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a b s t r a c t

Colorectal tumors often create an immunosuppressive microenvironment that prevents them from
responding to immunotherapy. Cannabidiol (CBD) is a non-psychoactive natural active ingredient from
the cannabis plant that has various pharmacological effects, including neuroprotective, antiemetic, anti-
inflammatory, and antineoplastic activities. This study aimed to elucidate the specific anticancer
mechanism of CBD by single-cell RNA sequencing (scRNA-seq) and single-cell ATAC sequencing (scATAC-
seq) technologies. Here, we report that CBD inhibits colorectal cancer progression by modulating the
suppressive tumor microenvironment (TME). Our single-cell transcriptome and ATAC sequencing results
showed that CBD suppressed M2-like macrophages and promoted M1-like macrophages in tumors both
in strength and quantity. Furthermore, CBD significantly enhanced the interaction between M1-like
macrophages and tumor cells and restored the intrinsic anti-tumor properties of macrophages,
thereby preventing tumor progression. Mechanistically, CBD altered the metabolic pattern of macro-
phages and related anti-tumor signaling pathways. We found that CBD inhibited the alternative acti-
vation of macrophages and shifted the metabolic process from oxidative phosphorylation and fatty acid
oxidation to glycolysis by inhibiting the phosphatidylinositol 3-kinase-protein kinase B signaling
pathway and related downstream target genes. Furthermore, CBD-mediated macrophage plasticity
enhanced the response to anti-programmed cell death protein-1 (PD-1) immunotherapy in xenografted
mice. Taken together, we provide new insights into the anti-tumor effects of CBD.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Colorectal cancer (CRC), a malignant epithelial tumor, is the third
most common cancer type and the second leading cause of cancer
death. With the advent of more effective therapeutic approaches,
especially immunotherapies, the prognosis of patients has signifi-
cantly improved over the past 20 years [1,2]. Cancer immunotherapy
has achieved a revolution in cancer treatment, including checkpoint
inhibitors and adoptive cell therapy that manipulate the immune
system to recognize and attack cancerous cells. However, despite the
clinical success of immunotherapies such as antibodies against
cytotoxic T lymphocyte antigen-4, programmed cell death protein 1
(PD-1), and its ligand PD-L1, and chimeric antigen receptors T cell
therapy, only a subset of patients have responded fully to immu-
notherapy; the reasons for this are, as yet, unknown [3,4]. Thus,
further insight into immunotherapy mechanisms as well as identi-
fication of novel therapies for CRC are urgently required.

Studies have shown that without coordinated strategies to
mitigate the immunosuppressive properties of the tumor micro-
environment (TME), cancer immunotherapies often provide limited
clinical benefit [5e7]. As the predominant immunosuppressive
component of the TME, tumor-associated macrophages (TAMs)
play critical roles in tumor angiogenesis, tumor progression and
metastasis, immunosuppression, resistance to chemotherapeutic
agents, and checkpoint blockade immunotherapy [8,9]. Although
macrophages can be characterized simply as classically activated
pro-inflammatory (M1) macrophages or alternatively activated
pro-tumorigenic (M2) macrophages, accumulated evidence sug-
gests that macrophages in tumors display pro-tumorigenic M2
phenotypes for supporting tumor progression in the TME [10].
Cytokines in the TME, such as interleukin-4 (IL-4) and IL-13, drive
macrophages into an alternatively activated state and alter the
cellular metabolic state to rely on oxidative phosphorylation
(OXPHOS) and fatty acid oxidation (FAO). Such shifts in cellular
metabolic status in turn support the transcriptional activation of
associated genes [11e14]. However, howmetabolic reprogramming
is orchestrated and which cellular and environmental signals are
sensed to control the activation and polarization of macrophages
remains unclear [15,16].

Cannabidiol (CBD), a non-psychoactive natural active ingredient
from the cannabis plant, has various pharmacological effects
including neuroprotective [17], anti-emetic [18], anti-inflammatory
[19,20], and anti-tumor activities [21,22]. It has already been
approved for the treatment of epilepsy in children by the U.S. Food
and Drug Administration in 2018. In contrast to the psychoactive
constituent tetrahydrocannabinol (THC), CBD has a low affinity to
the cannabinoid receptors CB1 and CB2 [23,24]. Several studies
have shown that CBD presents a strong anti-tumor ability [25], yet
the underlying mechanism of action is not clear. In this study, we
investigated the effect of CBD on the TME. We found that CBD
reprogrammed TAMs from an immunosuppressive M2 profile into
an antitumorigenic M1 profile and improved the therapeutic
outcome of cancer immune therapies. Further experiments
revealed that CBD induced metabolic reprogramming of macro-
phages via the phosphatidylinositol 3-kinase (PI3K)-protein kinase
B (Akt) signaling. Our results highlight the role of CBD in modu-
lating the immunosuppressive microenvironment during tumor
progression.

2. Materials and methods

2.1. Reagent

CBD was purchased from ZZStandards (ZT-71, 836; Shanghai,
China). Antibodies of Ki67 (Cat# 12202), p-PI3K (Cat# 4228), PI3K
727
(Cat# 4257), p-Akt (Cat# 4060), Akt (Cat# 4601), and p62 (Cat#
23214) were purchased from Cell Signaling Technology (Danvers,
MA, USA). Antibodies of proliferating cell nuclear antigen (Cat# sc-
25280), STAT6 (Cat# sc-374021), and Janus kinase (JAK)1 (Cat# sc-
376996) were purchased from Santa Cruz Biotechnology (Dallas,
TX, USA). Antibodies of p-JAK1 (Cat# ab138005) and pSTAT6 (Cat#
ab263947) were purchased from Abcam (Cambridge, UK). Anti-
bodies of inducible NO synthase (iNOS) (Cat# 4060) were pur-
chased from ABclonal Technology (Wuhan, China). Antibodies of
LC3B (Cat# NB100-2220) were purchased from Novus Biologicals
(Beijing, China). Flow cytometry antibodies of CD206-PE (Cat#
141705), CD86-BV421 (Cat# 305425), CD8a-BV421 (Cat# 100737),
CD4-PE-Cy7 (Cat# 100421), and granzyme B-AF647 (Cat# 515405)
were purchased from BioLegend (San Diego, CA, USA). Flow
cytometry antibodies of CD45-AF700 (Cat# 56-0451-82), perforin-
APC (Cat# 17-9392-80), and perforin-PE (Cat# 12-9392-82) were
purchased from Thermo Fisher Scientific Inc. (Waltham, MA, USA).
Lipofectamine 3000 and Lipofectamine RNAi MAX were purchased
from Thermo Fisher Scientific Inc.. Mouse IL-4 (Cat# 78047.1) was
purchased from R&D Systems (Minneapolis, MN, USA). Recombi-
nant human IL-4 (Cat# CX03) was purchased from Novoprotein
Scientific Inc. (Beijing, China). The antibodies of anti-mouse PD-1
(Cat# BE0146) were purchased from Bio X Cell (Lebanon, NH, USA).
Clodronate liposomes (Cat# 40337ES08) were purchased from
Yeasen Biotechnology (Shanghai) Co., Ltd. (Shanghai, China).
Matrigel (Cat# 356231) was purchased from Corning Inc. (Corning,
NY, USA). Organoid growth medium (Cat# KCW-2) was purchased
from Kingmed Pharm (Chongqing, China).

2.2. Mice and colon cancer xenograft model

C57BL/6mice (female, 6e8weeks old, 20e22 g) were purchased
from GemPharmatech (Nanjing, China) and housed under optimal
conditions of light, temperature, and humidity with free access to
food and water. All animal experiments were conducted in strict
accordance with the Guide for the Care and Use of Laboratory
Animals and the relevant ethics regulations of Jiangsu Province and
Nanjing University (Approval No.: IACUC-2204006). MC38 cells
(1� 106) were inoculated subcutaneously into the right flank of the
mice. Tumor dimensions were measured by caliper every other day
(V ¼ length � width2/2) and the mice were divided when the tu-
mors grew to 100 mm3. The MC38 tumor-bearing mice were
treated with vehicle or different doses of CBD (intraperitoneally,
daily) for a set number of days, and 5-fluorouracil (5-Fu, every other
day) was intraperitoneally injected as a positive control. For the
combination experiments, the MC38 tumor-bearing mice were
treated with vehicle (intraperitoneally, every day), CBD (10 mg/kg,
intraperitoneally, every day), anti-PD-1 (200 mg/mouse, intraperi-
toneally, every three days), or a combination of CBD and anti-PD-1.
Following a set number of days, the tumor-bearing mice were
anesthetized, and tissues were harvested for further analysis and
measurement. For macrophage depletion, the mice were injected
i.t. with 150 mL of clodronate liposomes or control liposome prior to
tumor inoculation (day 0) and at days 3, 7, and 11 after subcu-
taneous tumor injection. Infiltrating macrophages (F4/80þ) were
assessed to ensure macrophage depletion.

