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AhR Activation Leads to Massive Mobilization of
Myeloid-Derived Suppressor Cells with Immunosuppressive
Activity through Regulation of CXCR2 and MicroRNA miR-
150-5p and miR-543-3p That Target Anti-Inflammatory Genes

Wurood Hantoosh Neamah,* Narendra P. Singh,* Hasan Alghetaa,* Osama A. Abdulla,*

Saurabh Chatterjee,† Philip B. Busbee,* Mitzi Nagarkatti,* and Prakash Nagarkatti*

The compound 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), an environmental contaminant, is a potent ligand for aryl hydrocar-

bon receptor (AhR). In the current study, we made an exciting observation that naive C57BL/6 mice that were exposed i.p. to

TCDD showed massive mobilization of myeloid-derived suppressor cells (MDSCs) in the peritoneal cavity. These MDSCs were

highly immunosuppressive and attenuated Con A–induced hepatitis upon adoptive transfer. TCDD administration in naive mice

also led to induction of several chemokines and cytokines in the peritoneal cavity and serum (CCL2, CCL3, CCL4, CCL11,

CXCL1, CXCL2, CXCL5, CXCL9, G-CSF, GM-CSF, VEGF, and M-CSF) and chemokine receptors on MDSCs (CCR1, CCR5,

and CXCR2). Treatment with CXCR2 or AhR antagonist in mice led to marked reduction in TCDD-induced MDSCs. TCDD-

induced MDSCs had high mitochondrial respiration and glycolytic rate and exhibited differential microRNA (miRNA) expression

profile. Specifically, there was significant downregulation of miR-150-5p and miR-543-3p. These two miRNAs targeted and

enhanced anti-inflammatory and MDSC-regulatory genes, including IL-10, PIM1, ARG2, STAT3, CCL11 and its receptors

CCR3 and CCR5 as well as CXCR2. The role of miRs in MDSC activation was confirmed by transfection studies. Together,

the current study demonstrates that activation of AhR in naive mice triggers robust mobilization of MDSCs through induction of

chemokines and their receptors and MDSC activation through regulation of miRNA expression. AhR ligands include diverse

compounds from environmental toxicants, such as TCDD, that are carcinogenic to dietary indoles that are anti-inflammatory. Our

studies provide new insights on how such ligands may regulate health and disease through induction of MDSCs. The Journal of

Immunology, 2019, 203: 1830–1844.

T
he compound 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)
is a halogenated aromatic hydrocarbon found in the
environment as a contaminant with immunotoxic and

carcinogenic properties. It is well characterized for its ability to
act as a high-affinity ligand for aryl hydrocarbon receptor (AhR),
a member of the basic helix-loop-helix/Per–AhR nuclear trans-
locator protein (Arnt)–Sim (bHLH/PAS) family of transcription
factors. In fact, AhR is required for induction of toxicity inas-
much as mice deficient in AhR are mostly resistant to TCDD-
mediated toxicity (1). More recent studies have demonstrated
that AhR may also play a crucial role in regulating various
physiological and developmental processes, including the func-
tions of the immune system (2).

AhR is localized in the cytoplasm and maintained in an inactive
form by chaperone proteins. When TCDD binds to AhR, the
chaperone proteins are released and the AhR–TCDD complex
binds to the transcription factor Arnt. This complex (AhR–
TCDD–Arnt) migrates to the nucleus and binds to specific DNA
sequences called dioxin response elements (DREs), found on the
promoters of various genes, thereby regulating the expression of
these genes, such as CYP1A1 (3).
Extensive studies have shown that the immune system is one of

most sensitive targets of TCDD. Multiple mechanistic pathways
have been identified to delineate how AhR activation leads to
regulation of the immune system. These include but are not limited
to the following: activation of Fas, which expresses DREs, leading
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to induction of apoptosis of activated T cells (2, 4–6); induction of
Foxp3 and regulatory T cells (Tregs) by virtue of the fact that
Foxp3 expresses DREs on its promoter (3, 7), promoting Tregs
while suppressing Th17 cells through decreased methylation of
CpG islands of Foxp3 and increased methylation of IL-17 promoter
(4, 8); and differential microRNA (miRNA) induction, such as
decreased expression of miR-31, miR-219, and miR-490 that tar-
geted Foxp3 and increased expression of miR-495 and miR-1192
that were specific to IL-17 (9).
AhR ligands also include dietary compounds, such as indole-

3-carbinol (I3C), 3,39-diindolylmethane (DIM), and resveratrol
(10–14). The essential amino acid tryptophan, acquired from the
diet, also serves as a source of AhR ligands (15). It is interesting to
note that whereas some AhR ligands are considered to be highly
toxic and carcinogenic, others constitute ligands that are endog-
enously produced or found in the diet that regulate immune re-
sponse in health and disease. Also, whereas some AhR ligands,
such as TCDD, are known to trigger Tregs, others such as
6-formylindolo[3,2-b]carbazole (FICZ) induce Th17 cells (7, 9).
Thus, the precise mechanisms through which AhR ligands reg-
ulate the immune response needs further investigation.
Myeloid-derived suppressor cells (MDSCs) are heterogeneous

populations derived from bone marrow (BM) and comprised of
myeloid progenitors that under normal conditions differentiate
into dendritic cells, granulocytes, and macrophages (16). In sit-
uations involving chronic infection, inflammation, trauma, or
malignancy, the associated chemokines and cytokines induce
abnormal accumulation of such immature myeloid cells that are
highly immunosuppressive (17). In mice, these cells express
CD11b+ and Gr-1+ surface markers (18, 19). MDSCs have
contradictory roles in infection and immunity. They may act as a
double-edged sword during the early and late stages of infection
and inflammation, from promoting innate immunity in early
stages to attenuating the immune system through inducing im-
munosuppressive conditions in late stages of infection (20). In
some cases, increasing MDSCs during infection helps to reduce
inflammatory extension and limit undesirable tissue damages
(21). In cancers, MDSC accumulation can prevent anticancer
immunity, thereby facilitating the tumor growth. MDSCs have
also been shown to induce Tregs (22).
Because AhR activation by TCDD in naive mice can lead

to immunosuppression and promote cancer. In the current study,
we investigated whether TCDD can induce MDSCs in naive
mice. We found that AhR activation by TCDD led to mas-
sive induction of MDSCs that were highly immunosuppres-
sive. Furthermore, such an induction and activation of MDSCs
resulted from production of chemokines and cytokines as well as
regulation of miRNA. The current study demonstrates how AhR
activation may regulate immune response through induction of
MDSCs.

Materials and Methods
Experimental animals

Female C57BL/6 mice 8–10 wk old were purchased from The Jackson
Laboratory. All mice were housed in specific pathogen–free conditions at
the Association for Assessment and Accreditation of Laboratory Animal
Care International–accredited University of South Carolina, School of
Medicine, Animal Resource Facility. All experiments performed using
mice in this manuscript were approved by the Institutional Animal Care
and Use Committee, University of South Carolina.

