
Article

D9-Tetrahydrocannabinol-mediated
epigenetic modifications elicit

myeloid-derived suppressor cell activation
via STAT3/S100A8

Jessica Margaret Sido,* Xiaoming Yang,* Prakash S. Nagarkatti,* and Mitzi Nagarkatti*,†,1

*Department of Pathology, Microbiology, and Immunology, University of South Carolina School of Medicine, Columbia,
South Carolina, USA; and †WJB Dorn Veterans Affairs Medical Center, Columbia, South Carolina, USA

RECEIVED OCTOBER 10, 2014; REVISED JANUARY 8, 2015; ACCEPTED JANUARY 12, 2015. DOI: 10.1189/jlb.1A1014-479R

ABSTRACT
MDSCs are potent immunosuppressive cells that are

induced during inflammatory responses, as well as by

cancers, to evade the anti-tumor immunity. We recently

demonstrated that marijuana cannabinoids are potent

inducers of MDSCs. In the current study, we investigated

the epigenetic mechanisms through which THC, an

exogenous cannabinoid, induces MDSCs and compared

such MDSCs with the naı̈ve MDSCs found in BM of BL6

(WT) mice. Administration of THC into WT mice caused

increased methylation at the promoter region of DNMT3a

and DNMT3b in THC-induced MDSCs, which correlated

with reduced expression of DNMT3a and DNMT3b.

Furthermore, promoter region methylation was de-

creased at Arg1 and STAT3 in THC-induced MDSCs, and

consequently, such MDSCs expressed higher levels of

Arg1 and STAT3. In addition, THC-induced MDSCs se-

creted elevated levels of S100A8, a calcium-binding pro-

tein associated with accumulation of MDSCs in cancer

models. Neutralization of S100A8 by use of anti-S100A8

(8H150) in vivo reduced the ability of THC to trigger

MDSCs. Interestingly, the elevated S100A8 expression

also promoted the suppressive function of MDSCs. To-

gether, the current study demonstrates that THC medi-

ates epigenetic changes to promote MDSC differentiation

and function and that S100A8 plays a critical role in this

process. J. Leukoc. Biol. 97: 677–688; 2015.

Introduction

MDSCs, which were originally observed in cancer models, are
anti-inflammatory mediators that can be helpful or harmful

depending on the context. In cancer models, MDSCs inhibit the
T cell-driven response against tumors, allowing for cancer growth
and metastasis [1, 2]. However, in autoimmune diseases, MDSC
induction is advantageous, working to reduce proliferative T cell
inflammation [3–6]. Therefore, it is necessary to understand the
mechanisms that lead to MDSC induction and activation to use
this duality best. MDSCs can be categorized in mice into 2 major
subsets: granulocytic (Ly6G+Ly6C+GR1+CD11b+) or monocytic
(Ly6G2Ly6C+GR1+CD11b+) [7]. Additionally, MDSCs are de-
fined by their ability to suppress T cell responses, including
proliferation [8, 9]. The classic mechanism for MDSC suppres-
sion of T cell proliferation is L-arginine metabolism via cytokine
iNOS or NOS2 or Arg1 [10].
As gene regulation is integral for cell function and de-

velopment, interest in dynamic epigenetic modifications has
become paramount. DNA methylation, one of the most common
forms of epigenetic regulation, controls gene expression by
blocking transcription machinery, causing reversible gene
silencing [11]. DNA methylation, de novo and inherited, is
dependent on DNMTs [12], which transfer methyl groups from
S-adenosyl-L-methionine to the 5-position on the cytosine residue
found in CpG clusters within the DNA sequence [11]. DNMT1
binds preferentially to hemimethylated DNA and is considered to
be the maintenance DNMT, and the DNMT3 family, 3a and 3b, is
deemed necessary for de novo methylation [12]. Altered DNMT
profiles are often seen in cancer patients, suggesting that global
methylation is vital to proper cellular function, although no
direct association between altered methylation profiles and
MDSC induction has been highlighted in these studies [13, 14].
Furthermore, DNA methylation has been linked not only to
immune function but also to immune cell differentiation
[15–21]. Interestingly, MDSCs are not a terminally differentiated
immune cell population. Rather, MDSCs are considered a het-
erogeneous mixture of immature myeloid-origin cells that can
differentiate into DCs or macrophages [22]. It is the plasticity of

1. Correspondence: Dept. of Pathology, Microbiology, and Immunology,
School of Medicine, University of South Carolina, 6439 Garners Ferry Rd.,
Columbia, SC 29209, USA. E-mail: mitzi.nagarkatti@uscmed.sc.edu

Abbreviations: AD = absolute density, Arg1 = arginase 1, BL6 = C57BL/6

mice, BM = bone marrow, CB = cannabinoid receptor, CEAS = Cis-

regulatory Element Annotation System, CM = conditioned media, DC =

dendritic cell, DNMT = DNA methyltransferase, HPC = hematopoietic

progenitor cell, IDT = Integrated DNA Technologies, MDSC = myeloid-

derived suppressor cell, MeDIP = methylated DNA immunoprecipitation,

(continued on next page)

The online version of this paper, found at www.jleukbio.org, includes
supplemental information.