2.3. Cell culture

Mouse colon cancer cell lines MC38 were maintained in our
laboratory and were cultured at 37 �C in a humidified incubator
with 5% CO2 in Dulbecco’s modified Eagle medium (DMEM) con-
taining 10% fetal bovine serum (FBS) with 100 units/mL penicillin
and 100 mg/mL streptomycin. Bone marrow cells were flushed out
from the femurs and tibias of female C57BL/6 mice. After
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centrifugation for 5min at 300 g, erythrocytes were eliminated, and
the remaining cells were differentiated for 6 days in the mouse
macrophage culture medium (DMEM supplemented with 10% FBS,
100 units/mL penicillin, 100 mg/mL streptomycin, and 10 ng/mL
macrophage-colony stimulating factor), culture fluid was
exchanged with culture medium every three days, and adherent
macrophages were harvested. For alternative activation of macro-
phages, bone marrow-derived macrophages (BMDMs) were stim-
ulated with 20 ng/mL recombinant IL-4 for 24 h.

2.4. Patient-derived organoid culture and co-culture

The human CRC organoids were constructed and cultivated by
Kingmed Pharm [26]. Briefly, patient tissue samples acquired by the
surgical operation were minced into pieces as small as possible
using sterile scissors. Then, the tissue pieces were mixed thor-
oughly with Matrigel at the approximate ratio of 1:4 (V/V) on ice.
Next, the tissue-Matrigel suspensions were seeded quickly in the
multi-well plate to form hemispherical droplets and transferred
into incubator 37 �C for 15 min. Then, 1 mL of culture medium
(Kingculture™ organoid growth medium, Kingmed Pharm) was
added to each well; the medium was changed every two to four
days. Generally, organoids are passaged in about seven to ten days.
For organoid-macrophage co-culture experiments, 25e40 organo-
ids and 5 � 104 macrophages were mixed in Matrigel and added
dropwise to a multi-well plate. After the Matrigel solidified, an
appropriate amount of medium was added. Photomicrographs
were taken on the 4th day to record the growth of the organoids.

2.5. Single-cell dissociation from mouse for single-cell RNA/ATAC-
seq

Solid tumors from the mice were digested using a tumor
dissociation kit (Miltenyi Biotec, Bergisch Gladbach, Germany) to
obtain single-cell suspensions. Single-cell suspensions with a
concentration of 1000 cells/mL were loaded on the 10x Genomics
chromium controller single-cell instrument following the
10x Genomics manufacturer’s protocol. Reverse transcription re-
agents, barcoded gel beads, and partitioning oil were mixed with
the cells to generate single-cell gel beads in emulsions for reverse
transcription.

2.6. Single-cell RNA sequencing (scRNA-seq) data pre-processing
and quality control

The scRNA-seq data for each experiment were processed with
CellRanger v4.0.0 pipeline (10x Genomics) based on the mouse
reference genome GRCm38 (mm10). Digital gene expression
matrices were analyzed in R (v4.0.4), using the Seurat (v4.0.0)
package [27]. Cells were filtered by the number of UniqueMolecular
Identifiers (UMIs) (<100,000 UMIs), the number of genes (<6500
genes), and percentage of mitochondrial genes (“percent.mt” lower
than 10%) before downstream analysis. Normalization was per-
formed using SCTransform function [28] with regression of per-
centage of mitochondrial genes. For integration, 3000 shared highly
variable genes were identified using the SelectIntegrationFeatures
function [29]. Integration anchors were identified based on these
genes using the FindIntegrationAnchors function with an SCT
normalization method. The data were then integrated using the
IntegrateData function. Principal component analysis (PCA) and
uniformmanifold approximation and projection (UMAP) dimension
reduction with the top 30 principal components were performed. A
nearest-neighbor graph using the 30 dimensions of the PCA
reduction was calculated using FindNeighbors function, followed by
clustering using FindClusters function with a resolution of 0.8.
728
2.7. Identification of differentially expressed genes (DEGs) among
clusters and annotating cell clusters

Candidate marker genes for each cell cluster were identified by
the FindAllMarkers function. For each cluster of cells, group-
specific differentially expressed genes were identified using the
Wilcoxon rank sum test as implemented in FindAllMarkers func-
tion (min.pct ¼ 0.1, logfc_threshold ¼ 0.1, test.use ¼ “wilcox”)
with the Seurat R package, and genes with average expression
difference >0.5 natural log with P < 0.05 were selected as marker
genes.

For each cell cluster identified as above, a cell type was assigned
to it by using a combination of differentially expressed genes and
known gene signatures. The FeaturePlot function showed that the
cluster specific marker genes Pecam1, Col1a1, Lyz2, and Cd3d were
significantly enriched in cancer cells, stromal cells, myeloid cells
and lymphocytes, respectively.

2.8. Single-cell ATAC sequencing (scATAC-seq) data pre-processing
and quality control

The scATAC-seq data were pre-processed by Cellranger-ATAC
(v2.0.0) using the count command line. For the subsequent
scATAC-seq data processing and analysis, the ArchR (v1.0.1) pack-
age was used [30]. The addArchRGenome (“mm10”) function was
used for genome annotation and an arrow file was created using the
createArrowFiles function with its default parameters. The filter-
Doublets functionwas used to remove the potential doublets and an
ArchR project was created using the ArchRProject function with its
default parameters. The Harmony package was then used to
remove the batch effect via the addHarmony function [31]. For
dimensionality reduction, the addIterativeLSI function in ArchR was
used with its default parameters. For single-cell embedding, the
reducedDims object in Harmony was selected, and the addUMAP
function with the parameter “perplexity ¼ 30” was used for
visualization.

2.9. Marker genes identification and cluster annotation

To identify the marker gene, the gene scores were calculated
when creating the ArchR project and stored in the arrow file. The
getMarkerFeatures function was then used to identify the cluster-
specific “expressed” genes, using the default parameters. To visu-
alize the marker genes in embedding, the addImputeWeights func-
tion was used to run the MAGIC [32] to smooth gene scores across
the nearby cells. For track plot, the plotBrowserTrack function was
used with its default parameters except for “tileSize ¼ 100”.

2.10. Peak calling and TF binding motif analysis

Before peak calling, the addGroupCoverages function was used
with its default parameters to generate pseudo-bulk replicates.
Then, the addReproduciblePeakSet function was used with its
default parameters except for “genomeSize ¼ 2.7�109” to call
accessible chromatin peaks using MACS2 (v2.2.7.1) [33]. For cell
type specific peak analysis, the getMarkerFeatures function with
peak matrix was used initially to identify marker peaks. Next, the
getMarkers function with the parameter “cutOff ¼ false discovery
rate (FDR) � 0.01 & log2(fold change) (FC) � 1” was used to obtain
the differential peaks. For transcription factor (TF) motif enrich-
ment analysis, the addMotifAnnotations function was used to add
the motif annotation to the ArchR project, and the pea-
kAnnoEnrichment function with the “cutOff ¼ FDR � 0.1 &
Log2FC� 0.5” parameter was used to compute TFmotif enrichment
in differential peaks. For motif footprint analysis, the getPositions
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function was used to obtain the positions with relevant motifs.
Then, the getFootprints function was used to compute the interest
motif footprints, using the function’s default parameters. Finally,
the footprint patterns were plotted using the plotFootprints func-
tion with its default parameters.
2.11. Integrated analysis of scRNA-seq and scATAC-seq data

In order to integrate scATAC-seq data with matched scRNA-seq
data, the FindTransferAnchors function from the Seurat package was
used, and the datawere aligned using the addGeneIntegrationMatrix
function of ArchR in “unconstrained integration” mode. From the
results, it was found that most of the predicted scores were >0.5. To
improve the accuracy of the predictions in order to better integrate
the two datasets, the “constrained integration” mode was again
used to integrate the scATAC-seq and scRNA-seq data. Briefly, the
scATAC-seq data were annotated with cell types based on the gene
scores of scATAC-seq. Then, a restricted list was created such that
gene expression similarity was calculated only in the same cell type
for both scATAC-seq and scRNA-seq. For peak to gene linkage
analysis, the addPeak2GeneLinks function was used to compute
peak accessibility and gene expression with the parameters
“corCutOff ¼ 0.45, resolution ¼ 1”.
2.12. Pseudo-time lineage trajectory