Chemicals and reagents

TCDD was a kind gift from Dr. Steve Safe (Institute of Biosciences &
Technology, Texas A&M Health Sciences Center, College Station,
TX). 3-Methylcholanthrene (3-MC) was from Sigma-Aldrich. Con A,

AhR antagonist (CH223191), and CXR2 antagonist (Sch527123) were
purchased from Sigma-Aldrich. Culture medium reagents (RPMI 1640,
penicillin–streptomycin, HEPES, L-Glutamine, FBS, and PBS) were
purchased from Invitrogen Life Technologies (Carlsbad, CA). The fol-
lowing Abs were used for surface markers and/or intranuclear staining and
were purchased from BioLegend (San Diego, CA): FITC or Alexa Fluor
700–conjugated anti-CD11b, PE- or BV510-conjugated-GR-1, Alexa Fluor
488–conjugated anti–Ly-6C, BV785-conjugated anti–Ly-6G, PE- or BV785-
conjugated anti-CD4, PE-conjugated anti-CD3, and BV510-conjugated
anti-NrP1. PE-conjugated anti–IL-17, BV605-conjugated anti–IL-10, BV650-
conjugated anti–INF-g, PerCP-Cy5.5–conjugated anti–TGF-b, Alexa
Fluor 488–conjugated anti–IL-4, Alexa Fluor 488–conjugated anti-
FOXP3, PE–Dazzle–conjugated anti-Helios, FITC-conjugated BV421-
conjugated anti-MHC class II (MHC-II), BV605 or PE-conjugated
anti-CD11c, PE-conjugated anti-Arg1, and allophycocyanin-conjugated
anti-iNOS. Fc Blocker reagent was procured from BD Biosciences (San
Diego). A Cytofix/Cytoperm Fixation/Permeabilization Kit was pur-
chased from BD Biosciences. The True-Nuclear Transcription Factor
Buffer Set was from BioLegend. EasySep PE Positive Selection Kits
were purchased from STEMCELL Technologies (Vancouver, BC, Canada).
RNeasy and miRNeasy Mini Kits, miScript Primer Assay Kit, and miScript
SYBR Green PCR Kit were obtained from QIAGEN (Valencia, CA). The
following reagents were purchased from Bio-Rad Laboratories (Madison, WI):
iScript and miScript cDNA Synthesis Kits. Epicentre’s PCR PreMix F and
Platinum Taq DNA Polymerase Kits were from Invitrogen Life Technologies.
ELISA kits for IL-4, IL-10, and TGF-b (ELISA MAX Standard Set Mouse)
were bought from BioLegend. XFp Glycolytic Rate Assay Kit and XFP Cell
Mito Stress Test Kit were purchased from Agilent Technologies.

Induction of MDSCs in mice by TCDD

C57BL/6 mice were injected i.p. with TCDD (1–10 mg/kg) or the vehicle,
corn oil. At various days postexposure, mice were euthanized and peri-
toneal cells were collected and washed twice with PBS. The cells were
counted and stained for MDSC markers (CD11b and Gr-1), Granulo-
cytic MDSC (G-MDSC: CD11b and Ly-6G), and monocytic MDSC
(M-MDSC: CD11b and Ly-6C) populations were analyzed by flow
cytometry (BD FACSCelesta), as described previously (23).

Purification of MDSCs and their subsets M-MDSCs and
G-MDSCs

TCDD-induced MDSCs were purified from exudates of the peritoneal
cavity, as described previously (24). In brief, peritoneal exudates were
collected from TCDD-exposed mice and labeled with PE-conjugated Gr-1
Ab. A PE Selection Kit from STEMCELL Technologies was used for
selection, and we followed the protocol from the company. After purifi-
cation, flow cytometry (BD FACSCelesta) was used to assess the purity of
MDSCs. We purified M-MDSC and G-MDSC subsets of MDSCs using
FACSAria II cell sorter (BD FACSAria II). Peritoneal exudate cells
were stained with CD11b and Ly-6C for M-MDSCs or CD11b and Ly-6G
for G-MDSCs.

AhR and CXCR2 antagonists

Mice were injected i.p. with 10 or 50 mg/kg AhR antagonist (CH223191)
or CXCR2 antagonist (Sch527123), respectively, 1 d before TCDD in-
jection. Peritoneal exudates were collected on day 3 and stained with
CD11b, GR-1, Ly-6G and Ly-6C to detect MDSCs and subsets of MDSCs.

Effect of TCDD-induced MDSCs and MDSC subsets
(M-MDSCs and G-MDSCs) on T cell proliferation in vitro

To examine the suppressive effect of MDSCs on T cell proliferation,
splenocytes (5 3 105) from C57BL/6 naive mice were cultured in the
presence of Con A (2 mg/ml) together with different ratios of TCDD-
generated MDSCs, M-MDSCs, and G-MDSCs for 24 h, as described
(25). [3H]thymidine (1 mCi per well) was added to the cell cultures, and,
after 18 h, radioactivity was measured using a liquid-scintillation counter
(MicroBeta TriLux; PerkinElmer).

Mitochondrial respiration, glycolytic rate, and ATP rate

Oxygen consumption rates (OCR), proton efflux rate (PER), and ATP rate
were measured in a total of 2 3 105 purified MDSCs from peritoneum of
vehicle or TCDD-treated mice using an XF Extracellular Flux Analyzer
(Seahorse Bioscience). For OCR, MDSCs were plated in an XF cell culture
plate coated with 15 mg of Cell-Tak (BD Biosciences) in XF assay medium
supplied with 1 mM pyruvate, 2 mM glutamine, and 10 mM glucose.
MDSCs were analyzed under stressed conditions and in response to
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1 mM oligomycin, 1 mM fluorocarbonyl-cyanide-phenylhydrazone (FCCP),
and 0.5 mM rotenone and antimycin A. For PER, MDSCs were plated in an
XF cell culture plate coated with 15 mg Cell-Tak in Phenol Red–free Base
Medium enriched with 2 mM glutamine, 10 mM glucose, 1 mM pyru-
vate, and 5 mM HEPES as initial conditions. Cells were monitored under
stressed conditions and in response to 0.5 mM rotenone plus antimycin A
(Rot/AA) and 50 mM 2-deoxy-D-glucose (2-DG). For ATP rate, MDSCs
were plated in an XF cell culture plate with 15 mg of Cell-Tak in DMEM
enriched with 10 mM of glucose, 1 mM of pyruvate, and 2 mM of
glutamine. ATP rate production was measured under stressed conditions
in response to 1.5 mM of oligomycin and 0.5 mM rotenone plus anti-
mycin A. All three tests were quantified by a Seahorse Bioscience XFp
Extracellular Flux Analyzer (Agilent Technologies).

Proliferation assessment by BrdU and Ki67 labeling in vivo

To characterize MDSCs proliferation in vivo, mice were injected with BrdU
(100 mg/kg) 2 h before TCDD treatment, as described previously (26, 27).
Cells from the peritoneal exudate were harvested and were first stained
using anti-mouse Abs against CD11b and Gr-1. After fixation and per-
meabilization, the cells were stained with PerCP-Cy5.5–conjugated anti-
BrdU (BD Biosciences) and PE-conjugated anti-Ki67 Abs (BioLegend)
using an intranuclear staining protocol (BD Biosciences). Quad-stained
cells were analyzed by flow cytometry (BD FACSCelesta).

Con A–induced hepatitis and adoptive transfer of MDSCs

To generate hepatic inflammation, C57BL/6 mice were injected i.v. with
Con A (12.5 mg/kg) as described previously (23). For adoptive transfer,
Con A–injected mice received 5 million purified MDSCs from the peri-
toneal cavity (PC-MDSCs) or MDSCs from the BM (BM-MDSCs) of
TCDD-treated mice 1 h before Con A injection. In experiments in which
TCDD was tested for its ability to attenuate Con A–induced hepatitis, mice
received TCDD (10 mg/kg) by the i.p. route 1 h before Con A injection.
Mice were sacrificed 48 h after treatment. Spleens and livers were har-
vested, and blood was collected. Single-cell suspensions of splenocytes
were prepared, and infiltrating mononuclear cells in the liver were isolated
using a Percoll gradient, as described previously (12). Harvested cells from
spleens and livers were stained with Abs against CD4 and INF-g, IL-17,
IL-4, or IL-10 to determine Th1, Th-17, Th-2, and induced Treg pop-
ulations by flow cytometry (Beckman Coulter). IL-4 and TGF-b cytokine
levels were detected in sera by ELISA.

ELISA

Serum from individual mice was collected and the concentration of various
cytokines, including IL-4 and TGF-b was measured using ELISAMAXTM
Standard SET Mouse Kit for respective cytokines. ELISAs were purchased
from BioLegend.