0741-5400/15/0097-677 © Society for Leukocyte Biology Volume 97, April 2015 Journal of Leukocyte Biology 677

mailto:mitzi.nagarkatti@uscmed.sc.edu
http://www.jleukbio.org


immature cells that suggests that DNA methylation could be
playing a role in MDSC maintenance and activation. However,
there is only 1 recent study indicating that histone deacetylase 11
may play a role as an epigenetic regulator in MDSC expansion
and function [23].
THC, an exogenous cannabinoid derived from the Cannabis

sativa plant, has long been known to act as an anti-inflammatory
agent, as well as suppress the antitumor immune response
[24–28]. The immunosuppressive properties of THC in cancer
models were shown to be, in part, a result of the induction of Th2
anti-inflammatory cytokines (IL-4 and IL-10) and a correlating
decrease of Th1 proinflammatory cytokines (IL-2 and IFN-g)
[24, 26]. THC has also been shown to induce Tregs [28, 29].
Additionally, recent studies from our laboratory have suggested
that administration of THC into mice can trigger large numbers
of immunosuppressive MDSCs [30].
Whereas it has been shown that THC can alter cytokines and

transcription factors linked to MDSC differentiation or homing,
its role in MDSC expansion and activation has not been clearly
elucidated [30–32]. Furthermore, the role of epigenetic pathways
in the induction of MDSCs by THC has not been determined.
In the current study, we investigated the effect of THC on
methylation of several genes involved in the differentiation and
activation of MDSCs, and our data demonstrate epigenetic
regulation of several of the critical molecules involved in MDSC
activation and functions, including Arg1 and STAT3.

MATERIALS AND METHODS

Mice
Female BL6 (WT) mice, aged 6–8 weeks, at an average weight of 20 g, were
obtained from the National Cancer Institute (Frederick, MD, USA). All mice
were housed in pathogen-free conditions and allowed ad libitum access to
filtered water and Teklad rodent Diet 8604 (normal chow) at the Animal
Research Facility located at the University of South Carolina School of
Medicine. All experiments were conducted under an approved Institutional
Animal Care and Use Committee animal protocol.

Treatment with THC
THC (National Institute on Drug Abuse, NIH, Bethesda, MD, USA) dissolved
in ethanol was diluted in 13 PBS to a concentration of 20 mg/kg. THC was
administered i.p. into naı̈ve mice. For depletion of S100A8, mice were given
an i.p. injection of anti-S100A8 (0.01 mg/mouse 8H150), 1 h after THC
treatment.

MDSC isolation
Sixteen hours after THC injection, mice were euthanized and the peritoneal
exudate collected (3 washes of 5 ml ice-cold 13 PBS were injected into the
peritoneal cavity and after 5 min, with agitation, collected). The cells were
resuspended in 1 ml and then treated with Fc block for 10 min and labeled
with PE-conjugated anti-Gr1 antibodies. The EasySep Mouse PE Positive
Selection Kit procedure was followed to isolate Gr1-positive cells, as described

[33]. After isolation, cells were labeled with FITC-conjugated anti-CD11b and
assessed for purity by use of flow cytometric analysis gating on live cells. To
isolate Ly6G- and Ly6C-positive cells, EasySep PE Positive and FITC Selection
Kits were used, respectively. Purity of the MDSC subset populations was
assessed by use of triple staining with Alexa Fluor 647-conjugated anti-CD11b.

mAb, reagents, and flow cytometer
Antibodies used for flow cytometric analysis (BioLegend, San Diego, CA,
USA) include Fc block (93), PE-conjugated anti-Gr1 (RB6-8C5), FITC-
conjugated anti-CD11b (M1/70), PE-conjugated anti-Ly6G (1A8), FITC-
conjugated anti-Ly6C (HK1.4), and Alexa Fluor 647-conjugated anti-CD11b
(ICRF44). In brief, peritoneal lavage cells (106 cells) from BL6 mice were
incubated with FcR antibodies (5–10 min) and incubated with conjugated
antibodies (20–30 min at 4°C). Next, cells were washed twice with 13
PBS/2% FBS buffer. The stained cells were then assessed by flow cytometer
(FC500; Beckman Coulter, Brea, CA, USA) and the resulting data analyzed
by Cytomics CXP software (Beckman Coulter). Two-color flow cytometric
analysis was completed for assessing the presence of MDSCs in the BM and
peritoneal exudates. Three-color flow cytometric analysis was used to
profile the MDSC subsets.

MeDIP-seq
Purified genomic DNA was treated with dsDNA Shearase (Zymo Research,
Irvine, CA, USA). DNA fragments with size from 200 to 400 bp were purified
to construct sequencing library by use of the library ChIP-Seq Sample
Preparation Kit (Illumina, San Diego, CA, USA). dsDNA was then denatured
and immunoprecipitated with anti 5-methylcytosine antibody by use of a
MeDIP Kit from Diagenode (Denville, NJ, USA). Precipitated DNA was
purified and sequenced by HiSeq 2500 (Tufts Genomic Core, Boston, MA,
USA). The sample before immunoprecipitation was also sequenced as
input control.

MeDIP data analysis
MeDIP-seq libraries were sequenced with single-end reads of 50 bp. Raw
sequencing reads were mapped to mouse genome build Mus musculus
genome 9 (mm9) by use of Bowtie software by allowing 2 mismatches in the
read [34]. The mapped reads were then filtered, and only uniquely mapped
reads were used for the downstream analysis. Mapped reads were analyzed
with MEDIPS software [35] and visualized in the Integrated Genome Browser
(http://bioviz.org/igb). The location of 3 kb upstream and downstream of
the TSS was generated by use of the University of California Santa Cruz table
browser (UCSC Genome Bioinformatics; http://genome.ucsc.edu/). The
DNA methylation signal of all genes within this region was extracted. The
correlations of overall DNA methylation across the whole genome and near
the TSS site (3 kb up- and downstream) were analyzed by CEAS software [36].