The cell lineage trajectory of cancer cells was inferred by using
Monocle2 (version 2.18.0) R package [34]. Monocle sorts cells by
learning an explicit principal graph from the single-cell genomics
data with reversed graph embedding, thereby robustly and accu-
rately resolving complicated biological processes [35]. The differ-
entialGeneTest function was used to derive DEG from each cluster,
and, after the cell trajectories were constructed, differentially
expressed genes along the pseudo-time trajectory were detected.
All pseudo-time-dependent genes were visualized using the
plot_pseudotime_heatmap function taking a CellDataSet object.
Lineage trajectory plot and smooth expression curves based on
CellDataSet were generated using plot_cell_trajectory and plot_ge-
nes_in_pseudotime, respectively [36].
2.13. Enrichment analysis

Gene set enrichment analysis (GSEA) [37] was applied using 50
hallmark gene sets (h.all.v7.4.symbols.gmt) to identify significantly
enriched functional pathways via the GSEA software (v4.1.0), with
screening criteria of nominal P-value <0.05 and FDR q-value <0.25.
The functional phenotypes of eachmacrophage subset were defined
using gene set variation analysis (GSVA)with the GSVA package [38].
2.14. Cell-cell interaction analysis

Cell-cell interactions among the cell types was inferred through
CellChat, a tool that can quantitatively infer and analyze intercel-
lular communication networks from scRNA-seq data, delineating
the specific signaling roles played by each cell type [39]. The com-
puteCommunProbPathway function was used to compute the
communication probability at the signaling pathway level by
summarizing all related ligands/receptors with default parameters.
The contribution of each ligand-receptor pair to the overall
signaling pathways was computed and visualized using the netA-
nalysis contribution function.
729
2.15. Quantitative real-time polymerase chain reaction (qRT-PCR)
analysis

Cells were washed three times with cold phosphate-
buffered saline (PBS), and total RNA was extracted from the cells
using the TRIzol reagent (Invitrogen, Waltham, MA, USA) according
to the manufacturer’s instructions. Single-stranded complemen-
tary DNA was synthesized from 1 mg of total RNA by reverse tran-
scription. Real-time PCR was performed with SYBR Green Realtime
PCR Master Mix (Vazyme Biotech Co., Ltd., Nanjing, China) on a CFX
100 (Bio-Rad, Hercules, CA, USA) cycler. The PCR cycling conditions
were 95 �C for 3min and 35 cycles at 95 �C for 30 s, 60 �C for 40 s, and
72 �C for 1 min. The expression of b-actinwas used to normalize the
data.

2.16. Western blot

Cells were washed three times with cold PBS and lysed with
Western blot and immunoprecipitation lysis containing protease
and phosphatase inhibitor cocktails (MCE, Shanghai, China). Protein
concentration was determined using a bicinchoninic acid protein
quantitation kit. Proteins extracted in lysis buffer were separated by
10%e12% sodium dodecyl sulfate-polyacrylamide gel electropho-
resis and transferred onto polyvinylidene difluoride membranes.
The membranes were blocked with 5% bovine serum albumin for
1 h at room temperature and probed with the indicated antibodies
overnight at 4 �C. Then, the membranes were incubated with a
horseradish peroxidase-coupled secondary antibody. Detection
was performed using a LumiGLO chemiluminescent substrate
system.

2.17. Flow cytometry

Single-cell suspensions were incubated with surface marker
antibodies for 30 min on ice, and for intracellular cytokine staining,
the cells were fixed and permeabilizated using intracellular fixation
and permeabilization buffer as per the manufacturer’s instructions
(eBioscience, Waltham, MA USA). The cells were then stained with
intracellular antibodies for another 30 min on ice and analyzed
using flow cytometry. In the case of intracellular cytokine staining,
a cell stimulation cocktail (plus protein transport inhibitors) was
added for 4 h before staining. Fluorochrome-conjugated antibodies
were purchased from BioLegend, eBioscience, or BD Biosciences
(San Diego, CA, USA). Datawere acquired using the Attune NxT (Life
Technologies, Waltham, MA USA) flow cytometer and analyzed
with the FlowJo (BD Biosciences) software.

2.18. Macrophage apoptosis and proliferation analysis by flow
cytometry

Annexin V staining kit (Sigma, Louis, MO, USA) was used to
assess apoptosis in BMDMs. Cells werewashed in 1� binding buffer
and stained with fluorescein isothiocyanate isomer I-conjugated
annexin V and propidium iodide (PI) antibodies for 15 min and
immediately assessed by flow cytometry.

2.19. Extracellular flux assays

The oxygen consumption rate (OCR) and extracellular acidifi-
cation rate (ECAR) were measured using the Seahorse XF cell mito
stress test kit (Agilent, North Billerica, MA, USA) or XF extracellular
flux analyzer (Seahorse Bioscience, North Billerica, MA, USA).
Briefly, BMDMs were plated onto Seahorse XF-96 cell culture
microplates (5 � 104/well) overnight, then cells were treated with
or without CBD (10 mM) and polarized into M2 macrophages with
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IL-4 (20 ng/mL) for 24 h. Cells were washed, and the medium was
changed to XF assay medium (unbuffered DMEM pH 7.4 supple-
mented with 10 mM glucose, 1 mM sodium pyruvate, and 2 mM
GlutaMAX for OCR, and 1 mM sodium pyruvate and 2 mM Gluta-
MAX for ECAR), then cells were incubated in a non-CO2 incubator
for 1 h following the manufacturer’s instructions. Real-time mea-
surement of OCR and ECAR were performed using the Seahorse 96-
well extracellular flux analyzer (Agilent) according to the manu-
facturer’s instructions and as previously described. To assess
mitochondrial respiration, three to four consecutive measurements
were obtained under basal conditions and following the sequential
addition of 1 mM oligomycin, to inhibit mitochondrial adenosine
triphosphate (ATP) synthase; 1.5 mM fluoro-carbonyl cyanide phe-
nylhydrazone, a protonophore that uncouples ATP synthesis from
oxygen consumption by the electron transport chain; and 100 nM
rotenone plus 1 mM antimycin A, which inhibit the electron trans-
port chain. To assess glycolysis rates, 100 nM rotenone plus 1 mM
antimycin A were injected to inhibit mitochondrial oxygen con-
sumption, and 50 mM 2-deoxy-D-glucose was injected to inhibit
glycolysis through competitive binding of glucose hexokinase.

2.20. ATP measurement

ATP was assayed using the ATP detection assay kit (Beyotime,
Shanghai, China) according to themanufacturer’s instructions. Briefly,
BMDMs were stimulated with IL-4 and treated with or without CBD
for 24 h. Cells were harvested and lysed using ATP detection lysate.
The fluorescence intensity was detected by a luminometer.

2.21. In vitro macrophage and tumor cell co-culture assay

A 24-well glass-bottomed plate was coated with fibronectin
(1:100, V/V). Macrophages were seeded (1.5� 105/well) to the plate
and treated with medium or IL-4 (20 ng/mL) for 24 h with or
without CBD treatment. The next day, the medium was discarded,
and the cells were washed with PBS then labeled with 5(6)-car-
boxyfluorescein diacetate succinimidyl ester. MC38 tumor cells
expressingmCheery fluorescent proteinwere seeded (5� 104/well)
to the plate. The culture medium was changed from a macrophage
culture medium to a cancer cell medium. After 48 h, live cell im-
aging was performed.

2.22. Immunohistochemistry and immunofluorescence staining

Paraffin-embedded slides of tumor sample were dewaxed in
xylene and rehydrated through 100%, 75%, and 50% ethanol, and
then the antigen was repaired using sodium citrate. For immuno-
histochemical staining, slides were additionally treated with 3%
hydrogen peroxide to eliminate endogenous peroxidase activity.
After blocking with 5% goat serum, the slices were incubated with
antibodies overnight at 4 �C. The anti-mouse/rabbit horseradish
peroxidase-labeled polymer (100 mL) was added, and samples were
incubated at 37 �C for 30 min, followed by 100 mL of 3,3-N-dia-
minobenzidine tertrahydrochloride working solution and incuba-
tion at room temperature for 5 min. After 1 min of staining with
hematoxylin, samples were washed in 50%, 75%, and 100% ethanol
and xylene for 5min, and neutral gumwas used to seal the film. The
film was observed and photographed under a microscope.