Chemokine analysis

Serum and peritoneal exudates were collected from individual mice 3 d after
TCDD or vehicle injection. G-CSF, GM-CSF, M-CSF, eotaxin (CCL11),
LIF, LIX (CXCL5), KC (CXCL1), MCP-1 (CCL2), MIP-1A (CCL3),
MIP-1B (CCL4), MIP-2 (CXCL2), MIG (CXCL9), RANTES (CCL5), and
VEGF concentrations were determined by using a MILLIPLEX MAP Kit
(MilliporeSigma) according to the manufacturer protocol and analyzed by
the Bio-Plex chemiluminescence assay system (Bio-Rad Laboratories).

Histopathology of liver

Livers were harvested frommice and fixed in formaldehyde (4%) overnight,
then embedded in paraffin and cut to∼6-mm thickness. The liver sections
were then stained with H&E and analyzed by the Cytation 5 microscopic
system (BioTek).

miRNA arrays and analysis

miRNA analysis was carried out as described previously (28). Total RNA,
including miRNA, was isolated from PC-MDSCs after TCDD adminis-
tration using miRNANeasy kit from QIAGEN and following the protocol
of the company. miRNAs arrays were performed using Affymetrix miRNA
Array (version 4). Raw files generated from the miRNA microarray were
uploaded to Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo)
under accession number GSE134337. Signal expression (fold change) of
more than 3000 miRNAs was detected from the raw array data, and only
those miRNAs that were altered more than 2-fold were considered for
further analysis. The selected miRNAs were further analyzed for their
targets and alignments using TargetScan, microRNA.org, and the miRWalk
database. Furthermore, selected miRNAs were analyzed for their role in

various diseases and pathways using Ingenuity Pathway Analysis (IPA)
software. miRNAs from various groups were also analyzed for their re-
lationship using LucidChart or a Venn diagram.

Real-time quantitative PCR to validate miRNAs and associated
genes expression

Quantitative PCRs (Q-PCRs) were performed to determine the expres-
sion of selected miRNAs (miR-150-5p, and miR-543-3p) on cDNA
synthesized from total RNAs, including miRNAs, isolated from PC-
MDSCs post-TCDD or vehicle exposure. miScript Primer Assay Kits
(QIAGEN) and SssAdvanced SYBR Green PCR kits from Bio-Rad
Laboratories were used, and Q-PCR was performed following the pro-
tocol of the company. For Q-PCR, the run conditions to detect miRNA
were as follows: 15 min at 95˚C (initial activation step), followed by
40 cycles of 15 s at 94˚C (denaturing temperature), 30 s at 60˚C
(annealing temperature), and 30 s at 70˚C (extension temperature and
fluorescence data collection). Fold changes of miRNA were calculated
using DDCt method, where Ct is the threshold cycle to detect fluores-
cence. The data were normalized to miRNAs against internal control
miRNA (SNORD96A; QIAGEN), and fold change of miRNAs was
calculated against control miRNA (SNORD96A), and the treatment
group (TCDD) was compared with the vehicle group.

RT-PCR to determine the expression of IL-10, ARG2, STAT3,
INOS1, and PIM1 in MDSCs post-TCDD or vehicle treatment

RT-PCR was performed to detect IL-10, ARG2, STAT3, PIM1, CCL11,
CCR1, CCR3, CCR5, and CXCR2 expression. Primers of these genes were
specifically designed using Integrated DNA Technologies tools (details of
primers presented in Supplemental Table I). RT-PCR was performed for
40 cycles using the following conditions: 98˚C (denaturing temperature)
for 30 s, 98˚C (annealing temperature) for 10 s, and 60˚C (extension
temperature) for 30 s. The PCR products, generated from mouse gene-
specific primer pairs, were visualized with UV light, performing electro-
phoresis (1.2% agarose gel). The band intensity of PCR products was
determined using the ChemiDoc image analysis system from Bio-Rad
Laboratories (Hercules, CA). The expression of the above genes was
normalized against PCR products generated from the mouse housekeeping
gene GAPDH (internal control).

Statistical analysis

GraphPad Prism software version 6.01 (GraphPad Software, San Diego,
CA) was used for statistical analysis. A standard t test or multiple t test
with Holm–Sidak multiple comparisons corrections was used when
comparing two groups for significance. A one-way or two-way ANOVA
with post hoc Tukey multiple comparisons test was used to compare
between the means of more than two groups. Error bars were expressed
as mean 6 SE of mean (6SEM), and significance was determined as
having a p value ,0.05. Each experiment was repeated at least twice
with consistent results.

Results
TCDD induces MDSCs in mice

TCDD is a potent agonist of AhR, and thus we used TCDD to test
whether activation of AhR leads to induction of MDSCs. To this
end, three doses of TCDD (1, 5, and 10 mg/kg body weight) or
vehicle were injected (i.p.) into C57BL/6 mice, and peritoneal
exudates were collected on day 3 posttreatment. The presence of
MDSCs in the peritoneal cavity was analyzed by staining the cells
with fluorophore-labeled anti-mouse CD11b and GR1 Abs and
using flow cytometry. There was a dose-dependent increase in
both the percentages and numbers of CD11b+GR1+ cells in the
peritoneal cavity (Fig. 1A, 1B) of mice that received TCDD, when
compared with mice that received vehicle. Upon analysis of
subsets of MDSCs (monocytic and granulocytic) by staining the
cells with Abs against Ly-6C and Ly-6G, we observed a significant
increase in both M-MDSCS (CD11b+Ly6G2Ly-6Chi) and G-MDSCs
(CD11b+Ly-6G+Ly-6Clo) following TCDD treatment when compared
with vehicle controls (Fig. 1C, 1D). However, there were significantly
more G-MDSCs in both the percentages and total numbers
when compared with M-MDSCs. To study the time course, we
injected mice with TCDD and collected peritoneal exudates on
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days 1, 2, and 3 posttreatment. We observed significant induction
of MDSCs on day 1 and their numbers continued to rise until day
3 (Fig. 1E, 1F).

Characterization of TCDD-induced MDSCs

Because MDSCs are phenotypically similar to neutrophils and
monocytes, we performed additional studies that help distinguish
them from these cells (28, 29). M-MDSCs can be distinguished
from the monocytes by the fact that M-MDSCs lack surface
markers of monocytes, such as CD11c and MHC-II. Thus, we
looked at the expression of these markers on TCDD-induced
MDSCs and found that most of the TCDD-induced MDSCs
(91.9%) did not express CD11c and MHC-II (Fig. 2A). Also, the
proportion of such cells and their numbers significantly in-
creased when compared with the vehicle controls (Fig. 2A–C).
There are no precise markers that distinguish G-MDSCs from
polymorphonuclear leukocytes, but murine polymorphonuclear
leukocytes do not express Arginase-1 (Arg1), whereas G-MDSCs
do, which gives them the immunosuppressive property. Thus,
when we stained the TCDD-induced MDSCs for Arg1 and iNOS,

we found that 94.7% of the MDSCs were Arg1+, whereas they
failed to express iNOS (Fig. 2D, 2E). Functionally, MDSCs were
also highly immunosuppressive, as detailed later in the article.
Together, these data suggested that TCDD-induced cells were
indeed MDSCs and lacked the properties of neutrophils or
monocytes.