Msp PCR
Genomic DNA was isolated by use of the DNeasy Kit (Qiagen, Valencia, CA,
USA), following the manufacturer’s protocol. Bisulfite conversion of CpG
islands was completed by use of the EpiTect Bisulfite Kit (Qiagen). Msp PCR
was run with PreMix F (Epicentre, Madison, WI, USA) and iTaq DNA
polymerase (BioRad Laboratories, Hercules, CA, USA). Samples were assessed
for expression of DNMT3a (forward 5 CAGCACCATTCCTGGTCATGCAAA 3;
reverse 5 TCAAGGTTTCCTGTCTGGTAGGCA 3) and DNMT3b (forward
5 GCACAACCAATGACTCTGCTGCTT 3; reverse 5 AGGACAAACAGC-
GGTCTTCCAGAT 3) with an annealing temperature of 60°C. Additionally,
methylated and unmethylated DNA primers were used for Arg1, NOS2, and
STAT3 (Table 1). Methylation index {[(M)/(M + UM)] 3 100}, where M is
methylated, and UM is unmethylated, was used to assess DNA methylation.
Universal Methylated Mouse DNA Standard (S8000; Millipore, Billerica, MA,
USA) was used as a control with all primers. Primers were generated by use
of Methyl Primer Express version 1.0 software and synthesized from IDT
(Coralville, IA, USA).
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Effect of MDSCs on T cell proliferation
To study the ability of MDSCs to suppress T cell proliferation, we used the
following assay as described [32]. Con A-activated (2.5 mg/ml) spleen cells
from naı̈ve BL6 mice were cultured in triplicate (0.2 ml/well in a round-
bottom, 96-well plate) with mitomycin C-inactivated MDSCs for 38–40 h. The
ratio of MDSCs:T cells was 1:25 (see Fig. 1B only) or 1:2. Sixteen hours before
collection and analysis, [3H]thymidine (2 mCi/well) was added to the cell
cultures. [3H]Thymidine incorporation was measured by use of a liquid
scintillation counter (MicroBeta TriLux).

Western blot analysis
Protein was isolated from purified MDSCs by use of radioimmunoprecipita-
tion lysis buffer (Santa Cruz Biotechnology, Santa Cruz, CA, USA), as
described [37]. Five or 10 mg protein was loaded and ran on a polyacrylamide
gel (12%) at 60 V for 2.5 h. Protein was then transferred to nitrocellulose at
100 V for 1 h. Protein transfer was confirmed by use of 3 ml Ponceau S staining
solution. Nitrocellulose was then blocked in 5% nonfat dry milk in TBS.
Nitrocellulose was then probed with antibodies to S100A8 (M-19 1:2000),
S100A9 (M-19 1:1000), Arg1 (V-20 1:1000), NOS2 (iNOS; M-19 1:500), STAT3
(C-20 1:200), and P-STAT (9E12 1:200). HRP-conjugated secondary anti-
bodies were used at 1:1000 or 1:2000 dilutions depending on the secondary
required. For control protein bands, g-tubulin (Poly6209) or b-actin
(Poly6221) was used at a dilution of 1:1000. ECL substrate (Thermo Scientific,
Rockford, IL, USA) was added for 1 min; exposure time varied.

ImageJ
Densitometry was performed on scanned Western blot images, as well as
PCR gels, by use of the ImageJ gel analysis tool [38]. Scanned blots and gels
were assessed for AD, as determined by the area under the curve of each
experimental and control band. RD for Western blots was determined by
dividing the experimental band AD by the control band AD for the protein
of interest and a structural protein. The normalized density ratio was then
calculated by dividing the protein of interest RD by the structural
protein RD.

Cytokine analysis in cell culture supernatants
ELISA MAX sandwich ELISA kits (BioLegend, San Diego, CA, USA) were
used to assess the level of IL-6, IL-10, and IFN-g cytokines. Sandwich ELISA
kits (MyBioSource, San Diego, CA, USA) were used to assess S100A8 and
S100A9 levels. Isolated MDSCs from the BM or peritoneal cavity (2.5 3

106 cells/ml) from naı̈ve or THC-treated mice were cultured in 0.2 ml aliquots

in 96-well, round-bottom, tissue-culture plates for 16–20 h. Cytokine
production was quantified from cell supernatants (stored at 220°C).
Absorbance was measured at 450 nm by use of a VICTOR2 1420 MultiLable
Counter (Wallac; PerkinElmer, Waltham, MA, USA).

qPCR
Total RNA was isolated and purified by use of the miRNeasy Kit (Qiagen),
following the manufacturer’s procedure. The iScript cDNA Synthesis Kit (BioRad
Laboratories) was used, according to the manufacturer’s specifications to reverse
transcribe cDNA. qPCR was performed by use of SsoAdvanced SYBR Green
(BioRad Laboratories) on a CFX Connect (BioRad Laboratories). Samples were
assessed for expression of b2actin (forward 5 GGCTGTATTCCCCTCCATCG 3;
reverse 5 CCAGTTGGTAACAATGCCATGT 3), IL-6 (forward 5
CAACGATGATGCACTTGCAGA 3; reverse 5 GGTACTCCAGAAGACCAGAGG 3),
and IL-10 (forward 5 GCTCTTACTGACTGGCATGAG 3; reverse 5
CGCAGCTCTAGGAGCATGTG 3). Primers were synthesized from IDT
with annealing temperatures of 60°C.