For immunofluorescence staining, slides were washed with PBS
and stained with fluorophore-conjugated secondary antibodies
(1:500, V/V) at room temperature for 90 min and counter-stained
with 4’-6-diamidino-2-phenylindole for 2 min. After washing five
times, the cells were observed with a confocal laser scanning
730
microscope (LSM880, Zeiss, Oberkochen, Germany).

2.23. Statistics

Statistical analysis was performed using GraphPad Prism 8.0. All
results are expressed as the mean ± standard error of mean. Stu-
dent’s t-test was used to evaluate the significant difference be-
tween the two groups. One-way analysis of variance followed by
Dunnett’s post hoc test were used to evaluate the differences when
there were more than two groups. Statistical significance was set at
*P < 0.05; **P < 0.01; and ***P < 0.001 (ns: no significance).

2.24. Data availability

The raw data for the single-cell RNA-seq samples are available in
the Gene Expression Omnibus database (Accession No.:
GSE220635).

3. Results

3.1. CBD inhibits the growth of transplanted colon cancer in mice

To explore the effect of CBD on the growth of MC38 xenografts in
mice,we treatedmicewith different doses of CBD on the seventh day
after transplantation, and 5-Fu was used as a positive control. The
results showed that both tumor volume and tumor weight were
significantly decreased by CBD treatment in a dose-dependent
manner (Figs. 1B�D), while there was no difference in the body
weight between CBD and vehicle mice (Fig. S1A). Furthermore, his-
tological evaluation of the tumor revealed that CBD treatment
resulted in sparse arrangement and fragmentation of the tumor cells,
indicating apoptosis in varying degrees (Fig. S1B). Moreover, we
detected cell apoptosis by terminal deoxynucleotidyl transferase
dUTP nick-end labeling (TUNEL) staining. The results showed that
more TUNEL-positive cells were detected in the CBD treatment
group than in the vehicle group (Figs. 1E and F). Notably, the
expression of Ki67 in tumor tissues was noticeably reduced in the
CBD treatment group (Figs.1G andH). In addition, CBD also increased
the expression of Ifng, Granzyme B (Gzmb), Perforin, and Fas ligand
(FasL) in tumors (Fig. S1C). Taken together, these results suggest that
CBD inhibits the growth of colon cancer in mice.

3.2. Single-cell analyses reveal CBD remodels TME in MC38
transplanted tumor

Previous studies have reported that CBD inhibits tumor cell
proliferation [21,22], but the effect of CBD on the TME remains
unclear. Therefore, we performed scRNA-seq and scATAC-seq to
explore the impact of CBD on MC38 colon cancer. We collected the
single cells frommurineMC38 xenograft tumors in vehicle and CBD
treatment groups and performed matched scRNA-seq and scATAC-
seq analyses (10x Genomics) (Fig. 2A). After quality control and
filtering, a total of 20,363 cells met the preprocessing threshold and
were used for downstream analysis (Figs. S2A and B). We demon-
strated the overall high quality of scATAC-seq data based on the
enrichment analysis of accessible DNA sequences relative to the
transcriptional start site and the size distribution of unique frag-
ments (Figs. S2C and D). The cell population in TME was divided
into five major cell types by their gene expression signatures,
including cancer cell, fibroblast cell, myeloid cell, lymphoid cell,
and endothelial cell (Figs. 2B and C). Unsupervised clustering with
UMAP annotated 15 sub-cell clusters by known or putative markers
(Figs. 2BeD). We compared the changes in the number of various



Fig. 1. Cannabidiol (CBD) inhibits the growth of transplanted colon cancer in mice. MC38 cancer cells (1 � 106) were inoculated subcutaneously into each mouse (n ¼ 5). When the
tumor grew to 100 mm3, the mice were randomly divided into a vehicle group (i.p., once a day), a 5-fluorouracil (5-Fu) group (25 mg/kg, i.p., once every other day), and a CBD
different dose group (5 mg/kg and 10 mg/kg, i.p., once per day). (A) Representative images of the tumor. (B) Tumor growth curve. (C) Tumor weight. (D) Tumor volumes of individual
mice. (E, F) Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay for apoptotic cells in tumor tissue. (G, H) Immunohistochemistry (IHC) for detecting Ki67 in
the tumor tissue. Data are represented as mean ± standard error of mean. *P < 0.05 and **P < 0.01.
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cell types in the vehicle and CBD treatment groups. In addition to a
decrease in the number of tumor cells (from 22.85% to 16.8%), the
number of lymphocytes (from 1.84% to 3.14%) and myeloid cells
(from 10.85% to 11.72%) increased in the CBD-treated group
(Fig. 2E). The proportions of 15 cell subpopulations and the number
of differential genes from the vehicle and CBD groups, respectively,
showed that the number of cancer cell subpopulations after CBD
treatment decreased significantly, and the total number of differ-
ential genes increased significantly (Fig. S3A). We analyzed cell-cell
interactions and found that CBD significantly enhanced individual
cell-cell interactions, including tumor cells and CD8þ T cells, tumor
cells and nature killer (NK) cells, tumor cells and macrophages, and
macrophages and CD8þ T cells (Fig. 2F).

In particular, the interaction between cancer cells and
731
macrophages in the CBD group was significantly enhanced. To
address the question of whether cellular communication was
enhanced in the cells of the vehicle and CBD groups, we calculated
the integrated cellular communication network by counting the
number of links between the vehicle and CBD groups and sum-
marizing the communication probabilities. We found that the
number and intensity of interactions between the CBD group were
significantly higher than that of the vehicle group, and the inter-
action between cancer cells and macrophages was significantly
higher. The number or total interaction strength were also signifi-
cantly enhanced (Figs. S3B and C). These data show differences in
the landscape of vehicle and CBD in cancer cells and macrophages,
suggesting the potential effects of CBD on macrophages. Taken
together, our results reveal that CBD treatment significantly alters



Fig. 2. Single-cell RNA sequencing (scRNA-seq) analysis of cannabidiol (CBD) inhibiting the growth of MC38 transplanted tumor. (A) Schematic diagram of scRNA-seq and single-cell
ATAC sequencing (scATAC-seq). (B) The uniform manifold approximation and projection (UMAP) visualization shows unsupervised scRNA-seq clustering, revealing 5 major clusters
(left) and 15 minor clusters (middle) in two groups (right). (C) Expression of example marker genes. (D) Heatmap of row-wise Z-score-normalized mean expression of selected
marker genes. (E) 3D pie chart of the major cluster proportion in vehicle and CBD. (F) The overall networks of cell-cell communication within myeloid sub-populations between
vehicle and CBD. DCs: dendritic cells; NK: nature killer; Treg: regulatory T cells.
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Fig. 3. Cannabidiol (CBD) promotes the polarization of M2-like macrophages to M1-like macrophages. (A) The uniform manifold approximation and projection (UMAP) of myeloid
subclusters in vehicle and CBD. (B) Dot plots showing representative top marker genes across the myeloid subtypes. (C) Heatmap showing the expression of marker genes (top 50) in
the indicated myeloid subtypes. Selected marker genes are highlighted. (D) Pseudo-time trajectory analysis of myeloid cells based on group, cell subtypes, and pseudo-time (upper
panel) and faceted plots showing cell types in pseudo-time series (lower panel). (E) Trajectory tree showing the differentiation of monocytes and macrophages subtypes. (F) Ridge
plots showing the differentiation of monocyte and macrophage subtypes along the pseudo-time. (G) Chordal graph showing the differential interaction numbers of macrophage
sub-populations interacting with cancer cells between vehicle and CBD. (H) Gene set enrichment analysis (GSEA) showing significant enrichment of selected hallmark pathways in
CBD M1-like macrophages compared with vehicle. (I) Ridge plots showing the gene set variation analysis (GSVA) of significant hallmark pathways in CBD M2-like macrophages
compared with vehicle. (J, K) The cnet plot showing the relationship between the selected pathways with downstream genes. DCs: dendritic cells; PI3K: phosphatidylinositol 3-
kinase; Akt: protein kinase B; mTOR: mechanistic target of rapamycin; IL: interleukin; JAK: Janus kinase.
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the TME as well as the intercellular interactions within the
microenvironment.

