were added to the BM-MDSCs compared 
to CM of DMSO-treated B16F10 cells. Here again, PMN- 
MDSC expressed very low levels of iNOS.

Many studies have shown the involvement of increased 
iNOS expression by MDSCs in suppressing CD8+ T-cell acti-
vation in the TME8. Therefore, we tested the ability of sorted 
and treated BM-MDSC subpopulations to restore CD8+ acti-
vation ex-vivo. For this purpose, we established a co-culture 
experiment of CD8+ T-cells and MO-MDSCs or PMN- 
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MDSCs. After 48 h of co-incubation, CD8+ T-cells were 
assessed for intracellular expression of Granzyme B (GrzB) 
and Interferon-γ (IFN- γ) using flow cytometry (Figure 4d- 
g). GrzB expression levels were lowered in T-cells co-cultured 

with MO-MDSCs exposed to the CM of DMSO-treated 
B16F10 cells (Supplemental Figure 4a). Moreover, a trend of 
restored GrzB expression was detected when T-cells were co- 
cultured with MO-MDSCs exposed to CM of CBG- or 3704- 

Figure 3. CM from CBG-treated B16F10 cells reduces MO-MDSC expansion and monocyte to macrophage transition. (a) Experimental design of ex-vivo generation of BM- 
MDSCs from WT C57BL/6 mice. BMDCs were supplemented with 20 ng/ml of GM-CSF and IL-6 (4 d) to induce MDSC differentiation. Concurrently, B16F10 cells were 
treated with either DMSO, CBG (1.5 µg/ml) or the high-CBG extract 3704 (2 µg/ml) for 24 h and the resulting conditioned media (CM) was used to treat the generated 
MDSCs. (b) FACS gating strategy of monocytes, MO-MDSC and PMN-MDSC (black, red and green rectangles, respectively). (c-e) The myeloid subpopulation frequencies 
of (c) monocytes, (d) MO-MDSCs and (e) PMN-MDSCs were measured using flow cytometry after treatment for 24 h of control growth media (no cells) with either DMSO, 
CBG or 3704 or CM from DMSO, CBG or 3704 treated B16F10 cells (n=6). (f-g) Summary of the mean fluorescent intensity (MFI) of macrophage marker F4/80 of Ly6C+ 

cells after 24 and 48 h, respectively, with the indicated treatments (n=4). A representative histogram is shown on the left. Results are shown as average or fold-change 
±SEM and statistical significance was calculated by one-way ANOVA (NS – non-significant, *p < 0.05, ** p < 0.01, ****p < 0.0001).
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Figure 4. MO-MDSCs show reduced iNOS expression leading to restored IFNγ expression by CD8+ T-cells when treated with CM from CBG- or 3704-treated B16F10 cells. 
(a-b) Percent of iNOS expression (n=6) by MO-MDSCs (a) and PMN-MDSCs (b), representative flow charts are shown on the left. (c) BM-MDSC was sorted 24 
h posttreatment into MO-MDSC and PMN-MDSC subpopulations. iNOS expression was measured by Western blotting with iNOS antibody and GAPDH as the loading 
control for each subpopulation separately. Representative blots are presented on the top, and the relative intensity of three independent repeats is presented on the 
bottom. Results are presented as relative expression compared to MO-MDSCs treated with CM from DMSO-treated B16F10 cells. (d-g) Generated BM-MDSCs were 
treated with conditioned media for 24 h, then sorted into MO-MDSC and PMN-MDSC subsets. The sorted MDSC subpopulations were co-cultured with activated CD8+ 
T-cells for 48 h. Then, CD8+ T-cells were prepared for intracellular staining and stained with IFN-γ-FITC. The frequencies of CD8+ IFN-γ+ cells were measured with flow 
cytometry and are presented with the matching contour plots for co-culture with MO-MDSCs (d-e) and PMN-MDSCs (f-g). Graphs are shown as average ± SEM and 
statistically analyzed by one-way ANOVA (NS – non-significant, *p < 0.05, ** p < 0.01, ****p < 0.0001).
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treated B16F10 cells (Supplemental Figure 4a). The co-culture 
of T-cells with PMN-MDSCs exposed to CM of DMSO-treated 
B16F10 cells did not result in reduced GrzB expression 
(Supplemental Figure 4b, gray) and a trend of reduced GrzB 
expression was detected when T-cells were co-cultured with 
PMN-MDSC exposed to CM of CBG- or 3704-treated B16F10 
cells (Supplemental Figure 4b). We found that MO-MDSCs 
specifically exposed to CM of DMSO-treated B16F10 cells 
suppressed significantly CD8+ T-cell IFN-γ expression com-
pared to PMN-MDSCs that received the same treatment 
(Figure 4d-g). Additionally, when CM of CBG- or 3704- 
treated B16F10 was added to MO-MDSCs, a restoration of 
CD8+ IFN- γ expression was observed in a dose-dependent 
manner (Figure 4e). In contrast, CD8+ T-cells co-cultured with 
PMN-MDSCs showed no significant changes with either of the 
treatments (Figure 4g).