Cell culture with CM or recombinant S100A8 protein
Isolated MDSCs were plated with Con A-activated splenocytes at a ratio of 1:2
(MDSC:Con A splenocytes). CM were made by incubating isolated THC-
induced MDSCs with PMA and calcium ionophore ionomycin (50 ng/ml and
10 mg/ml, respectively) for 5 h. Lyophilized S100A8 protein (mS100A8;
MyBioSource) was reconstituted in complete RPMI media (1% vol/vol
penicillin/streptomycin, 1% vol/vol HEPES buffer, 10% vol/vol heat-
inactivated FBS, and 0.0002% vol/vol 2-ME). mS100A8 (2000 ng) was added at
0 and 24 h to cell-culture wells.

Statistical analysis
Data are shown as mean 6 SEM. Student’s t-test was used to compare data
between 2 groups. One-way ANOVA with Tukey post hoc test was used to
compare 3 or more groups. Experimental groups were compared with
controls; P , 0.05 was considered significant.

RESULTS

T cell suppression is increased in THC-induced MDSCs
The largest accumulation of resident MDSCs is located in the
BM [10]. It has been shown that MDSCs migrate from this
repository to sites of inflammation by following chemokine/

TABLE 1. Primer sequences for the Msp PCR analysis of THC-induced and resident BM
MDSCs

Gene Primer Sequence (59–39)
Annealing

Temperature

Arg1 ARGMF CGG GTT AAA TTC GGG TTA TC 55°C
ARGMR CGA ACT ACC GCG ATT CTA ATC
ARGUF CCA AAC TAC CAC AAT TCT AAT CTA
ARGUR TTT TGG GTT AAA TTT GGG TTA TT

NOS2 NOS2MF TAT ATA AAC GAG GTA TTC GCG C 55°C
NOS2MR CTT TAA CGC TAT CCC TTT ATC G
NOS2UF GAA TAT ATA AAT GAG GTA TTT GTG T
NOS2UR TCT TTA ACA CTA TCC CTT TAT CAC C

STAT3 STATMF GAG GTA TAA TTT TGT TTG GTG TT 60°C
STATMR AAA CCC AAC TAA CCA ACC TA
STATUF GGT ATA ATT TCG TTC GGT GTC
STATUR AAC CCG ACT AAC CGA CCT
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cytokine signals [10]. Our lab has shown that MDSCs will also
migrate to the peritoneal cavity after a single THC injection
(i.p.) [30]. With the knowledge that the peripheral MDSCs
are considered active and therefore, T cell suppressive, we
first determined if any differences existed between the resident
BM MDSCs and the THC-induced MDSCs found in the
peritoneal cavity. As such, naive BL6 (WT) mice were given
a single i.p. injection of THC to cause massive induction
of MDSC to the peritoneal cavity, as described earlier [30].
Sixteen hours after THC treatment, peritoneal lavage was
used to collect peripheral THC-induced MDSCs. Resident
BM MDSCs from naı̈ve BL6 mice were used as controls. MDSCs
were purified (.95%) by use of positive-selection magnetic
beads. Flow cytometry was used to determine if any differences
in MDSC and MDSC subset populations existed. The naı̈ve
BM showed ;51% of Gr1+CD11b+ cells when compared
with THC-induced peritoneal cells that contained ;83%
Gr1+CD11b+ cells (Fig. 1A). Next, we sorted the Gr1+CD11b+

cells and stained them further for Ly6G and Ly6C to measure

granulocytic (Ly6G+Ly6C+Gr1+CD11b+) and monocytic (Ly6G2

Ly6C+Gr1+CD11b) MDSC subset proportions (Fig. 1D). To
demonstrate that the THC-induced Gr1+CD11b+ cells were, in
fact, T cell suppressive, we tested the levels of IFN-g secretion,
which decrease significantly upon addition of THC-induced
MDSCs to activated T cells (Fig. 1B). We next assessed the
suppressive capabilities of THC-induced MDSCs compared with
resident BM MDSCs. We found that THC-induced MDSCs were
significantly more suppressive of Con A-activated, splenic T cells
than the resident BM MDSCs (Fig. 1C). With literature
suggesting that MDSC subsets can have differing levels of
suppression, we compared independently isolated Gr1+, Ly6G+,
or Ly6C+ MDSC subsets; Ly6C+ subsets were isolated after
positive selection of Ly6G+ cells by use of concurrent PE- and
FITC-positive selection for Ly6G and Ly6C, respectively [39,
40]. The individually isolated, pure MDSC subpopulations were
then treated with mitomycin C and added to Con A-activated
spleen cells at an MDSC:spleen cell ratio of 1:2 to study the
ability of MDSCs to inhibit T cell proliferation (Fig. 1E). In all 3