TCDD induces MDSCs through activation of AhR

Because TCDD is a potent ligand for AhR, we tested the effect of
AhR antagonist (CH223191) on the induction of MDSCs by
TCDD. We found that administration of AhR antagonist signifi-
cantly reduced the number of MDSCs (Fig. 3A, 3B) and MDSC
subsets (Fig. 3C, 3D), thereby suggesting that TCDD was induc-
ing the MDSCs, at least in part, through activation of AhR. To test
whether the ability to induce MDSCs was restricted only to TCDD
or whether it could also be seen using other AhR ligands, we
injected 3-MC, a well-characterized AhR ligand (30) similar to
TCDD, into mice i.p. and studied the PC-MDSCs. The data
demonstrated that 3-MC was also able to induce high levels of
MDSCs that belonged to both G-MDSCs and M-MDSCs, with the

FIGURE 1. TCDD induces MDSCs in naive mice. Naive C57BL/6 mice were injected with TCDD (n = 6) or vehicle (n = 6) i.p. and at various days

posttreatment, and cells from the peritoneal cavity were harvested and analyzed for MDSCs. (A) Representative plots from FlowJo software analysis of flow

cytometry data showing induced MDSC in percentages following 1, 5, or 10 mg/kg TCDD administration when compared with vehicle. Cells were

harvested on day 3. (B) Total number of MDSCs per mouse expressed as mean 6 SEM, based on (A) description. (C) Representative dot plots showing

M-MDSCs (CD11b+Ly-6G2Ly-6Chi) and G-MDSCs (CD11b+Ly-6G+Ly-6Clow) percentages following administration of 1, 5, or 10 mg/kg TCDD when

compared with vehicle. (D) Total number of M-MDSCs and G-MDSCs per mouse expressed as mean 6 SEM. (E) Time course of induction of MDSCs by

5 mg/kg TCDD. (F) Based on data in (E), total number of MDSCs per mouse at different days expressed as mean6 SEM. Statistical analysis was performed

using one-way ANOVAwith Tukey post hoc multiple comparisons test for (B) and (D). For (F), a multiple t test was performed using Holm–Sidak method

multiple comparisons test. Data are representative of at least three independent experiments with reproducible results. Significance was designated as

follows: *p , 0.05, ***p , 0.001, ****p , 0.0001.
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former being produced in larger numbers (Fig. 3E, 3F), similar to
TCDD.

TCDD promotes the migration of MDSCs from BM to
peritoneal cavity through chemokine induction

Normal mouse BM contains 20–30% CD11b+ GR-1+, whereas
their proportion is much smaller in the spleens (2–4%) and they
are absent in the lymph nodes (16). Thus, we next determined
whether TCDD was promoting the migration of MDSCs from the
BM. To this end, we enumerated CD11b+ GR-1+ cells in BM and
peritoneal exudate at 0 and 16 h post-TCDD treatment by flow
cytometry. Interestingly there was a significant decrease in the
percentage of CD11b+ GR-1+ cells in the BM 16 h following
TCDD treatment, whereas there was a significant increase in PC-
MDSCs (Fig. 4A, 4B). These data suggested that CD11b+ GR-1+

cells from the BM may be migrating to the peritoneal cavity, the
site of TCDD administration. It should be noted that these ex-
periments were terminated early (16 h) because we wished to
detect chemokines and cytokines that are normally induced at
early time points. We were able to detect MDSCs as early as 16 h

because of the high dose of TCDD used (10 mg/kg). Next, we
investigated whether specific chemokines have a role in recruiting
MDSCs from BM to peritoneal cavity. To that end, we detected
some chemokines and cytokines that regulate MDSCs and found
that the peritoneal fluid of TCDD-injected mice had significantly
higher levels of MCP-1 (CCL2), MIP-1A (CCL3), MIP-1B
(CCL4), eotaxin (CCL11), KC (CXCL1), MIP-2 (CXCL2), MIG
(CXCL9), VEGF, and M-CSF when compared with controls
(Fig. 4C). Also, we saw an increase in CCL2, CCL4, CXCL1,
CXCL5, G-CSF, and GM-CSF in the serum of TCDD-treated
mice (Fig. 4D). We also assessed chemokine receptor expression
in MDSCs post-TCDD treatment. We found that three of the
chemokine receptors increased in TCDD-induced MDSCs group
(CCR1, CCR5, and CXCR2) when compared with the vehicle-
induced MDSCs group (Fig. 4E). Next, we investigated whether
blocking CXCR2 would have an effect on MDSCs recruitment to
the peritoneal cavity. To this end, we injected CXCR2 antagonist
Sch527123 in mice 1 d before TCDD treatment. After 3 d,
MDSCs were assessed in the peritoneal cavity, and we observed
that MDSC percentage and numbers were dramatically decreased

FIGURE 2. MDSCs and MDSC subset characterization. Peritoneal exudate cells were harvested from vehicle- (n = 6) and TCDD-treated (n = 6) mice

and stained for various markers. (A) Cells from vehicle- or TCDD-treated mice were gated on those that expressed CD11b+Gr-1+, and this population was

further tested for MHC-II and CD11c. (B) Percentage of cells as shown in (A) that are negative or positive for MHC-II and CD11c markers. (C) Absolute

number of CD11b+Gr-1+ cells per mouse that are negative or positive for MHC-II and CD11c markers. (D) Percentage of Arg1 and INOS expression in

CD11b+Gr-1+ cells in vehicle and TCDD treatment groups. (E) Absolute number of CD11b+Gr-1+ cells and CD11b+Gr-1+ cells that express Arg1 and

INOS. Vertical bars represent mean 6 SEM. For bar graphs depicted, the multiple t test was performed using Holm–Sidak method multiple compari-

sons test. Data are representative of at least three independent experiments with reproducible results. Significance was designated as follows: ****p . 0.0001.
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following CXCR2 antagonist treatment when compared with
controls (Fig. 4F). We also examined whether TCDD induces only
the migration of MDSCs from BM to peritoneal cavity or whether
it also induces MDSC proliferation in the peritoneal cavity. To that
end, we injected BrdU into mice 2 h before TCDD treatment.
After 48 h, we stained the peritoneal cells using fluorophore-
labeled anti-mouse CD11b and GR-1 Abs as well as intra-
nuclear BrdU and intracellular Ki67. We observed no significant
difference in BrdU+ and Ki67+ cells between vehicle and TCDD
groups, demonstrating that TCDD does not induce proliferation of
MDSCs in the periphery (Fig. 4G).

TCDD-induced PC-MDSCs, M-MDSCs, and G-MDSCs
mediate suppression of T cell activation in vitro

Immune suppression is the hallmark feature of MDSCs; thus, to
determine whether TCDD-induced MDSCs can suppress T cell
activation, we performed T cell proliferation assays using Con
A (2 mg/ml) in the presence or absence of TCDD-induced MDSCs
collected from the peritoneal cavity. We observed dose-dependent

suppression of T cell activation in the presence of MDSCs, and,
furthermore, whereas both G-MDSCs and M-MDSCs were sup-
pressive, the latter were found to be more effective (Fig. 5A–C).
It should be noted that, whereas TCDD induced more G-MDSCs
than M-MDSCs (Fig. 1C, 1D), on a per cell basis, M-MDSCs were
more immunosuppressive in T cell proliferation assays than
G-MDSCs (Fig. 5B, 5C), thereby suggesting that, overall, both
subpopulations may contribute significantly toward suppressing
T cell proliferation.

TCDD-induced PC-MDSCs have a high mitochondrial
respiration and glycolytic rate

Tumor-infiltrating MDSCs have been shown to have an increased
OCR and extracellular acidification rate when compared with
splenic-MDSCs (31). To explore the nature of TCDD-induced
MDSCs, we tested the OCR and PER as well as the ATP rate
using a Seahorse Bioscience XFp Extracellular Flux Analyzer. We
observed that TCDD-induced MDSCs from the peritoneal cavity
had higher OCR, PER, and ATP production rates in comparison

FIGURE 3. AhR antagonist CH223191 treatment decreases TCDD-mediated MDSC induction. Naive C57BL/6 mice were injected with TCDD (10 mg/kg)

i.p. as described in Fig. 1 legend. These mice were injected i.p with 10 mg/kg of AhR antagonist (CH223191, CH) 1 d before TCDD injection. Peritoneal

exudates were collected on day 3 and stained for MDSCs. (A) Representative flow cytometric analysis showing MDSC percentages after treatment with

AhR antagonist. (B) Total number of MDSCs per mouse expressed as mean 6 SEM following treatment with AhR antagonist, based on description in (A).