3.3. CBD treatment alters macrophage signature in the TME

As mentioned above, CBD treatment profoundly affected the
proportion of myeloid cells in the tumor and enhanced the inter-
action between cancer cells and macrophages (Figs. 2E and F).
Therefore, we further divided myeloid cells into five sub-clusters
based on gene expression. To our surprise, the number of infil-
trating M1-like macrophages in tumors was significantly increased
after CBD treatment, whereas M2-like macrophages were signifi-
cantly decreased (Figs. 3A and B). Therefore, we compared the
differentially expressed genes of M1-and M2-like macrophages in
the two groups of vehicle and CBD groups and found that pro-
inflammatory macrophage activation-related genes such as Nos2,
Cd80, Cd86, and l12bwere significantly up-regulated, which means
that the macrophages enhanced anti-tumor ability. Consistent with
this, in M2 macrophages, we observed significant downregulation
of Cd9, Cebpb, and Spp1 genes, which have been shown to induce
the M2 phenotype in macrophages. In particular, we found that
CBD significantly induced the expression of glycolysis-related
genes in macrophages, including Aldoa, Ldha, and so on. (Fig. 3C).
These results indicate that CBD treatment significantly affected the
function of macrophages in tumors.

Next, we explored the differentiation relationship between
monocytes and macrophage subpopulations through pseudo-
chronological analysis. We found that macrophages differentiated
from monocytes and that M2-like macrophages tended to polarize
toward M1-like macrophages as the pseudo-chronology pro-
gressed (Figs. 3DeF). The heatmap analysis shows the distribution
of monocytes and macrophage subtypes during the transition
(divided into three phases) along with the pseudo-time. We found
that some genes related to macrophage polarization were also
involved in this process (Fig. S4A). Moreover, through the analysis
of cell communication, we found that compared with the vehicle
group, the number or intensity of interactions between cancer cells
and M1-and M2-like macrophages was significantly enhanced in
the CBD treatment group (Fig. 3G).

To explore the effect of CBD treatment on macrophages and the
specific anti-tumor mechanism, we performed gene enrichment
analysis onM1-andM2-likemacrophages, respectively (Figs. 3H and
I). Among M1-like macrophages, glycolysis, inflammatory response,
and reactive oxygen species (ROS) pathways were significantly
enriched after CBD treatment (Fig. 3H). Among M2-like macro-
phages, signaling pathways such as PI3K-Akt, oxidative phosphory-
lation, fatty acid metabolism, and cholesterol homeostasis were
down-regulated (Fig. 3I). These results indicate that CBD signifi-
cantly altered the metabolic and antitumor functions of macro-
phages. To account for the underlying biological complexity inwhich
genes may belong to multiple annotation categories, we character-
ized the connections between genes and pathways as a network by
cnet plot, showing thepossible downstreamofpathways enrichedby
M1-and M2-like macrophages target genes, and we found that M1-
like macrophages up-regulated the target genes related to glycol-
ysis, inflammatory response, and the active oxygen pathway, and,
correspondingly, M2-like macrophages down-regulated the down-
stream target genes related to PI3K-Akt-mechanistic target of
rapamycin (mTOR) and the cholesterol homeostasis pathway (Figs.
3J and K). These results suggest that CBD induces an anti-tumor ef-
fect by changing the metabolism of macrophages.

Next, we ranked critical signaling pathways based on the dif-
ference in overall information flow in the network inferred be-
tween the vehicle and CBD. We found that CBD treatment
significantly enhanced intercellular communication. As one of the T
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cell co-stimulatory signals, antigen-presenting cells express CD86
and bind to the T cell surface receptor CD28 to initiate T cell acti-
vation. Our results showed that CBD significantly enhanced CD86
signaling (Fig. S3D). We further mapped ligand-receptor pairs in
specific cell subpopulations. We observed that the interaction be-
tween H2-k1-Cd-8a and H2-k1-Cd8b1 between tumor cells and T
cells was enhanced, indicating that CBD treatment increases the
recognition and killing of tumor cells by T cells in tumors. In
particular, the interaction between Mif-(CD74-CD44) and App-
CD74 was significantly enhanced between tumor cells and macro-
phages, suggesting enhanced antigen presentation and phagocy-
tosis by macrophages after CBD treatment (Fig. S3E). Collectively,
our results suggest that CBD inhibits colorectal cancer progression
by modulating macrophage function.

3.4. Identification of specific regulators of M1- and M2-like
macrophages

To identify potential transcriptional regulators of M1-and M2-
like macrophages, we employed pySCENIC to decipher the gene
regulatory network modules specific to each sample based on co-
expression and motif enrichment. We analyzed representative TF
regulons acrossM1- andM2-likemacrophages. The scatter plot and
heatmap showing the top regulons of M1- and M2-like macro-
phages ordered by regulon-specific score and top regulons with
high activity are highlighted (Figs. 4A and B). Then, we analyzed the
signatures associated with macrophages by GSVA, the heatmap
showing different expression patterns of the indicated signature
genes among myeloid subtypes. The results showed that M1-like
macrophages have a pro-inflammatory effect in contrast to M2-
like macrophages, which have the function of anti-inflammation.

Moreover, different macrophage subtypes showed apparent
heterogeneity in M1- and M2-polarization (Fig. 4C). Next, we
visualized the top 10 TF regulons and their targeted genes between
vehicle and CBD, as shown in Figs. 4A and B by gene regulatory
networks (Fig. 4D). We examined the effect of CBD on these tran-
scription factors in macrophages in vitro and found that STAT3 and
NF-kB signaling were significantly enhanced after CBD treatment
(data not shown). It has been reported that STAT3 NF-kB signaling
directly and indirectly regulate various metabolism-related pro-
cesses, including glycolysis [40,41]. The dot plot showed that
inflammation-related genes are highly expressed in M1-like mac-
rophages, which echoes the pro-inflammatory function of M1-type
macrophages itself, and also confirms the results of Fig. 4C, indi-
cating that CBD promotes the inflammatory response of M1-like
macrophages to better help the body clear tumors in the anti-
tumor process (Fig. 4E). As mentioned above, under the action of
CBD, the glycolytic pathway was significantly enriched in M1-like
macrophages (Fig. 3H).

Next, we wanted to see if the glycolytic pathway was also
altered in M2-like macrophages. A raincloud plot was generated,
showing selected glycolysis-related gene differences in M2-like
macrophages from the vehicle and CBD groups. The results
showed that CBD up-regulated the glycolysis of M2 macrophages,
implying that CBD might transform M2-like macrophages into M1-
like macrophage characteristics by promoting glycolysis (Fig. 4F).

3.5. Single-cell chromatin landscape of major organs in vehicle and
CBD treatment groups

To deconstruct the gene regulation principles of M1-like mac-
rophages in CBD, we examined the single-cell chromatin accessi-
bility landscape of vehicle and CBD by scATAC-seq. In total, we
generated open chromatin profiles from11,967 individual cells after
quality control (Figs. S2C and D). To explore the gene regulatory



Fig. 4. Identified specific regulators of the maintenance of macrophage subtypes identity. (A) Dot plot showing the transcription factor (TF) regulons that regulate macrophage
subtypes predicted by pySCENIC. The top five TFs are highlighted. (B) Heatmap showing the enrichment of the TF in specific macrophage subtypes between vehicle and cannabidiol
(CBD). (C) Heatmaps showing different expression patterns of the indicated signature genes among myeloid subtypes calculated by gene set variation analysis (GSVA). (D) Gene
regulatory networks (GRNs) by the top 10 TF regulons and their targeted genes. TF regulons are highlighted by yellow rectangles, and target genes are shown by circles. Pie charts of
nodes indicate the relative gene expression level between the two groups. (E) Dot plot showing the inflammation-related genes in M1-like macrophages between the two groups.
(F) Raincloud plots showing the selected gene expression difference for M2-like macrophages from vehicle and CBD groups. Data are represented as mean ± standard error of mean.
***P < 0.001. DCs: dendritic cells.
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programs in CBD, we integrated the gene accessibility and gene
expression data using ArchR [30]. We observed that most of the
ATAC peaks (cis-regulatory elements (CREs)) demonstrated differ-
ential accessibility among cell clusters (Figs. S4D and F), confirming
735
distinctive chromatin landscapes in different cell types. We identi-
fied five distinct cell clusters in the integrated cell map according to
cluster-specific cis-elements and visualized the single-cell profiles
with UMAP (Fig. S4B). The UMAP plot shows the distribution of
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marker genes in cell types (Fig. S4C). Next, we extracted myeloid
cells and identified five distinct cell clusters in the integrated cell
map by integrating with scRNA-seq (Figs. 5A and B). For example,
myeloid cells demonstrated accessibility at cis-elements neigh-
boring cell type genes, such as monocytes (Cd14), M1-like macro-
phages (Cd86), M2-like macrophages (Cd163), dendritic cells
(Clec9a), and mast cells (Kit) (Fig. 5C). We detected 196,211 cis-ele-
ments across all cell clusters, ranging from12,285 to 94,861 peaks in
each cluster (Fig. 5D). Next, we correlated themotif activitywith the
expression level of the corresponding TFs to systematically deduce
either positive or negative TFs controlling colon development based
on whether TF expression was positively or negatively correlated
with their motif enrichment. The top 15 representative activators
arehighlighted in Fig. 5E, including cell identities suchas Stat1, Stat3,
Irf3, and Irf5 for M1-like macrophages (Fig. 5F), which play crucial
roles in maintaining M1-macrophage characteristics and cell fate
specification. In addition, the dot plot shows that the genes related
to M1-like macrophages were significantly enriched in the CBD
group (Fig. 5G). Generally, the expressionof these factorswas closely
correlatedwith the accessibility of open chromatin regions and their
binding motif enrichment (Fig. 5H).