Figure 1. THC-induced MDSCS differ from resident BM MDSCs in subset proportion and suppressive functionality. MDSCs were isolated from
peritoneal exudates at 16 h after THC injection, and naı̈ve BM with the use of positive selection magnetic beads for aGr1, aLy6G, or aLy6C. MDSCs were
mitomycin C treated before plating with BL6 spleen cells activated with Con A (MDSC:T cell ratios 1:25 and 1:2). IFN-g was assessed in cell supernatants
by use of sandwich ELISA kits (BioLegend) after coculture. Proliferation of spleen cells was assessed 40 h after stimulation by use of [3H]thymidine
(cocultured for 16 h). (A) Flow cytometric analysis for MDSC proportion (dot plots gated only on live cells), double-stained for GR1+CD11b+ cells in
naı̈ve BM (left) and THC-treated peritoneal exudate (right). (B) Levels of IFN-g secreted by activated T cells, with and without MDSC coculture. (C)
Ability of MDSCs to suppress proliferation of T cells. MDSCs from naı̈ve BM or THC-treated peritoneal exudate MDSCs were cocultured with Con
A-activated splenic T cells. (D) Flow cytometric analysis of MDSCs from naı̈ve BM (left) or THC-treated peritoneal exudate (right) MDSCs following
triple-staining with CD11b+, Ly6G+, and Ly6C+ cells (dot plots gated on CD11b-positive cells). (E) Suppression of T cell proliferation by Gr1+, Ly6G+, and
Ly6C+ cells isolated from naı̈ve BM and THC-treated peritoneal exudate cocultured with Con A-activated splenic T cells. Representative data from
replicate experiments (mean 6 SEM); *P , 0.05, **P , 0.01, ****P , 0.0001, ANOVA/Tukey.
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isolation conditions—Gr1+, Ly6G+, or Ly6C+—THC-induced
MDSCs showed significantly more suppression of T cell pro-
liferation than resident BM MDSCs (Fig. 1E).

THC-induced MDSCs exhibit differential expression of
functional proteins
To explain how THC-induced MDSCs exhibited increased
suppressive capabilities compared with resident BM MDSCs, we
next looked at the expression of functional proteins. The ability
of MDSC to suppress T cell proliferation has been linked to
elevated expression of L-arginine metabolizers Arg1 or NOS2
[41]. The expression of Arg1 was increased greatly in THC-
induced MDSCs compared with resident BM MDSCs (Fig. 2A).
To ensure that Arg1 expression was specific to activated MDSCs,
we looked at BM and splenic MDSCs from naı̈ve mice, as well as
BM, splenic, and peritoneal MDSCs from THC-treated mice. We
found no expression of Arg1 in naı̈ve or BM resident MDSCs,
although peripheral MDSCs in THC-treated mice did exhibit
Arg1 expression (Supplemental Fig. 1A). However, NOS2
expression was reduced in THC-induced MDSCs isolated from
the peritoneal cavity compared with naı̈ve resident BM MDSCs
(Fig. 2B). We also looked at the expression of the S100A8 and
S100A9 proteins, as a result of the fact that although cancer
studies have determined that secretion of S100A8 and S100A9 is
associated with tumor-induced MDSCs, no one has linked THC-
mediated induction of MDSCs to the expression of these S100
proteins [42]. Elevated levels of S100A8, but not S100A9, were
observed in THC-induced MDSCs when compared with BM
MDSCs (Fig. 2C and D, respectively). As STAT3 plays a critical
role in MDSC expansion, activation, and function, we in-
vestigated the expression of P-STAT3 [43–45]. Interestingly,
THC-induced MDSCs showed an increased expression of P-
STAT3/STAT3 when compared with resident BM MDSCs
(Fig. 2E).

STAT3-associated cytokines are up-regulated in
THC-induced MDSCs
It has been shown recently that Arg1 and S100A8 are downstream
targets of STAT3 [31, 46, 47]. As such, we looked at the
spontaneous secretion of IL-10 and IL-6, known STAT3-activating
cytokines, from MDSCs cultured overnight after isolation.
Spontaneous secretion of IL-10 was low from both MDSC
populations. However, THC-induced MDSCs secreted signifi-
cantly more IL-10 than did resident BM MDSCs (Fig. 3A). This
correlated with elevated expression of the IL-10 message in THC-
induced MDSCs (Fig. 3C). Spontaneous IL-6 secretion, as well as
the transcript, was expressed at higher levels in THC-induced
MDSCs when compared with resident BM MDSCs (Fig. 3B). This
trend was supported by a significantly increased IL-6 message in
THC-induced MDSCs (Fig. 3D).

THC treatment increases S100A8 secretion
As STAT3 can regulate S100 proteins [47], we next determined
the levels of S100A8 and S100A9. THC-induced MDSCs showed
significantly increased S100A8, but not S100A9, secretion when
compared with resident BM MDSCs (Fig. 3E and F, respectively).
Furthermore, we found that injection of THC systemically
increased S100A8 levels compared with naı̈ve mice (Fig. 3G).

THC administration alters the methylation profile in
MDSCs as a result of decreased DNMTs
We next determined whether THC induces MDSCs through
epigenetic regulation. To that end, we first determined if THC
could affect methylation by studying global changes in
genomic DNA methylation patterns. We found that whereas
overall methylation was unaffected by THC treatment, with the
use of CEAS software for correlational analysis, the methyla-
tion at promoter regions was altered when resident BM and
THC-induced MDSCs were compared (Fig. 4A and B, re-
spectively). Knowing that methylation changes could occur as

Figure 2. THC-induced MDSCs have differential
expression of MDSC-associated proteins compared
with resident naı̈ve BM MDSCs. Western blot,
followed by densitometric analysis via ImageJ with
b-actin or g-tubulin used for normalization. MDSC-
associated proteins, including, (A) Arg1, (B)
NOS2, (C) S100A8, (D) S100A9, and (E) STAT3
(P-STAT3), in MDSCs derived from naı̈ve resident
BM and THC-induced peritoneal exudate. Represen-
tative data from triplicate experiments (mean 6 SEM).
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a result of differential expression of DNMTs, specifically,
DNMT3a and DNMT3b, which are responsible for de novo
methylation, both resident BM and THC-induced MDSCs were
assessed for DNMT methylation and mRNA expression [48,
49]. The methylation at the promoter region for DNMT3a and
DNMT3b was increased in THC-induced MDSCs (Fig. 4C).
Additionally, THC-induced MDSCs had significantly reduced
expression of DNMT3a and DNMT3b compared with resident
BM MDSCs (Fig. 4D).