CBG treatment reduces B16F10 tumor progression and 
TAM frequencies in the tumors

As the next step, we measured B16F10 tumor development 
in WT mice that were treated with CBG or 3704 and 
investigated the frequencies of the myeloid cell subpopu-
lations in the tumors. Tumor weight and tumor volume 
were significantly lower in the CBG-treated group com-
pared to the vehicle-treated group and a similar trend of 
smaller tumor weight and volume was evident in the 3704- 
treated group (Figure 5a-c). To confirm the presence of 
CBG in the tumors, we analyzed its concentration in all 
tumors by liquid Chromatography with tandem mass 
spectrometry (LC-MS/MS)18 and found it is present in 
the treated groups, but not in the control group 
(Figure 5d). As CBG treatment was the most effective in 
reducing tumor progression, we focused on investigating 
myeloid subpopulations in this group. To assess the sub-
populations of myeloid cells in the spleens and tumors, 
single-cell suspensions were prepared from both organs 
and stained with specific extracellular markers (Figure 5e- 
k; Supplemental Figure 5b,c). CBG-treated mice had 
reduced MO-MDSC frequencies in the spleen; however, 
no change was detected in the tumor (Figure 5e,f). 
Treatments did not affect the frequencies of the PMN- 
MDSC subpopulation in the spleen or the tumor 
(Figure 5g,h), further indicating the specificity of CBG 
treatment to CSF-1 secretion and by that to the MO- 
MDSC subpopulation. As continuous CSF-1 secretion by 
tumor cells into the TME shifts the M1/TAM ratio in 
favor of the TAMs5, we tested macrophage subpopulation 
frequencies in the tumor. There was a strong trend of 
a decreased frequency in TAMs in the CBG-treated 
group relative to vehicle control (Figure 5j). Further, we 
analyzed the ratio between the pro-inflammatory M1 
macrophages25 and the anti-inflammatory TAMs and 
found a significant difference of decreased ratio in the 
CBG-treated group relative to vehicle control, indicative 
of a reduced shift of pro-inflammatory macrophages 
toward TAMs and a less immunosuppressive TME 
(Figure 5k).

A combination of CBG and αPD-L1 is more effective than 
each treatment separately

A common immune checkpoint blockade therapy in melanoma is 
anti-programmed cell death ligand 1 (αPD-L1)26. Recent studies 
revealed that in many cases it is insufficient to use such therapy 
alone27,28 as the presence of immunosuppressive myeloid cells 
reduces its efficacy26,29. Hence, as CBG treatment shifted the TME 
into a less immunosuppressive milieu, we tested whether 
a combination of CBG with αPD-L1 can improve its anticancer 
effects. Mice were treated with either a control or CBG and 
concurrently administrated αPD-L1 (Figure 6a). The activity of 
intra-tumoral MO-MDSCs was assessed according to iNOS 
expression levels (Figure 6b-d). A trend of reduction in iNOS 
expression was detected in both treatment groups, indicating that 
these cells are less immunosuppressive in both the treatment 
groups, the CBG and CBG together with αPD-L1. Further, 
tumor progression was analyzed by measuring tumor volume 
from day 10 to day 14 (Figure 6e). Separate treatment with either 
CBG or αPD-L1 resulted in significantly reduced tumor volumes 
to a similar extent, approximately 60%-70%. Furthermore, co- 
treatment with CBG and αPD-L1 led to a significant reduction in 
tumor volume relative to αPD-L1 by itself and to the control 
group (Figure 6e,f). All mice in treatment groups had increased 
overall survival relative to the control, with the combined treat-
ment significantly so. Further, intra-tumoral CD8+ T-cells were 
stained for GrzB and TNF-α. Leukocyte count per tumor weight 
was significantly higher in the co-treatment group, and a similar 
trend was evident in each of the separate treatment groups, 
indicating a higher infiltration of immune cells to the tumor 
(Figure 6h). For the cytotoxic T-cells, there was a trend of 
increased infiltration and activity by all treatments, and this 
trend was strongest in the co-treatment group (Figure 6i-k).