Furthermore, we sought to demonstrate the power of scATAC-
seq data for reconstructing cellular developmental trajectories in
CBD, which analysis would allow identifying key regulators for
macrophage development at a cell-type level. CREs and TFs make
up the regulatory logic determining the cell state transition. To
study CREs for cell type-specific transcriptional programs, we
identified a total of 56,287 CRE-gene pairs (peak-to-gene links) in
the ATAC-RNA integration cell clusters (Fig. S4E). We focused on the
developmental trajectory of M1-like macrophages, and the CRE
accessibility in the promoter and distal enhancers of Stat1 gradually
increased from the early to the intermediate and then to the
effector states (Fig. 5I). To identify positive TF regulators driving
M1-like macrophage differentiation, we analyzed the dynamics of
gene scores, expression, and CRE accessibility, as well as TF motif
enrichment, across the differentiation trajectory (Fig. S4G). Then,
we integrated motif accessibility with similarly dynamic gene
scores or gene expression patterns across the trajectory. We found
that Stat1, Stat3, Stat6, Irf4, and Irf5, the factors critical for M1-like
macrophage lineage specification, showed sequential activities
(Fig. 5J). Collectively, our scATAC-seq data provide a rich resource
for the unbiased discovery of regulatory DNA elements associated
with cell types, especially macrophages.

3.6. CBD enhances the killing function of immune cells

To address the potential role of macrophages in the anti-tumor
effect of CBD, we depleted macrophages by intravenous injection of
clodronate liposome (Figs. S5A and E). We observed that CBD
treatment no longer significantly inhibited tumor growth after
macrophage depletion (Figs. S5BeD). These results indicate that the
anti-tumor effect of CBD is at least partly macrophage-dependent.

Next, we investigated the specific mechanism of CBD that leads
to the enhancement of immune cell function that plays an anti-
tumor role. To explore this, we analyzed lymphocytes and further
divided them into three sub-clusters based on gene expression
(Figs. S6A and D). The results show that CBD decreased the ratio of
regulatory T cells (Tregs) and promoted the infiltration of CD8þ T
cells and NK cells (Fig. S6B). Moreover, through the analysis of cell
communication, it was found that compared with the vehicle
group, the number or intensity of interactions between cancer cells
with CD8þ Tcells and NK cells was significantly enhanced (Fig. S6C).
Next, we analyzed the global signaling patterns of cell communi-
cation between the vehicle and CBD treatment groups by Cellchat.
Overall, CBD treatment reduced Spp1 signaling in M2macrophages,
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which has been shown to prevent lymphocyte infiltration and may
contribute to tumor immunotherapy resistance [42]. In addition,
CBD treatment also significantly enhanced complements signaling
in macrophages, suggesting that CBD promotes the anti-tumor
function of macrophages (Fig. S6E). As TAMs have been shown to
suppress T- and B-cell function through multiple actions, the effect
of CBD on macrophages prompted us to be further curious about
the impact of CBD on the suppressive tumor microenvironment.
CBD treatment significantly promoted the expression of multiple
associated proteases with lymphocyte homing and activation, such
as L-selectin (Cd62l, encoded by Sell) and Cd69 (encoded by Cd69)
(Fig. S6F). Based on the above results, we infer that CBD enhances
the recognition and killing function of immune cells by activating
CD8þ T cells and NK cells.

3.7. CBD suppresses alternative activation of macrophage in vitro

To validate the results of the scRNA-Seq analysis, we detected
the number of macrophages in the tumor tissues by immunofluo-
rescence. From this, we observed that CBD treatment decreased the
number of CD206þ macrophages in tumors while appropriately
increasing the number of iNOSþ macrophages (Fig. 6A). To explore
the effect of CBD on macrophages, we first investigated whether
CBD treatment regulates macrophage survival in vitro. The results
showed that CBD treatment did not affect the proliferation and
apoptosis of macrophages (Figs. S7A and B). In addition, CBD
treatment did not induce autophagy in macrophages (Fig. S7C).
Cytokines abundant in the tumor microenvironment, such as IL-4
and IL-13, have been shown to induce the differentiation alterna-
tively activated macrophage that displays the expression of pro-
teins associated with anti-inflammation, including arginase-1
(Arg1), resistin-like molecule-a (Retnla), or chitinase 3-like1
(Chi3l1) [43]. Next, we examined the role of CBD in macrophage
polarization after IL-4 stimulation in vitro. We found that CBD
treatment significantly reduced the expression of CD206, a specific
marker of the M2 macrophage, but increased the expression of
CD86, a marker gene of the M1 macrophage, in a dosed manner
(Figs. 6B and S7D). This result was confirmed by detecting the
expression of anti-inflammatory signature genes such as Arg1,
Cd206, Chil3, and Retnla by qRT - PCR (Figs. 6C and S7E). We also
monitored the expression of these genes in a RAW264.7 cell line of
IL-4 stimulation over a time course and found that the anti-
inflammatory-associated gene expression in CBD treatment cells
was reduced at the early phage (data not shown). Notably, CBD
treatment increased the expression of Il12b and Nos2, the marker of
M1 macrophages' tumoricidal activity (Fig. 6D). In addition,
immunofluorescence examination of the polarization of macro-
phages after CBD treatment showed that CBD treatment decreased
the level of CD206 and increased the level of iNOS in BMDMs (Figs.
6E and F). Moreover, we co-cultured fluorescently labeled IL-4-
polarized macrophages with mCheery-expressing tumor cells and
found that CBD treatment significantly reduced the number of tu-
mor cells (Figs. 6G, S7F, and S7G). Collectively, our data indicate that
CBD inhibits the activation of alternatively polarized macrophages
and promotes macrophages’ anti-tumor effects.

In order to further explorewhether the pharmacological effects of
CBD in mice also have a potential for clinical therapeutics, we
examined the effect of CBD on the M2 polarization of human mac-
rophages. Consistent with the results of mice, CBD inhibited the M2
polarization of human macrophages (Fig. S7H). Meanwhile, we also
determined the pharmacological effects of CBD through the
organoid-macrophage co-culturemodel (Fig. S7I).We co-cultured IL-
4-primedmacrophages with human colorectal cancer organoids and
found that IL-4-primed macrophages significantly promoted orga-
noid growth, whereas CBD-treated macrophages were sufficient to



Fig. 5. Integrative analysis of myeloid cells of single-cell RNA sequencing (scRNA-seq) and single-cell ATAC sequencing (scATAC-seq) data in the vehicle and cannabidiol (CBD)
treatment group. (A, B) Uniform manifold approximation and projection (UMAP) plot showing the joint clustering of scRNA-seq (blue) and scATAC-seq (red) data in colon. Cells in
the right UMAP are colored based on cell types annotated by scRNA-seq data. (C) Marker genes expression based on scATAC-seq data. (D) Bar plot showing the number of
reproducible peaks identified from each cluster. The peaks are classified into four categories: distal, exonic, intronic, and promoter. (E) Dot plot showing the identification of positive
transcription factor (TF) regulators through correlation of chromVAR TF deviation scores and gene expression in cell groups (Pearson correlation r > 0.5, adjusted P-value <0.01, and
deviation difference in the top 25th percentile). (F) TF footprint for the Stat1, Stat3, Irf3, and Irf5 motif with the subtraction using the Tn5 bias normalization method. (G) Dot plot
showing the M1-like macrophage-related genes between the two groups. (H) Profile of the Stat1, Stat3, Irf3, and Irf5 TF motif activity, gene chromatin accessibility, and gene
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inhibit organoid growth (Figs. 6H and S7J). These results show that
the data we obtained in mice could be applied to humans.