THC decreases the methylation of key MDSC
functional genes
We next investigated if the changes in Arg1, NOS2, and STAT3
seen in THC-induced MDSCs resulted from alterations in the
methylation of these key genes associated with MDSC activation
and function. With the use of Methyl Primer Express version
1.0 software, individual gene methylation primers were de-
veloped for key genes associated with the suppressive function of
MDSCs (Table 1). Furthermore, universally methylated mouse
DNA (Universal Methylated Mouse DNA Standard; Millipore)
was used as a baseline for comparisons between resident BM and
THC-induced MDSC methylation. With the use of CEAS
software, we observed that promoter region methylation was
decreased at Arg1 and STAT3 in THC-induced MDSCs (Fig. 5A
and B, respectively). To support the findings from the genomic
DNA methylation analysis, we used Msp PCR. The methylation
index showed that THC-induced MDSCs had deceased levels of
methylation at Arg1 and STAT3, but not at iNOS, compared with
naı̈ve resident BM MDSCs (Fig 5C). Methylation of S100A8 and
S100A9 proteins was not determined, as there were no CpG
islands found in the promoter regions of these genes. Together,
these data demonstrated that THC induces immunosuppressive
MDSCs through hypomethylation of critical genes that regulate
MDSC functions.

S100A8 is important in maintaining a suppressive,
peripheral MDSC population
To elucidate further the role that S100A8 was playing in MDSC
functionality, we first created a CM, which contained both
STAT3-activating cytokines that could enhance Arg1 production
and soluble S100A8. CM was created by incubating THC-induced
MDSCs in the presence of PMA (50 ng/ml) and calcium
ionophore (10 mg/ml). Resident BM MDSCs were then plated
with or without CM and Con A-activated splenocytes. Resident
BM MDSCs caused just .25% suppression of T cell proliferation
in response to Con A compared with THC-induced MDSCs that
caused 50% suppression (Fig. 6A). However, resident BM MDSCs
in CM had significantly increased suppressive capabilities,
reducing T cell proliferation by nearly 70%, compared with BM
MDSCs without CM (Fig. 6A).
To determine further the role of S100A8 in vivo, we treated

THC-injected mice with a single dose of S100A8 antibody
(8H150). The mice were then assessed for MDSC induction in
the peritoneal cavity for .16 h via flow cytometric analysis of
Gr1+CD11b+ cells. The S100A8 antibody caused a significant
decrease in MDSC accumulation in the peritoneal cavity at the
16 h time-point (Fig. 6B). Furthermore, looking at MDSC
subsets, we found that upon blocking S100A8, significantly
fewer granulocytic MDSCs were induced by THC, whereas no
significant reduction was seen in monocytic MDSCs (Fig. 6C
and D, respectively). Additionally, to ascertain the role of
S100A8 in MDSC-induced suppression of T cell proliferation,
recombinant protein (mS100A8) was added to plated resident
BM MDSCs in the presence of Con A-activated splenocytes. A
significant increase in suppression was seen in resident BM
MDSCs treated in vitro with mS100A8 compared with un-
treated resident BM MDSCs (Fig. 6E). Furthermore, mS100A8-
treated resident BM MDSCs were able to suppress T cell
proliferation to a similar level as THC-induced MDSCs
(Fig. 6E).

Figure 3. THC-induced MDSCs exhibit elevated
levels of cytokines associated with STAT3 activa-
tion. THC-induced MDSCs and resident naı̈ve BM
MDSCs were cultured overnight and cell super-
natants collected for cytokine analysis by use of
sandwich ELISA kits: (A) IL-10 and (B) IL-6. cDNA
was isolated from MDSCs for real-time qPCR
analysis: (C) IL-10 mRNA and (D) IL-6 mRNA.
Spontaneous secretion from THC-induced and
resident naı̈ve BM MDSC culture supernatants:
(E) S100A8 and (F) S100A9. Serum from THC-
treated or naı̈ve mice was analyzed for S100: (G)
S100A8 levels. Representative data from replicate
experiments (mean6 SEM); *P , 0.05, **P , 0.01,
***P , 0.005, ****P , 0.0001, Student’s t-test.
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DISCUSSION

The mechanisms through which THC mediates immunosup-
pression include apoptosis, induction of Tregs, and the induction
of a switch from Th1 to Th2 phenotype [25, 26, 50]. Recently,
our laboratory made an exciting finding that THC can induce
massive numbers of MDSCs in vivo via activation of accessory
immune cells, such as mast cells [30, 32]. MDSCs are
a heterogeneous and immature cell population with an innate
plasticity. Recently, studies have highlighted this plasticity by
showing that MDSC subsets can induce TH17 or Tregs [51]. It has
also been found that MDSCs, which are generally considered
beneficial in the tumor microenvironment, secrete soluble
factors, such as NO, which can induce apoptosis in cancer cells
[52]. Together, these findings highlight the need to understand
what factors are associated with MDSC plasticity, and it is likely
that epigenetic modulation may be one of the contributing
factors. As such, the focus of the current study was to elucidate
further the mechanisms through which THC induces and
maintains a peripheral population of highly immunosuppressive