(C) Representative flow cytometric analysis showing percentages of MDSC subsets after treatment with AhR antagonist (CH). (D) Total number of MDSC

subsets per mouse expressed as mean6 SEM following treatment with AhR antagonist. (E) Representative flow cytometric analysis showing percentages of

MDSC (top panel) and MDSC subsets (bottom panel) after treatment with AhR agonist (3-MC). (F) Total number of MDSC subsets per mouse expressed as

mean 6 SEM following treatment with AhR agonist (3-MC). Statistical analysis was performed using one-way ANOVA with Tukey post hoc multiple

comparisons test to determine significance for (B) and (D) between vehicle (n = 7) and TCDD (n = 7). For (F), significance between vehicle (n = 6) and

3-MC (n = 6) was determined using a multiple t test with Holm–Sidak method multiple comparisons test. Data are representative of at least two independent

experiments with reproducible results. Significance was designated as follows: **p , 0.01, ***p , 0.001, ****p , 0.0001.
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with vehicle-induced PC-MDSCs (Fig. 5D–F). We also observed
that all PER parameters, including basal glycolysis, percentage of
PER from glycolysis, and compensatory glycolysis, were higher in
TCDD-induced PC-MDSCs when compared with vehicle-induced
MDSCs (Fig. 5E). Also, TCDD-induced MDSCs showed higher
rates of mitoATP, glycoATP, and total ATP in comparison with
vehicle-induced MDSCs (Fig. 5F). Because TCDD-induced
MDSCs had increased mitochondrial respiration (OCR) and
glycolysis (PER), and overall energy (ATP) compared with ve-
hicle controls, these data suggested that TCDD-induced MDSCs
had increased capacity to respond to energy demands (e.g., im-
munosuppressive function) because they had more available
energy.

TCDD-induced MDSCs protect Con A–induced liver damage
in vivo

Next, we investigated whether TCDD-induced MDSCs were
functional in vivo in suppressing T cell response. We had shown

earlier that MDSCs can protect liver from Con A–mediated hep-
atitis in vivo (32). To that end, we i.v. injected naive mice with
purified TCDD-induced PC-MDSCs or BM, followed 1 h later
with Con A. Spleens and livers of mice treated with PC-MDSCs or
BM-MDSCs were harvested 48 h after treatment. Upon histo-
logical analysis of liver, there was reduced liver inflammation in
mice that received TCDD-induced PC-MDSCs when compared
with mice that received MDSCs from BM (Fig. 6A). Analysis of
alanine transaminase (ALT) in sera showed significantly reduced
levels in mice that received TCDD-induced PC-MDSCs when
compared with mice that received MDSCs from BM (Fig. 6B).
Moreover, levels of IL-4 and TGF-b (anti-inflammatory cyto-
kines) increased in the sera of mice that received TCDD-
induced PC-MDSCs when compared with mice that received
BM-MDSCs (Fig. 6C). These data suggested that TCDD-
induced PC-MDSCs are more immunosuppressive in function
in vivo when compared with BM-derived MDSCs from the
same mice.

FIGURE 4. Identifying the source of TCDD-induced MDSCs. Naive C57BL/6 mice were injected with TCDD (10 mg/kg) i.p. as described in Fig. 1

legend. (A) Representative flow cytometric analysis showing the percentage of MDSCs in BM 16 h after TCDD treatment when compared with 0 h (top

panel). MDSCs percentage in peritoneal cavity (PC) after 16 h compared with 0 h (bottom panel). (B) Total number of MDSCs per mouse expressed as

mean 6 SEM, based on description in (A), where n = 5 for each experimental condition. (C) Measurement of chemokines from the peritoneal exudates of

vehicle (n = 4) and TCDD (n = 4) mice with data expressed as mean 6 SEM. (D) Detection of chemokines in the serum from vehicle- (n = 4) and

TCDD-treated (n = 4) mice with data expressed as mean 6 SEM. (E) Q-PCR validation of CCR1, CCR5, and CXCR2 expression in vehicle- (n = 4) and

TCDD-treated (n = 4) mice, with data expressed as mean 6 SEM. (F) Flow cytometric analysis of MDSC percentage (top panel) and absolute numbers

(bottom panel) following treatment with vehicle (n = 5), TCDD (n = 5), or TCDD and CXCR2 antagonist (n = 3). (G) Representative plots of BrdU labeling

and anti-Ki67 staining at 48 h after TCDD treatment. The left panel shows staining for MDSCs and right panel shows staining for BrdU and Ki67 on gated

MDSCs. Vertical bars represent mean 6 SEM. For (B)–(D), significance was determined using a multiple t test with Holm–Sidak method multiple

comparisons test. For (F), significance was determined using one-way ANOVA and Tukey multiple comparisons test. Data are representative of at least

three independent experiments with reproducible results. Significance was designated as follows: *p , 0.05, **p , 0.01, ***p , 0.001, ****p , 0.0001.
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TCDD-induced MDSCs reduce inflammation in liver and
spleen of Con A–induced hepatitis mice

To better understand the suppressive effect of TCDD-induced
PC-MDSCs, we purified mononuclear cells from livers as well
as spleens from mice treated with PC-MDSCs and BM-MDSCs as
described in Materials and Methods. The mononuclear cells and
splenocytes were stained to determine Th1, Th17, Th2, and in-
duced Tregs. There was significant reduction in CD4+IL-17+ in the
liver and CD4+IFN-g+ in the spleens of mice treated with TCDD-
induced PC-MDSCs when compared with cells treated with BM-
MDSCs (Fig. 6D, 6E). In contrast, there was significant upregu-
lation of CD4+IL-10+ in the liver and CD4+IL-4+ in the spleens of
mice treated with PC-MDSCs when compared with cells from
mice treated with BM-MDSCs (Fig. 6D, 6E).

TCDD reduces inflammation in Con A–induced hepatitis in
mice by generating MDSCs and Tregs

To test whether TCDD would directly suppress Con A–induced
hepatitis and whether this is regulated by MDSCs, we injected
mice with TCDD (10 mg/kg) or vehicle 1 h before Con A (10 mg/kg)
injection (i.v.). We noted that TCDD was able to decrease ALT
levels thereby showing protection of liver damage (Fig. 7A).
Next, we stained the spleen cells and liver mononuclear cells
for MDSCs, various T helper cells (Th1, Th2, and Th3), and
Treg subsets (Treg, peripheral Treg, and Tr1). We observed
significant increase in MDSCs and G-MDSCs in spleens of
mice exposed to TCDD, when compared with mice treated with
vehicle (Fig. 7B, 7C). Furthermore, there was a significant re-
duction in the percentages of CD3+CD4+ cells and Th1 cells and

an increase in the percentages of Th2 cells in TCDD-treated mice
when compared with vehicle-treated mice (Fig. 7G). For Treg and
its subsets (Fig. 7H), there was a significant increase in the per-
centages of CD4+Foxp3+ populations (Fig. 7I) and in the per-
centages of peripheral Tregs, Tr1, and Th3 cells in spleen of
TCDD-treated mice in comparison with vehicle-treated mice
(Fig. 7K, 7L). However, the percentages of CD4+Foxp32 (Fig. 7J)
and thymus Tregs (Fig. 6K) were significantly decreased in mice
were treated with TCDD when compared with mice treated with
vehicle.