Discussion

The therapeutic strategy of TME modulation is gaining atten-
tion in the field of anticancer treatment. Immune checkpoint 
blockade therapy has been in use for oncology patients over the 
last decade, alone or in combination30. Inhibitory antibodies 
such as αPD-L1 disrupt the negative regulation between cancer 
cells and T-cells to harness the cytotoxic abilities of the 
immune system6. However, there are several molecular 
mechanisms allowing resistance to blockade therapy29. Recent 
studies revealed that it is insufficient to stimulate the cytotoxic 
T-cells with immune checkpoint blockade therapy, rather, con-
currently targeting immunosuppressive cells8,29. We therefore 
set out to examine whether Cannabis extracts can immunomo-
dulate the regulatory myeloid cells in the TME and enhance the 
existing immune-checkpoint blockade therapies.

Many clinical trials attempted modulating immunosup-
pressive cells by targeted depletion of tumor-secreted 
cytokines3132,33, and as CSF-1 is a major modulator of reg-
ulatory myeloid cells in the TME, targeting the CSF-1 axis 
has been under extensive investigation. CSF-1 is highly 
expressed by several tumor types32,33 and is associated with 
poor prognosis and survival32–35; emphasizing the relevance 
of targeting this cytokine. Moreover, CSF-1 is specific to the 
monocyte-macrophage axis, therefore its depletion does not 
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affect other immune cell populations, possibly making it 
more tolerable11. Our findings provide a new tool for target-
ing this major tumor-secreted cytokine with highly relevant 
clinical applications.

We succeeded to purify and identify from the whole 
extract a single cannabinoid, CBG, able to reduce CSF-1 
secretion more efficiently than the psychoactive THC. 

CBG is a non-psychoactive cannabinoid, which makes it 
more suitable for medical applications. Only a few studies 
investigated the pharmacological effects of CBG36 and 
none tested its effects on the TME. To verify our findings 
for CBG, we utilized a high-CBG chemovar termed 3704 
and found it was as efficient as pure CBG and more 
efficient than the high-THC chemovar in reducing CSF-1 

Figure 5. Synthetic CBG or high-CBG extract treatments reduce tumor progression and TAM macrophage frequencies in tumors. Female WT C57BL/6 mice (n=9–10/ 
group, two independent experiments) were injected with 1 × 106 B16F10 cells. After 3 d, the mice were treated intraperitoneally with either vehicle, synthetic CBG 
(2.5 mg/kg), or the high-CBG extract 3704 (3.75 mg/kg), as indicated, over the course of 14 d. (a) Growth curve of ectopic tumor volume in mice. Tumors were measured 
using a vernier caliper, and their volume was calculated according to the formula (length × width2) × 0.5. (b) Averaged tumor weight (grams) per treatment group 
on day 14. (c) Image of excised tumors. (d) The concentration of CBG in tumor homogenates was evaluated with LC-MS/MS (n=4–5/group) and shown as mean ± 
standard deviation (ND – not detected). (e-f) Single-cell suspensions were prepared from the excised spleens (n=4–5) and tumors (n=9–10), myeloid cell frequencies in 
the spleens were measured from total CD11b+ cells and in the tumors from total CD45+ cells. Extracellular markers for (e) CD11b+ Ly6Chigh Ly6G- (f) CD45+ F4/80- 
Ly6Chigh Ly6G- (g) CD11b+ Ly6Clow Ly6G+ (h) CD45+ F4/80- Ly6G+ Ly6Clow (i) CD45+ F4/80+ Ly6Chigh CD86+ (j) CD45+ F4/80+ Ly6C−/low CD206+ were used, and the 
frequencies were measured by spectral flow cytometry. (k) TAM/M1 frequency was calculated for each mouse, and the average ratio is presented for the indicated 
groups (n=9). Statistically analyzed by one-way ANOVA (NS – non-significant, *p < 0.05, **p < 0.01) for tumor volume and weight on day 14, and by a student t-test 
(**p < 0.01, ****p < 0.0001).
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Figure 6. A combination of CBG and αPD-L1 is more effective than each treatment separately. (a) Diagram of the mice model experiment. Female WT C57BL/6 mice 
(n=5/group) were injected with 1 × 106 B16F10 cells. After 3 d, the mice were divided randomly into groups and treated intraperitoneally with either vehicle and isotype 
control, synthetic CBG (2.5 mg/kg), αPD-L1 (200 µg/injection) or a combination of CBG and αPD-L1, over the course of 14 d, as indicated. (b-d) Single-cell suspensions 
were prepared from the excised tumors (n=3–4), and MO-MDSCs were stained with the subpopulation of extracellular markers and additionally stained with the 
intracellular marker iNOS. (b) Representative flow charts of iNOS expression in CD45+ F4/80- Ly6Chigh MO-MDSCs. iNOS percentage (c) and MFI (d) were analyzed by 
spectral flow cytometry. (e) Growth curve of ectopic tumor volume in mice. Tumors were measured using a vernier caliper, and their volume was calculated according to 
the formula (length × width2) × 0.5. (f) Differences in tumor volume between groups were analyzed on day 14 and presented as mean ± SEM of two independent 
experiments and plotted for percentiles 10–90 (n=8–9). (g) Survival analyses after subcutaneous tumor transplantation (n=6), statistical differences were calculated with 
the log-rank test (*p < 0.05). (h-k) Immune cell number was normalized to the weight of each respective tumor, calculated using counting beads for (h) CD45+ (i) CD45+ 
CD3+ CD8+ (j) CD45+ CD3+ CD8+ GrzB+ and (k) CD45+ CD3+ CD8+ TNF-α+. Statistical significance was calculated using one-way ANOVA (*p < 0.05, **p < 0.01).
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secretion. Medical Cannabis has been classically divided 
into three phenotypic chemovar groups according to its 
content of THC and CBD: Type I which is THC- 
predominant, Type II in which the two are balanced and 
Type III which is CBD-predominant3738. Recently, new 
Cannabis chemovars are being developed, which comprise 
high amounts of CBG and are now known as Type IV36,38. 
Importantly, to date, high-CBG chemovars are not com-
mercially available and patients are prescribed medical 
Cannabis based on the THC:CBD