MDSCs. Recently, it has been shown that THC treatment can
alter gene specific methylation patterns in lymphocytes [53].
Consequently, we set out to determine the role of altered DNA
methylation in the context of THC-driven recruitment of MDSCs.
Research showing the involvement of THC in epigenetic

modifications is limited. However, there is evidence suggesting
that THC, ingested through marijuana abuse, can elicit indirect
and direct effects on gene expression [31, 54–58]. Additionally,
studies that use SIV-infected animals treated with THC found
that up to 50% of all gene expression alterations were a result of
differential DNA methylation patterns [59]. Furthermore, a CB1-
dependent link with cannabinoid treatment was discovered in
the regulation of keratinocyte differentiation by inducing DNA
methylation [60]. Such findings support the role of CB1 receptor
agonists, such as THC, in altering DNMT activity, resulting in
changes in genomic DNA methylation patterns, as seen in the
current study.
Alteration of DNMT expression correlates directly with

changes to a gene loci-specific DNA methylation pattern [61].
Specifically, the changes in the methylation profile for

Figure 4. THC alters the methylation profile of
MDSCs. Genomic DNA from THC-induced MDSCs
(n=5 mice) and naı̈ve resident BM MDSCs (n=5
mice) was assessed for genomic methylation via
MeDIP-seq. (A) Correlations of genome-wide DNA
methylation signal (CEAS software) in THC-in-
duced and resident BM MDSCs. (B) Correlations
of DNA methylation within 3 kb up- and down-
stream of the TSS in THC-induced and resident
BM MDSCs. (C) DNA methylation near the TSS of
DNMT3a and -3B (upper and lower, respectively).
IP, i.p. (D) PCR for DNMT3a and -3b message in
THC-induced and resident BM MDSCs. Represen-
tative data from replicate experiments.
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transcription factors associated with MDSC activation or
function, such as STAT3, were of paramount interest to us, as
elevated expression of STAT3 has been tied to increased MDSC-
mediated immunosuppression [31, 43, 44, 62]. We found that
STAT3 levels were increased significantly in THC-induced
MDSCs. It has been shown that STAT3 activation, via IL-6 or G-
CSF, is necessary for the expansion of functional MDSCs, in
part, as a result of regulation of NADH oxidase [63]. Consistent
with this, we also noted a significant increase in IL-6 in THC-
induced MDSCs. Additionally, it has been shown that the highly
suppressive nature of activated MDSCs, via Arg1 expression, is
STAT3 dependent [45]. With STAT3 playing such an integral
role in MDSC functionality, the differential expression that we
observed between resident BM and THC-induced MDSCs
suggested that resident MDSCs may exist in a naı̈ve or
inactivated state.
One of the hallmarks of MDSC function is their ability to

suppress T cell proliferation. MDSCs have been shown to inhibit
T cell activation and proliferation via L-arginine metabolism,
oxidative stress, Treg expansion, and cysteine depletion [64–68].
Previously, we showed that THC-induced MDSCs have elevated
levels of Arg1 expression, thereby causing the suppression of
T cell proliferation through L-arginine depletion [30]. In the
current study, we also noted that THC-induced MDSCs had
higher levels of Arg1 when compared with resident BM MDSCs.
Furthermore, THC treatment has been associated with, a

CB-dependent, loss of NOS2 activation as a result of cAMP signal
inhibition [69, 70]. This may explain why in the current study,
THC-induced MDSC did not exhibit an increase in NOS2.
Additionally, the S100 proteins, S100A8 and S100A9, have been
linked to MDSC expansion via the receptor for advanced
glycation endproducts in cancer models [42]. In conjunction
with reported findings, the elevated expression of Arg1 and
S100A8 that we observed in the current study strengthens our
claim that a single THC injection generates primed or activated,
peripheral MDSCs rather than just recruiting inactivated BM
MDSCs to the periphery.
Although S100A8/A9 has been associated with MAPK and

NF-kB signaling pathways, these S100 proteins can also be linked
to the JAK/STAT pathway [71]. For instance, S100A8 has been
associated with STAT3-activating cytokines, including IL-10, in
alveolar macrophages and IL-6 induction in PBMCs, creating an
indirect association with the JAK/STAT signal pathway that we
also observed in MDSCs [72, 73]. More directly, P-STAT3 is
known to have binding sites in the promoter region of S100A8
[47]. This positive-feedback interaction between STAT3 and
S100A8 suggests that the S100 protein may play a vital role in
MDSC function.
HPCs maintain detectable levels of S100A8, for up to 1 week in

culture, even upon differentiation, at which point, S100A9
expression is lost [47]. The role that S100A8 plays in MDSC
function, however, has not been reported. It has been shown that