3.8. CBD alters the metabolic processes in macrophages by
inhibiting PI3K/Akt signaling

M2 polarization integrally involves the activation of STAT6,
which potentiates M2-specific polarization by the transcriptional
up-regulation of Arg1, Cd206, and Fizz1 [44]. As an immunosup-
pressive inflammatory factor, IL-4 interacts with its receptor IL-4R
to activate the downstream JAK-STAT6 signal, and the activated
STAT6 enters the nucleus to induce the expression of anti-
inflammatory-related genes. To determine the effect of CBD on
STAT6 activity, we evaluated the activation status of STAT6 under
M2-polarization conditions. The results showed that CBD did not
alter the phosphorylation of STAT6 either in a time or dose course
(Figs. S8A and B).

Distinct metabolic programs are necessary to control macro-
phage polarization by supporting the associated energy demands,
leading to transcriptional activation of inflammatory or anti-
inflammatory genes; the M2-polarized macrophage principally re-
lies on OXPHOS and FAO, whereas the M1-polarized macrophage
depends on glycolysis for energy production [45]. Our gene
enrichment results showed that FAO andOXPHOSwere significantly
altered in M2macrophages after CBD treatment (Fig. 3I). Therefore,
weperformedextracellularfluxanalysis.M2polarization leads to an
increase in the OCR, indicating a preference for OXPHOS (Fig. S8C).
We found that CBD treatment reduced M2 polarization-induced
increases in OCR (Figs. 7A, S8D, and S8E). Consistently, the extra-
cellular acidification rate (ECAR) was significantly increased upon
CBD treatment (Figs. 7B, S8F, and S8G), indicating a metabolic shift
from OXPHOS toward glycolysis. In addition, we also measured the
ATP production and malondialdehyde (MDA) level in M2-polarized
macrophages, which reflect the intracellular level of OXPHOS and
lipid oxidation, respectively. Compared with the controls upon IL-4
stimulation, the ATP and MDA production of cells treated with CBD
significantly decreased and, surprisingly, CBD treatment profoundly
increased lactate production (Figs. 7CeE). The differential gene
expression analysis between the vehicle and CBD groups showed
that the expressions of oxidative phosphorylation-related genes
(Ndufa6, Ndufs4, Uqcrb, etc.) were significantly decreased in M2
macrophages after CBD treatment (Fig. 7F). These results further
confirm that CBD treatment alters the metabolic profile of macro-
phages. In addition, as the rawmaterial for FAO, the accumulation of
intracellular lipids decreased after CBD treatment, indicating
impaired FAO (Figs. 7G and S8H).

Based on our data, we demonstrated that CBD switched the
metabolic predilection of the M2 macrophage from OXPHOS and
FAO to glycolysis. This raises the question of how CBD regulates
macrophage metabolism. PI3K-Akt-mTOR signaling regulates
multiple metabolic pathways, including glycolysis, fatty acid syn-
thesis, and protein synthesis in macrophages. Activated PI3K-Akt
signaling has been recognized as an essential step toward alter-
native activation of macrophages [46e48]. Our scRNA-seq analysis
of macrophages showed that mTORC1 signaling and PI3K-Akt
signaling were significantly enriched between the vehicle and
CBD treatment groups. Therefore, we detected the phosphorylation
of PI3K and Akt under M2-polarization conditions, and the results
showed that CBD profoundly inhibited the level of phosphorylated
expression (inferred from scRNA-seq). (I) Genome track visualization of the Stat1 locus (chr
are shown below. (J) Heatmap showing the positive TF regulators for which gene expressio
macrophages cell trajectory. DCs: dendritic cells; TSS: transcriptional start site.
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PI3K (Tyr458) and Akt (Ser473) upon IL-4 stimulation (Figs. 7H, 7I,
and S8I). Notably, the expression of genes related to PI3K-Akt
signaling (Akt1, Pi3kza, and Mapk1) in macrophages was signifi-
cantly reduced after CBD treatment (Fig. 7J). In addition, the
expression of genes related to macrophage activation (Myd88) and
antigen presentation (H2-Aa and Cd74) was significantly up-
regulated after CBD treatment (Fig. S8J). Overall, our data suggest
that CBD regulates the alternative activation of macrophages by
PI3K-Akt signaling.

3.9. CBD synergizes with PD-1 blockade to suppress colon cancer
progression

Considering the hindrance of M2 macrophages in monotherapy,
we proceeded to explore the benefit of CBD on anti-PD-1 immu-
notherapy. Mice bearing MC38 tumors (~100 mm3) were randomly
divided into four groups (n ¼ 8) and treated with vehicle, CBD, CBD
and anti-PD-1 or anti-PD-1 alone. The results showed that mice
treated with CBD and anti-PD-1 exhibited better anti-tumor effects
than mice receiving either CBD or anti-PD-1 monotherapy (Figs.
8AeE and S9A). Moreover, CBD diminished M2 macrophages in
the tumor while slightly increasing M1 macrophages (Figs. 8F and
H). In addition, we observed a significant increase in the number of
CD8þ cells and GZMBþ cells in the combination treatment group
(Figs. 8G and S9BeD), and the expression of Ifng and Tnf genes was
also enhanced (data not shown). In conclusion, our findings suggest
that CBD inhibits alternative activation of macrophages and shifts
the metabolic process from OXPHOS and FAO to glycolysis by
inhibiting the PI3K-Akt signaling pathway. Furthermore, CBD-
induced macrophage metabolic reprogramming restores their
intrinsic anti-tumor ability, which synergizes with PD-1 blockade
to inhibit tumor progression (Fig. 9).

4. Discussion

As cancer progresses, the TAMs in the TME adopt an immu-
nosuppressive M2-like phenotype to support tumor growth [49].
Targeting the macrophage phenotype to de-suppress the TME may
enhance the response to immunotherapy. Recent studies have
found that macrophages in the TME could switch from the
immunosuppressive phenotype to the anti-tumor phenotype
[50,51]. It has been shown that, in addition to inducing tumor cell
cycle arrest, paclitaxel skews TAMs toward the immune activity
profile through Toll-like receptor 4 (TLR4), which might contribute
to the anti-tumor effect of paclitaxel [52]. The TLR4 agonist
monophosphoryl lipid A combined with IFNg reprograms CD206þ

TAMs to iNOSþ macrophages to kill cancer cells and activate T cells
to control metastatic breast cancer and ovarian cancer in mice
[53]. These findings suggest that the state of macrophage polari-
zation is important for the effective control of tumor progression,
and that targeting macrophages to relieve the suppressive im-
mune microenvironment may improve the efficacy of
immunotherapy.

Previous research on CBD has focused on the nervous system as
it is easy to pass through the blood-brain barrier. In addition, the
anti-proliferative effects of CBD have long been explored to treat
malignant tumors. Studies have shown that CBD could inhibit the
proliferation of human glioma cells effectively both in vivo and
in vitro. CBD could also inhibit tumor growth significantly in mouse
16:36,616,076�36,716,077). Inferred peak-to-gene links for distal regulatory elements
n is positively correlated with TF deviation (inferred by chromVAR) across the M1-like