ratio. In this work, we used for the first time a non- 
psychoactive Type IV chemovar and proved its supremacy 
over the highly used psychoactive Type I.

Extensive research over the past years showed that each 
regulatory myeloid subpopulation is influenced by different 
cytokines and chemokines39. Moreover, each MDSC subpo-
pulation possesses a different degree of immunosuppressive 
capabilities40. Studies show that although PMN-MDSCs are 
more abundant in the TME, MO-MDSCs proffer a stronger 
immunosuppressive phenotype than PMN-MDSCs40. 
Moreover, a higher proportion of MO-MDSCs was pre-
viously found in peripheral blood from melanoma 
patients41, emphasizing the importance of targeting the MO- 
MDSC subpopulation. The successful targeting of MO- 
MDSC subpopulation and TAMs underlies CBG as 
a specific therapeutic tool for cancer patients with elevated 
circulating regulatory myeloid cells.

CBG-treated mice had no significant changes in MDSC 
frequencies in the tumor. This is possibly due to the fact that 
at this stage of the tumor progression, the most abundant 
myeloid subpopulations are differentiated macrophages. We 
did find, however, reduced MO-MDSCs frequencies in the 
spleens of treated mice, indicating lower amounts of circulating 
MO-MDSCs, possibly because less cells are recruited from the 
bone-marrow and expanded.

Although the connection between the endocannabinoid 
system and the immune system is well established, only a few 
studies focused on investigating its involvement in TME mod-
ulation. Because of the immunoregulatory properties of canna-
binoids, the endocannabinoid system was previously suggested 
to play a fundamental role in shaping the TME and influencing 
tumor progression42. One study has shown the endocannabi-
noid 2-arachidonoylglycerol (2-AG) exhibits direct antitumor 
effects but also promotes an immunosuppressive microenvir-
onment by increasing the suppressive immune cell population 
of MDSCs43. Another study focused on the effect of CBD on 
cytokine secretion in triple-negative breast cancer44. These 
studies, together with our results, support the potential of 
cannabinoids in modulating the TME in a variety of cancers. 
Moreover, we bring support for the utility of minor cannabi-
noids such as CBG in therapeutic settings.

Medical Cannabis is already being prescribed to cancer 
patients, primarily as palliative care meant to alleviate pain, 
relieve nausea and stimulate appetite45. A recent clinical trial 
tested the effectivity of CBG for sleep issues using 25–50 mg 
daily and did not report any toxicity side effects for this 
amount46, which is above the dose of CBG used in our study. 
Moreover, the average use of medical Cannabis in extract form 
is 1 gr a day, which is approximately 14 mg/kg/d, far greater 

than the dose used in this study. We have previously shown 
medical Cannabis treatment is generally safe for oncology 
patients47. However, there is a huge variety between different 
medical Cannabis chemovars in their phytocannabinoid com-
position. A study that focused on the effect of synthetic THC 
on T-cell activity found it suppressed anticancer immunity48. 
In another study by our group, we found Cannabis consump-
tion was associated with worsening the success rate of blockade 
therapy49,50. It is possible that these patients received medical 
Cannabis chemovars that were THC-rich, with very little CBG, 
indicating the pressing need for precision medicine that uses 
the proper treatment. Our findings have immediate practical 
implications; current treatment protocols that are already in 
combination with medical Cannabis as palliative care can select 
the CBG-rich chemovars in combination with immune check-
point blockade therapy, making it more effective, and provid-
ing patients with antitumor properties in addition to the 
palliative ones52,53.
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