TCDD altered miRNAs expression in PC-MDSCs

Our previous studies demonstrated that miRNA play a critical role
in MDSC induction (33). To that end, we investigated the role of
miRNA in the induction of MDSCs by TCDD by performing
miRNA microarray using MDSCs derived from vehicle or TCDD-
treated groups. There were more than 3195 miRNAs that were
analyzed by the microarray (Fig. 8A), of which the expression of
only 141 miRNAs were altered by a .2-fold change in TCDD-
treated groups when compared with vehicle controls (Fig. 8A). As
shown in the Venn diagram, there were 3054 miRNAs that showed
no change, whereas 97 miRNAs were upregulated, and 44 miR-
NAs were downregulated (Fig. 8B). The corresponding heatmap
depicts upregulated (n = 97) and downregulated (n = 44) miRNAs
in TCDD-induced MDSCs when compared with vehicle-induced
MDSCs (Fig. 8C). Furthermore, upon analysis of the 141 dysreg-
ulated miRNAs using IPA software, we observed a direct relation-
ship between various miRNAs and the target genes, including
miR-150-5p and the target genes IL-10 and PIM1 and miR-543-3p

FIGURE 5. TCDD-induced MDSCs suppress T cell proliferation and exhibit different metabolic profile. (A–C) TCDD-induced–purified PC-MDSCs or

M-MDSCs and G-MDSCs were incubated with spleen cells activated with Con A at different ratios, and T cell proliferation was assessed by [3H]-thymidine

incorporation assay. Data are depicted as mean6 SEM of triplicate cultures (n = 3) shown as counts per minute (CPM). (D and E) OCR and glycolytic PER

in TCDD-induced PC-MDSCs (n = 3) compared with vehicle-induced PC-MDSCs (n = 3). (F) ATP production rate in the experimental groups including

MDSCs from vehicle- (n = 3) or TCDD-treated mice (n = 3). For (A)–(C), one-way ANOVA with Tukey multiple comparisons test was used to deter-

mine significance. For (D) and (E), two-way ANOVA with Tukey multiple comparisons test was used to determine significance. For (E), significance,

****p, 0.0001, was found from 0 to 40 min time points and is illustrated with a bar across these six data points. For (F), a multiple t test with Holm–Sidak

method of multiple comparison was used to determine significance. Data are representative of at least two independent experiments with reproducible

results. Significance was defined as follows: p , 0.05, **p , 0.01, ***p , 0.001, ****p , 0.0001.

The Journal of Immunology 1837



and the target genes ARG2 and STAT3 as well as CCL11, CCR3,
CCR5, and CXCR2 (Fig. 8D). These data suggested that TCDD-
mediated alterations in the miRNAs may regulate the expression
of various target molecules, such as IL-10, PIMI, ARG2, STAT3,
CCL11, CCR3, CCR5, and CXCR2, which are prominently in-
volved in the induction and functions of MDSCs.

Real-time Q-PCR to validate selective miRNAs and the
target genes

Based on the complementary binding affinity of miR-150-5p
with IL-10 and PIM1 genes and miR-543-3p with ARG2
and STAT3 genes, as well as with CCL11, CCR3, CCR5, and
CXCR2 (Supplemental Fig. 1), we selected miR-150-5p and
miR-543-3p to validate their expression. PCR data showed
significant downregulation of both miR-150-5p and miR-543-
3p in TCDD-induced PC-MDSCs when compared with vehicle-
induced MDSCs (Fig. 9A). Next, we examined the expression
of target genes IL-10 and PIM1 (miR-150-5p target genes),
ARG2, STAT3, CCL11, and CCR5 (miR-154-3p target genes)
by performing PCR. We observed significant upregulation of all
these genes in TCDD-induced PC-MDSCs when compared with
vehicle-induced MDSCs (Fig. 9B). These data demonstrated that

TCDD-alters the expression of miRNA in MDSCs, which may lead
to their induction and functions.

Analysis of miR-150-5p and miR-543-3p and specific targeted
gene expression

To further understand the role of miR-150-5p in IL-10 and PIM1
expression and miR-543-3p in ARG2, STAT3, CCL11, CCR3,
CCR5, and CXCR2 expression, we performed a series of trans-
fection assays. To that end, MDSCs were mock-transfected or
transfected with mature miR-150-5p, mature miR-543-3p, anti–
miR-150-5p inhibitor or anti–miR-543-3p inhibitor, and cultured
for 24hrs. Next, the expression of various miRNAs and their target
molecules were studied. Mock-transfected MDSCs showed basal
level expression of both miR-150-5p and miR-543-3p (Fig. 9C, 9E)
but MDSCs transfected with mature miR-150-5p and miR-543-3p
showed significantly upregulated expression of both miRNAs in
transfected MDSCs (Fig. 9C, 9E). However, transfection of MDSCs
with anti–miR-150-5p and anti–miR-543-3p inhibitors showed
downregulated expression of both miRNAs in MDSCs (Fig. 9C, 9E).
These data demonstrated that transfection of MDSCs with mature
miRNAs or anti-miRNAs inhibitors showed expected results. To
further understand the role of these two miRNAs, we performed

FIGURE 6. TCDD-induced MDSCs protect from Con A–induced liver damage and inflammation in vivo following adoptive transfer. C57BL/6 mice

were injected i.v. with Con A (12.5 mg/kg), and these mice received the injection 1 h before an adoptive transfer of 5 million purified PC-MDSCs or

BM-MDSCs from TCDD-treated mice. Mice were sacrificed after 48 h posttreatment for further analysis to include the following groups: naive (n = 3), Con

A (n = 3), Con A plus BM-MDSCs (n = 3), Con A plus PC-MDSCs (n = 3). (A) H&E stain of liver tissue at original magnification320. (B) Measurement of

ALT in sera with significance determined by using ANOVA and Tukey multiple comparisons test. Vertical error bars represent mean 6 SEM.

(C) Measurement of TGF-b and IL-4 level in sera. (D and E) Percentages of cells expressing various cytokines determined by flow cytometry in spleen

(D) and liver (E). For (C)–(E), one-way ANOVA with Tukey multiple comparisons test was used to determine significance, with vertical error bars rep-

resenting mean 6 SEM. Data are representative of at least three independent experiments with reproducible results. Significance was defined as follows:

*p , 0.05, **p , 0.01, ***p , 0.001.
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PCR to determine the expression of IL-10, PIM1, STAT3, ARG2,
CC11, CR3, CR5, and CXCR2 genes. The expression of IL-10
and PIM1 was significantly reduced in MDSCs in the presence of
miR-150-5p; however, the expression of these genes was signifi-
cantly increased in MDSCs in the presence of anti-miRNA in-
hibitor (Fig. 9D). Fig. 9F, 9G and showed significant reduction in
the expression of ARG2, CCL11, CCR3, CCR5, and CXCR2
genes in MDSCs in the presence of miR-543-3p mimic. However,
there was a significant increase in the expression of these genes in
the presence of anti-miRNA inhibitor (Fig. 9F, 9G). Together,
these data demonstrated that TCDD-mediated alterations in the
expression of miRNA might play a critical role in MDSC induc-
tion and functions.

Discussion
In the current study, we made an exciting observation that TCDD
potently induces MDSCs at the site of administration, even in
naive animals. Also, TCDD was able to induce MDSCs in an
inflammatory model of Con A–induced hepatitis. We found
that TCDD-induced MDSCs were highly immunosuppressive,
as demonstrated using in vitro and adoptive transfer experi-
ments. TCDD induced both the subsets of MDSCs: G-MDSCs
(CD11b+Ly-6G+Ly-6Clo) and M-MDSCs (CD11b+Ly-6G2Ly-6Chi).