Figure 5. THC-induced MDSCs differ from
resident BM MDSCs in promoter region methyla-
tion. Bisulfite-converted genomic DNA was
assessed for promoter region-associated methyla-
tion in THC-induced and naı̈ve BM MDSCs. (A)
DNA methylation near the TSS of Arg1 in
THC-induced and resident BM MDSCs. (B)
DNA methylation near the TSS of Stat3 in THC-
induced and resident BM MDSCs. Msp PCR
products were run on agarose gel (2%) and
densitometry assessed by use of ImageJ. (C)
Methylation index for Arg1, NOS2, and STAT3 in
THC-induced and resident BM MDSCs (fully
methylated mouse DNA was used as a control).
Data from replicate experiments (mean 6 SEM);
*P , 0.05, ***P , 0.005, Student’s t-test.
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S100A8 is involved in granulocyte chemotaxis and that S100A8/A9
secretion allows for MDSC accumulation [42, 74]. A study by
Hiroshima et al. [72] observed a correlation between elevated
S100A8 and Arg1 transcript levels in alveolar macrophages. This
finding supports our claim that increased S100A8 expression
impacts MDSC function as an anti-inflammatory molecule similar
to IL-10 [72, 75–77]. TLR activation can also be influenced
positively by the S100A8 protein [78]. The current study, to the
best of our knowledge, is the first one to report that elevated
S100A8 levels in MDSCs regulate increased Arg1-driven T cell
suppression.
A connection between increased S100A9 expression and the

accumulation of tumor-associated MDSCs has been reported
[47]. Cheng et al. [47] determined that CT-26, a tumor-cell CM,
was able to increase S100A9 expression in vitro in HPCs, which
correlated with a loss of DC differentiation. Additionally, Cheng
et al. [47] were able to show that the MDSCs, accumulated via
S100A9 overexpression, were, in fact, T cell suppressive.
Although inflammation has been shown to induce MDSC
recruitment, THC treatment recruits active MDSCs without
proinflammatory signals [30]. Moreover, our studies showed that
S100A9 was not induced by THC.
The ability of THC to alter gene expression via the up-

regulation of key microRNA has also been studied. A single
THC treatment was found to induce miR-690 overexpression in
conjunction with decreased C/EBPa, a transcription factor
associated with myeloid cell differentiation, in peripheral
MDSCs [31]. Specifically, over expression of C/EBPa, alone,
was sufficient to increase the expression of the S100A9 protein,

which is known to decrease in mature differentiated cells [79].
As such, it has been suggested that the attenuation of C/EBPa
could play a role in maintaining an immature, and therefore,
functional, population of MDSCs upon THC induction [31].

Figure 6. S100A8 protein impacts MDSC induction
and activation. CM was obtained from THC-
induced MDSCs, cultured for 5 h in the presence
of PMA and calcium ionophore, and then assessed
for suppressive capabilities. (A) The ability of CM
to enhance MDSCs. Thymidine incorporation was
used to detect T cell proliferation, and percent
suppression, when compared with controls, was
plotted. (B–D) Effect of anti-S100A8 antibodies on
THC-induced MDSCs in the peritoneal cavity.
Antibody (8H150) against S100A8 was adminis-
tered 1 h after THC treatment and assessed for
MDSC accumulation. Data indicate absolute cell
counts of (B) Gr1+CD11b+, (C) granulocytic
MDSCs (Ly6G+LyC+CD11b+), and (D) monocytic
MDSCs (Ly6G2Ly6C+CD11b+) cells in the perito-
neal cavity. (E) Effect of addition of recombinant
S100A8 protein (mS100A8) on the ability of
MDSCs to suppress T cell proliferation, which was
studied by activation via use of Con A, as described
above. The cultures received CM or mS100A8, as
indicated. Representative data from replicate
experiments (mean 6 SEM); *P , 0.05,
****P , 0.0001, Student’s t-test or ANOVA/Tukey.

Figure 7. Proposed working model for the mechanism of MDSC
induction and activation by THC. THC treatment causes hypomethylation
of genes associated with MDSC function, such as STAT3, allowing for
reduced gene silencing. Additionally, THC treatment increases the
STAT3-activating cytokines IL-6 and IL-10. P-STAT3 is then able to bind
the promoter region of S100A8 and Arg1, increasing the suppressive
capability of the THC-induced MDSCs.
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THC, causing a reduction of C/EBPa levels, and therefore,
decreasing S100A9 expression, strengthens our claim that
a S100A8-driven mechanism for THC-induced MDSC activation
plays a critical role.
The mechanism of MDSC activation is one that remains

elusive as a result of the variety of environmental factors that
are known to impact the generation, maintenance, and
function of these regulatory cells. The current study attempted
to highlight a mechanism by which THC caused the induction
and activation of primed peripheral MDSCs, depicted in Fig.
7. After THC treatment, there is decreased methylation of
STAT3, leading to an up-regulation of the transcription factor,
as well as STAT3-activating cytokines (IL-10 and IL-6), which
together, lead to increased P-STAT3. Whereas low levels of IL-
10 were secreted by THC-induced MDSCs, the ability of THC
to activate additional IL-10-secreting cells, such as Tregs,
further supports that THC plays a role in STAT3 activation
[80]. P-STAT3 binds to the promoter region of S100A8 and
Arg1, thereby increasing the expression of these proteins.
Additionally, upon overexpression of S100A8 and Arg1,
MDSCs became highly immunosuppressive. To the best of our
knowledge, this report is the first one to identify a gene-
specific methylation profile of MDSCs following THC treat-
ment and how such epigenetic changes regulate the anti-
inflammatory properties of MDSCs involving a STAT3/S100A8
positive-feedback loop.
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