Fig. 6. Cannabidiol (CBD) suppresses alternative activation of macrophage in vitro. (A) Immunofluorescence staining of tumor tissue from vehicle or CBD treatment mice with
CD206 and inducible NO synthase (iNOS). (BeD) Bone marrow-derived macrophages (BMDMs) were stimulated with media or interleukin-4 (IL-4) (20 ng/mL) then treated with
dimethyl sulfoxide (DMSO) (vehicle control) or increasing concentrations (mM) of CBD for 24 h. (B) Flow cytometry data for the M2-specific surface marker CD206 (left) and M1
surface marker CD86 (right). (C) Quantitative real-time polymerase chain reaction (qRT-PCR) results showing mRNA expression of Arg1, Cd206, Chil3, and Retnla normalized to b-
actin. (D) qRT-PCR results showing mRNA expression of Il12b and Nos2 normalized to b-actin. (E, F) BMDMs were stimulated with medium or IL-4 and treated with DMSO or CBD for
24 h. Immunofluorescence images showing the expression of CD206 (E) and iNOS (F). (G) BMDMs were stimulated with medium or IL-4 (20 ng/mL) and treated with DMSO or CBD
for 24 h then co-cultured with MC38-mCheery cells for another 48 h. (H) Time course images of organoid on day 1 and day 4 (n ¼ 6e8 for each time point). Data are represented as
mean ± standard error of mean. *P < 0.05 and **P < 0.01. ns: no significance.
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Fig. 7. Cannabidiol (CBD) regulates macrophage polarization by inhibiting phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt) signaling. (A) Oxygen consumption rate (OCR)
and (B) extracellular acidification rate (ECAR) of interleukin-4 (IL-4)-primed bone marrow-derived macrophages (BMDMs) treated with dimethyl sulfoxide (DMSO) or CBD for 24 h.
(CeE) BMDMs were stimulated with media or IL-4 (20 ng/mL) then treated with DMSO (vehicle control) or increasing concentrations (mM) of CBD for 24 h. (C) Lactic acid content,
(D) malondialdehyde (MDA) content, and (E) adenosine triphosphate (ATP) production in polarized macrophage. (F) Bubble plot showing the expressions of oxidative
phosphorylation-related genes from vehicle and CBD groups. (G) BMDMs grown on coverslips treated with media or IL-4 with or without CBD. The cells were analyzed according to
the section titled ‘BODIPY’ staining for microscopy. (H, I) BMDMs cells were pretreated with DMSO or increasing concentrations of CBD for 2 h and then stimulated with media or IL-
4 for the indicated time. The protein levels of p-PI3K, PI3K, p-Akt, and Akt were analyzed by Western blot. b-Actin is shown as a loading control. (J) Raincloud plots show the
expression of glycolysis and lipid metabolism gene in macrophages. Data are represented as mean ± standard error of mean. *P < 0.05, **P < 0.01, and ***P < 0.001. FCCP: fluoro-
carbonyl cyanide phenylhydrazone; 2-DG: 2-deoxy-D-glucose; Gapdh: glyceraldehyde-3-phosphate dehydrogenase.
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orthotopic models, while further mechanism studies have shown
that CBD can induce autophagy and cause tumor cell death [21,54].
It has also been revealed that CBD can not only inhibit ERK signaling
in human glioma cells, but also inhibit the expression of hypoxia-
inducible factor HIF1a, thereby dually inhibiting tumor prolifera-
tion as well as tumor angiogenesis [55]. In addition to its role in
nervous system tumors, many studies have reported the anti-
tumor effect of CBD on colorectal cancer. Increasing evidence has
shown that CBD activates ROS production in colorectal cancer cells,
causing mitochondrial dysfunction and cell death [56]. Moreover,
CBD may be used as an adjuvant to chemotherapy in treating
colorectal cancer, and the combination of CBD with chemotherapy
drugs such as 5-Fu and oxaliplatin may enhance its anti-tumor
740
effect [57]. Despite the impacts on the tumor cells, whether CBD
would inhibit tumor progression through remodeling TME remains
unclear. Our study provided a new insight that CBD would exert
anti-tumor effects, at least in part by modulating immune
responses.

Single-cell transcriptome sequencing, as a rapidly developing
frontier technology in life sciences, has dramatically advanced
disease research [58,59]. Here, using single-cell transcriptome
sequencing technology, we detected cellular components in the
TME after CBD treatment and found that CBD significantly altered
the number and proportion of myeloid cells in the TME. It is well
known that myeloid cells play a critical role in tumor progression.
Further, we divided myeloid cells into five populations, including



Fig. 8. The combination of cannabidiol (CBD) and programmed cell death protein 1 (PD-1) antibody shows stronger anti-tumor effect. (AeC) Effects of CBD and anti-PD-1 on tumor
growth. (B) Tumor volume and (C) tumor weight of MC38-derived tumors in the subcutaneous C57BL/6 mouse model. (D) Hematoxylin & eosin (H&E) and (E) proliferating cell
nuclear antigen (PCNA) staining of tumor sections. Representative immunofluorescent staining for M1 cells (inducible NO synthase (iNOS)) and (F) M2 cells (CD206) and (G) CD8þ T
cells in tumor. (H) Percentage of CD206 and iNOS positive cells in panel. Data are represented as mean ± standard error of mean. *P < 0.05 and **P < 0.01. DAPI: 4’-6-diamidino-2-
phenylindole; GZMB: granzyme B.
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Fig. 9. Graphic illustration of the anti-tumor mechanism of cannabidiol (CBD) in colon cancer. The tumor microenvironment (TME) of all cell types in mouse MC38 xenograft tumors
after CBD treatment was investigated by single-cell RNA sequencing (scRNA-seq) and single-cell ATAC sequencing (scATAC-seq). CBD inhibits the alternative activation of mac-
rophages and shifts the metabolic process from oxidative phosphorylation and fatty acid oxidation to glycolysis by inhibiting the phosphatidylinositol 3-kinase (PI3K)-protein
kinase B (Akt) signaling pathway and related downstream target genes, which relieves the inhibitory immune microenvironment and restores the intrinsic anti-tumor effects
of macrophages. Furthermore, CBD-mediated macrophage plasticity enhances the response to anti-programmed cell death protein 1 (PD-1) immunotherapy in xenografted mice.
OXPHOS: oxidative phosphorylation; DCs: dendritic cells; RTKs: receptor protein tyrosine kinases; IFN-g: interferon-gamma.
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classically activated M1 and alternatively activated M2 macro-
phages. CBD significantly decreased the number of M2 macro-
phages and, correspondingly, the number of M1 macrophages was
increased, which significantly promoted anti-tumor immunity. This
result was further confirmed by immunofluorescence staining.
Accordingly, we hypothesized that CBD may affect the alternative
activation of macrophages in the tumor microenvironment and
therefore examined the effect of CBD on macrophage polarization
in vitro. CBD was found to inhibit IL-4-induced expression of anti-
inflammatory genes, which was largely dependent on the inhibi-
tory effect of CBD on PI3K-Akt signaling. Macrophage activation
involves extensive metabolic reprogramming, glycolytic switching,
and phospholipid remodeling. Recent studies have shown macro-
phage polarization signals affect metabolic signaling pathways
[16,60]. As a metabolic regulatory signal, mTOR-PI3K has been
identified as a key regulator of the macrophage switch between
immune stimulation and suppression [46,48]. This is consistent
with our research that CBD indeed affects the metabolic shift of
macrophages. Under IL-4-induced anti-inflammatory polarization
conditions, CBD inhibited oxidative phosphorylation and fatty acid
oxidation levels while promoting glycolysis in macrophages. Most
importantly, CBD treatment substantially enhanced the efficacy of
immune checkpoint inhibitor anti-PD-1 in a mouse model (Fig. 8).
Consistent with previous results, CBD decreased the number of pro-
tumor macrophages and increased the number of anti-tumor
macrophages in tumors. These findings suggest that CBD rewires
TME through inhibiting the alternative activation of macrophages,
resulting in the inhibition of tumor-bearing mice.

Studies have reported that THC could impair the function of
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tumor-specific T cells through cannabinoid receptor 2, and thereby,
reduce the therapeutic effect of PD-1 blockade [61]. We did not
observe such results with CBD in vitro. Consequently, further
research focusing on the regulation of CBD on the anti-tumor im-
mune system is needed. Clarification regarding the specific targets
of CBD regulating macrophages should also be conducted. To sum
up, this study demonstrated that CBD inhibits the alternative acti-
vation of macrophages tomodulate the suppressive tumor immune
microenvironment and improves the therapeutic outcome of cancer
immune therapies (Fig. 9). Our study provides new insights into the
anti-tumor effects of CBD, whichmight be a theoretical basis for the
future application of cannabinoids in the anti-tumor market.

5. Conclusion

We investigated the TME inmouseMC38 xenograft tumors after
CBD treatment by scRNA-seq and scATAC-seq. It was found that by
inhibiting the PI3K-Akt signaling pathway and related downstream
target genes, CBD shifts the metabolic process from oxidative
phosphorylation and fatty acid oxidation to glycolysis and inhibits
the alternative activation of macrophages, thereby restoring the
intrinsic antitumor effects of macrophages. Furthermore, CBD-
mediated macrophage plasticity enhanced the response of xeno-
grafted mice to anti-PD1 immunotherapy.
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