Additionally, we found that TCDD caused alterations in the ex-
pression of miRNA in MDSCs that were likely to promote
the immunosuppressive functions of MDSCs. G-MDSCs and
M-MDSCs are morphologically and phenotypically similar to
neutrophils and monocytes (28), respectively. However, murine
G-MDSCs differ from neutrophils in that the former cells express
Arg1 and are highly immunosuppressive (28), which was observed
in the current study. Also, M-MDSCs differ from monocytes in
that the latter cells express MHC-II and CD11c (28), and we found
that TCDD-induced M-MDSCs did not express these markers.
TCDD is well characterized for its immunosuppressive prop-

erties that are mediated through activation of AhR (34–37). TCDD-
mediated immunosuppression may involve multiple pathways
because AhR ligation leads to activation of DREs found on a
significant number of genes (38–40), including those involved in
the regulation of immune response. Some mechanistic pathways
that have been previously identified include the following: in-
duction of Fas that expresses DRE on its promoter and upregu-
lation of FasL leading to enhanced activation-induced cell death/
apoptosis (2, 5, 6, 39, 41–44), upregulation of Foxp3, which also
expresses DREs, thereby leading to the increased induction of
Tregs (3, 7) while suppressing Th17 cells via epigenetic regulation
(8). In addition to Tregs, it is becoming increasingly clear that

FIGURE 7. TCDD treatment attenuates Con A–induced hepatitis and associated inflammation. Con Awas used to induce hepatitis as described in Fig. 6

legend. These mice received TCDD (10 mg/kg) by i.p. route 1 h before Con A injection followed by analysis of spleens and liver for inflammation. (A) ALT

level in serum of hepatitis-induced mice treated with vehicle (n = 5) or TCDD (n = 5). (B and C) Percentage and total numbers of MDSCs and G-MDSCs in

the spleens of two groups, respectively. (D and E) Percentage of CD3+CD4+ cells in the spleens, respectively. (F and G) Percentages of Th1

(CD3+CD4+IFNg+) and Th2 (CD3+CD4+IL-4+) cells in splenocytes. (H–L) Percentage of Tregs and Treg subsets from spleens of experimental groups.

Vertical error bars represent mean 6 SEM. For (A), (I), and (J), significance was determined using a parametric unpaired two-tailed t test with

Welch corrections. For (C), (G), (K), and (L), significance was determined using a multiple t test with Holm–Sidak method multiple comparisons test.

Data are representative of at least three independent experiments with reproducible results. Significance was defined as follows: *p , 0.05, **p , 0.01,

***p , 0.001.
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MDSCs also play a critical role as regulators of inflammation
(23, 45, 46). Whether AhR activation can lead to induction of
MDSCs in naive mice has not been investigated thus far, and
therefore formed the rationale for the pursuit of the current study.
Interestingly, we found that TCDD treatment led to robust in-
duction of MDSCs in naive animals in a dose-dependent manner,
and such an induction was AhR dependent.
It has been reported that there are two groups of interconnected

signals in MDSC accumulation and activation. The first group of
signals is responsible for immature myeloid cell expansion,
whereas the second group of signals is responsible for their acti-
vation and promotion of pathologic activity (47). The first group
of signals includes GM-CSF, M-CSF, G-CSF, IL-6, VEGF,
and polyunsaturated fatty acids, and these signals primarily act via
STAT3 and STAT5. However, this signaling alone is not sufficient
without activating a second set of signals, which is mainly pro-
vided by proinflammatory molecules, such as IFN-g, IL-1b, IL-4,
IL-6, IL-13, TNF, and TLR ligand, which use NF-kB, STAT1, and
STAT6 transcription factors for their activation (47–49). Chemo-
kines and their receptors, such as CCL5, CXCL17, CXCL2,
CCR5, and CXCR2 play a critical role in MDSCs migration
from BM to the tumor environment (50–52). Furthermore, we
observed increased expression of chemokine receptors post-TCDD
administration on MDSCs, such as CCR1 (receptor for CCL3 and

CCL4), CCR5 (receptor for CCL4 and CCL11), and CXCR2
(receptor for CXCL1, CXCL2 and CXCL5). One of the chemo-
kine receptors that is expressed on MDSCs that has effective role
in MDSC migration is CXCR2. CXCR2-deficient mice showed
significantly decreased MDSC induction in an inflammatory
model of endometriosis when compared with wild-type mice (53).
Also, we found in the current study that blocking CXCR2 using
an antagonist Sch527123 almost completely inhibited TCDD-
mediated MDSC induction. These data suggested that CXCR2
plays a critical role in TCDD-mediated induction of MDSCs.
Additionally, we found that downregulation of miR-543-3p by
TCDD, which directly targets CXCR2 (which we confirmed with
transfection experiments), may be the key mechanism through
which CXCR2 is induced in MDSCs. Importantly, another sig-
nal that is involved in MDSC accumulation includes GM-CSF,
G-CSF, M-CSF, and VEGF (50, 54), and we found an increase
in these factors in both serum and peritoneal exudate of the TCDD-
treated group when compared with vehicle. These data together
suggested that TCDD-induced upregulation of chemokines and
their receptors were responsible for the migration and accumulation
of PC-MDSCs. We were surprised to see that TCDD induced many
chemokines; thus, we checked to see whether such chemokines
might be induced following AhR activation involving DREs. We
performed in silico analysis to identify the promoters of various

FIGURE 8. TCDD-mediated alterations in miRNA expression in MDSCs. Naive mice were treated with TCDD as described in Fig. 1 legend. The

PC-MDSCs were analyzed for miRNA expression between vehicle- and TCDD-treated mice, with MDSCs pooled from five different mice per experimental

group. (A) Heat map of miRNAs expression in MDSCs from vehicle and TCDD groups showing more than 3000 miRNAs. (B) Venn diagram showing

miRNA that are upregulated or downregulated in TCDD group when compared with vehicle controls. (C) Heat map of upregulated and downregulated

(.2-fold) miRNAs in vehicle versus TCDD groups. (D) IPA was used to determine interaction between upregulated and downregulated miRNAs and

targeted genes. Data are representative of one independent experiment.
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chemokines and chemokine receptors through CpG island detection
to find out whether any of these promoters expressed DREs. This
analysis demonstrated that several chemokines and chemokine re-
ceptor promoters had numerous DREs in their promoter regions
(Supplemental Table II). Also, the observation that TCDD caused a
decrease in MDSCs in the BM, whereas they caused an increase in
PC-MDSCs suggested that TCDD-induced chemokines in the
peritoneal cavity may have caused MDSC mobilization from BM to
peritoneal exudate. This was also supported by the observation that
TCDD treatment led to a significant decrease in BM-MDSCs with a
consequent increase in PC-MDSCs.
Additionally, we found that the PC-MDSCs induced by TCDD

were not actively dividing, thereby supporting the idea that
migration rather than proliferation was occurring in the TCDD-
induced MDSCs. We noted that TCDD treatment also caused
activation of MDSCs and affected their function. Energy metabolic
pathways used by MDSCs may play a critical role on the immu-
nosuppressive functions ofMDSCs, and an increase in this pathway
is a sign of increased immunosuppressive activity (31). In a
recent report, tumor-bearing MDSCs were shown to have higher
glycolytic rates that reduced reactive oxygen species–associated

apoptosis, and in these same studies, blocking glycolysis in vivo
decreased accumulation of MDSCs as well as reducing their im-
munosuppressive capabilities (51). We observed that TCDD-
induced MDSCs had higher OCR, PER, and ATP production
rates. These results, in addition to recent findings concerning the
significant role energy pathways play in MDSC survival and
function, suggest that AhR-activated MDSCs have increased en-
ergy available to suppress the immune response. TCDD-induced
MDSCs also exhibited a significant increase in cell lineage-
specific transcription factors and cytokines, including IL-10,
PIM1, STAT3, and ARG2.
MDSCs constitute a heterogeneous population of cells rep-

resenting a pathological state of activation of myeloid cells that
have acquired a highly immunosuppressive phenotype (28).
These cells are of great interest in cancer as well as in in-
flammation, as they potently suppress the cytotoxic activities of
NK and NK T cells as well as the immune responses mediated
by CD4 and CD8 T cells (52, 55). Under normal conditions,
precursor myeloid cells from BM differentiate into mature
granulocytes, macrophages, or dendritic cells as they home to
peripheral organs. However, enhanced mediator production

FIGURE 9. Q-PCR analysis of miRNA-150-5p and miRNA-543-3p and specific targeted genes. MDSCs were isolated as described in Fig. 1 legend in

vehicle (n = 5) or TCDD (n = 5) mice. (A) Expression of mir-150-5p and mir-543-3p in TCDD-induced MDSCs when compared with vehicle. (B) Ex-

pression of targeted genes IL-10, PIM1, ARG2, STAT3, CCL11, CCR3, and CCR5 in TCDD-induced MDSCs when compared with vehicle. (C) Induction

of mir-150-5p expression with mimic compared with mock and inhibitor. (D) Induction of IL-10 and PIM1 expression with inhibitor of mir-150-5p

compared with mimic of mir-150-5p. (E) Expression of mir-543-3p with mimic compared with mock and inhibitor. (F and G) Expression of ARG2, STAT3,

CCL11, CCR3, CCR5, and CXCR2 in the presence of inhibitor of mir-543-3p compared with mimic of mir-543-3p. For (A) and (B), significance was

determined using a multiple t test with Holm–Sidak method multiple comparisons test. For (C)–(G), using triplicate (n = 3) wells for each experimental

condition, one-way ANOVAwith Tukey multiple comparisons test was used to determine significance. Data are representative of at least three independent

experiments with reproducible results. Significance was defined as follows: *p , 0.05, **p , 0.01, ***p , 0.001, ****p , 0.0001.
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during pathological conditions, such as cancer, infections,
trauma, inflammation, and autoimmunity, as well as sometimes
in response to certain natural compounds, leads to increased
proliferation of immature myeloid cells, whereas they block
their terminal differentiation, resulting in the accumulation of
immunosuppressive MDSCs (56). Recent studies from our labo-
ratory have demonstrated the induction of MDSCs is an important
mechanism through which several natural compounds exert im-
munosuppressive or anti-inflammatory properties, including mar-
ijuana, cannabinoids, and resveratrol (23, 32, 57, 58).
Functional analysis of TCDD-induced MDSCs showed potent

immunosuppressive effects on T cell proliferation in vitro
in the current study. We noted that, whereas both G-MDSC
and M-MDSCs were immunosuppressive against T cell pro-
liferation in vitro, the latter cells were more potent. We also
demonstrated that TCDD-induced MDSCs were functionally
immunosuppressive in vivo as well. Upon adoptive transfer of
TCDD-induced MDSCs into Con A–injected mice, there was
significant protection of the liver from acute inflammation. This
was found to be associated with increased polarization of Th2
cells and Tregs and decreased induction of Th1 and Th17 cells,
along with increased production of the anti-inflammatory cy-
tokines TGF-b and IL-4 levels in these mice. These data are
consistent with our previous studies demonstrating that MDSCs
induced by cannabinoids can suppress Con A–induced hepatitis
in vivo upon adoptive transfer (23). Importantly, we also noted that
administration of TCDD into Con A–injected mice also led to pro-
tection of the liver, and we also saw similar cell phenotypes that
include increased presence of MDSCs, Th2 cells, Tregs, and
subsets of Tregs, but a decrease in the induction of Th1 cells.
MDSCs can induce Tregs through disruption of the Th17/Treg
balance because MDSCs have the potential to convert Th17 cells
into Foxp3+ Tregs, enhancing the shift of the immune response
from inflammation to tolerance (59). This is also achieved by in-
creasing IL-10 or TGF-b production (22, 60). In the current
study, we noted that, upon adoptive transfer of TCDD-induced
MDSCs, there was significant reduction in CD4+IL-17+ and
CD4+IFN-g+ cells, whereas there was an increase in
CD4+IL-10+. MDSCs have previously been shown to regulate
inflammation by suppressing T cells that produce IFN-g and IL-17
(61). In addition, MDSC depletion in vivo leads to increased
production of IL-6, IFN-g, and a Th17 response (61). MDSCs can
also promote the expansion of Tregs via TGF-b–dependent (62)
and TGF-b–independent pathways (63). In a recent study, it
was shown that MDSC-derived IL-10 plays a critical role in
attenuating inflammatory arthritis by blocking Th17 cells while
promoting Tregs (22).
Several studies have shown that miRNA play an influential role

in the toxicity of TCDD in animal models (41, 64–67). Studies
have also shown that miRNA play a critical role in the regulation
of MDSCs in different diseases models (25, 33, 68–70). For
example, inhibition of miR-9 has been shown to promote the
differentiation of MDSCs, whereas overexpression of miR-9
markedly enhanced the function of MDSCs (71). Also, miR-155
and miR-21 were the two most upregulated miRNAs during the
induction of MDSCs from the BM cells by GM-CSF, IL-6, and
TGF-B (72). Chen and his colleagues (73) found that miR-17-5p,
miR-20a, miR-223, miR-21, miR-155, miR-494, miR-690, and
miR-101 are of particular interest for tumor MDSC accumulation
and function. In this study, we also observed that TCDD-induced
MDSCs exhibited significant downregulation in the expression of
miRNA, including miR-150-5p and miR-543-3p. The analysis
in silico demonstrated that both miR-150-5p and miR-543-3p
expressed DREs on their promoters (Supplemental Table II) and

thus may help regulate their expression. Upon further character-
ization of these two miRNAs, we observed that these two miRNAs
targeted several anti-inflammatory genes, including IL-10, PIM1,
ARG2, and STAT3 as well as CCL11 and its receptors CCR3 and
CCR5. Transfection studies confirmed that these miRNAs caused
upregulation of these anti-inflammatory genes. IL-10, ARG2, and
STAT3 have been well characterized for their ability to down-
regulate the production of proinflammatory cytokines, such as
INF-g, IL-2, IL-3, and TNF-a (52–56). Additionally, the STAT3
transcription factor is a hallmark of MDSCs, as STAT3 is directly
involved in the accumulation and expansion of MDSCs in humans
and mice. Arg1 found in MDSCs is directly involved in depleting
L-arginine availability for T cells in the inflamed microenviron-
ment and thereby inhibit T cell proliferation. MDSCs not only
suppress T cell activation by IL-10 production but also by inter-
acting with macrophages to increase IL-10 production and de-
crease IL-12 secretion (74–76). PIM1 is a member in the serine/
threonine kinases family and has been implicated in the regulation
of apoptosis, metabolism, cell cycle, and migration. PIM1 was
observed to be overexpressed in numerous solid tumors and
was accompanied by MDSCs accumulation (77). From the
current study, we noted that CCL11 and its receptors CCR3 and
CCR5 were specifically connected to MDSC migration from
the BM to the peritoneal exudate. IPA shed light on the rela-
tionship between the genes STAT3, IL-10, PIM1, ARG2,
CCL11, CCR3, and CCR5 with two downregulated miRNAs,
miR-150-5p and miR-543-3p. miR-150-5p targets IL-10 and
PIM1, whereas miR-543-3p targets ARG2, STAT3, CCL11,
CCR3, and CCR5 genes. Although we have explained how
various cytokines, chemokines, and transcription factors in-
duced by TCDD are linked to MDSC induction and function,
our results also demonstrated that CXCR2 signaling may play a
dominant role in MDSC induction.
In summary, the current study demonstrates that activation of

AhR triggers massive accumulation of MDSCs, even in naive
mice without any inflammatory signal, resulting from induction
of chemokines and their receptors. Furthermore, we observed
that TCDD also causes changes in the expression of miRNA
within the MDSCs, which can alter gene expression to promote
their anti-inflammatory functions. AhR activation is a double-
edged sword. On one hand, AhR plays a key role in intestinal
homeostasis, as deficits in AhR signaling have been linked to
experimental and human intestinal bowel disease (78). In con-
trast, AhR ligands such as the environmental contaminants TCDD
or methylcholanthrene (MC), are highly toxic and are consid-
ered to be carcinogens. Interestingly, this dual action of AhR
activation correlates with MDSCs, which are known to suppress
inflammation and autoimmune disease (79) as well as promote
tumor development and progression (80). Further studies aimed
at addressing the nature of AhR-induced MDSCs in the regu-
lation of health and disease should provide useful clues to
regulate disease pathogenesis.
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