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Abstract The tumor microenvironment is a complex and het-
erogeneous milieu in which multiple interactions occur be-
tween tumor and host cells. Immunosuppressive cells which
are present in this microenvironment, such as regulatory T
(Treg) cells and myeloid-derived suppressor cells (MDSCs),
play an important role in tumor progression, via down-
regulation of antitumor responses. MDSCs represent a hetero-
geneous group of cells originated from the myeloid lineage
that are in the immature state. These cells markedly accumu-
late under pathologic conditions, such as cancer, infection,
and inflammation, and use various mechanisms to inhibit both
adaptive and innate immune responses. These immunosup-
pressive mechanisms include deprivation of T cells from es-
sential amino acids, induction of oxidative stress, interference
with viability and trafficking of T cells, induction of immuno-
suppressive cells, and finally polarizing immunity toward a
tumor-promoting type 2 phenotype. In addition to suppression
of antitumor immune responses, MDSCs can also enhance the
tumor metastasis and angiogenesis. Previous studies have
shown that increased frequency of MDSCs is related to the
tumor progression. Moreover, various drugs that directly

target these cells or reverse their suppressive activity can
improve antitumor immune responses as well as increase
the efficacy of immunotherapeutic intervention. In this re-
view, we will first discuss on the immunobiology of
MDSCs in an attempt to find the role of these cells in
tumor progression and then discuss about therapeutic ap-
proaches to target these cells.
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Introduction

Suppression of antitumor immune responses is one of the
main mechanisms by which tumor cells escape from destruc-
tion by the immune system [1, 2]. While the immune system
restrains the tumor growth, immunosuppressive cells in the
tumor microenvironment, such as myeloid-derived suppressor
cells (MDSCs), type 2 natural killer (NK) Tcells, regulatory T
(Treg) cells, tumor-associated macrophages (TAMs), etc., can
suppress the immune system and accelerate tumor growth
[3–6]. Moreover, these cells reduce the efficacy of immuno-
therapeutic interventions and until the imposed suppression is
not resolved, the immunotherapy of cancer will have little
effect [7–9]. So, MDSC targeting may be a beneficial strategy
for improvement of efficiency of immunotherapeutic inter-
ventions [10].

MDSCs were the first identified in the late 1970s in tumor-
bearing mice and introduced as null cells, veto cells, or as
natural suppressor (NS) cells which were able to suppress T
cell responses [11–14]. These cells did not express markers
which are conventionally expressed on the surface of mature
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B cells, T cells, macrophages, dendritic cells (DCs), mono-
cytes, and natural killer (NK) cells; they were, therefore, orig-
inally called null cell [13, 15–17]. Then, these cells were
called with different names, such as myeloid suppressor cells
(MSCs), immature myeloid cells (IMCs), or natural suppres-
sors cells [18]. Indeed, no unique specific term was assigned
for these cells by 2007, until Gabrilovich et al. in a Letter to
the Editor entitled BThe Terminology Issue for Myeloid-
Derived Suppressor Cells,^ suggested BMDSC^ as a name
for these cells and partly resolved the controversies about their
nomenclature [19, 20].

MDSCs are one of the most important immune regula-
tory cells which expand under different pathological con-
ditions such as cancer, inflammation, infection, and other
damages [21]. These cells use different mechanisms to
suppress both adaptive and innate immune responses [22,
23]. MDSCs are in the immature state and have remarkable
potential to suppress the immune system [24]. Moreover,
these cells have also non-immunological functions, like
promoting tumor angiogenesis and increasing metastatic
potential of cancer cells [9, 25]. Studies have shown that
the accumulation of MDSCs in the blood and lymphoid
tissues is increased as the tumor develops [26].
Furthermore, the number of MDSCs is negatively correlat-
ed with the survival rate of tumor-bearing hosts [24, 27].
Additionally, the association of MDSCs with non-
malignant settings such as various infections, graft versus
host disease, different autoimmune diseases, and traumatic
stress has also been described [28–30]. Moreover, various
protocols have been introduced for the generation of
MDSCs in vitro, and several studies have been performed
to evaluate the possibility of application of in vitro-gener-
ated MDSCs for regulation of immune responses in auto-
immune settings and transplantation [17, 30, 31]. In this
review, we will just keep to the role of MDSCs in tumors,
and the association of MDSCs with non-malignant settings
will not be discussed.

The origin of MDSCs

MDSCs originate from myeloid progenitor cells in the
bone marrow that do not pass the final stages of differen-
tiation. These cells are identified by the expression of spe-
cific cell surface markers and their ability to suppress the
immune system [8, 32]. Bone marrow hematopoietic stem
cells differentiate into the common myeloid progenitor
cells, and then these cells differentiate into IMCs, which
did not show any inhibitory activity [17, 24]. Because they
immediately differentiate into macrophages, granulocytes,
or dendritic cells, IMCs are present only in the bone mar-
row and are not found in the secondary lymphoid organs in
healthy people and under physiological conditions. But a
series of mediators are produced in pathological conditions

such as cancer, inflammation, infection, sepsis, and some
autoimmune diseases that disrupt differentiation of IMCs
and lead to activation of these cells in the immature state.
These activated immature cells represent inhibitory func-
tions and called MDSCs [24, 29] (Fig. 1).

MDSC surface markers and subsets

Different types of mouse MDSCs

Mouse MDSCs are identified by co-expression of CD11b and
GR1 [33]. GR1molecules, which are expressed on the surface
of these cells, have two isoforms, LY6G and LY6C, each are
coded by separate genes and identified by specific antibodies.
Based on these isoforms, mice-derived MDSCs are divided
into two groups including monocytic MDSCs (M-MDSCs)
which have a CD11b+LY6Glow/−LY6Chigh phenotype and
g r a n u l o c y t i c M D S C s ( G - M D S C s ) w i t h
CD11b+LY6G+LY6Clow/− phenotype [24, 34, 35]. In addition
to cell surface markers, nuclear morphology as well inhibitory
mechanisms of these subsets are different [24, 34]. Nuclear
morphology is mononuclear and multiplied in monocytic and
granulocytic lineages, respectively [32]. Suppressive activity
of granulocytic MDSCs is mostly through reactive oxygen
species (ROS) which are produced following the activation
of signal transducer and activator of transcription 3 (STAT3)
and NADPH [36]. In monocytic MDSCs, the activation of
STAT1 pathway is resulted in enhancement of inducible nitric
oxide synthase (iNOS) expression and production of nitric
oxide (NO) [8, 34, 37] (Fig. 1). Heterogeneity of MDSCs is
not limited to these two subtypes, and several other cell sur-
face markers are introduced such as F4/80 CD124 (IL-4Rα)
CD115 (M-CSF-1R) and CD80 (B7.1), which are used for
identification of MDSC subsets [24, 32, 38]. With the identi-
fication of these markers, probably more subsets will be iden-
tified in the future.

Different types of human MDSCs

In human, CD33+ CD11b+ HLA-DRlow/neg cells, which lack
markers of mature lymphoid and myeloid cells, are known as
MDSCs and according to the expression of CD14 and CD15
are divided into monocytic and granulocytic subpopulations.
Granulocytic MDSCs are CD15+ and monocytic MDSCs ex-
press CD14 [30, 39–41]. It has been observed that diversity of
cell surface markers in tumor-derived MDSCs is very high,
which is in part due to the differences in the factors that are
involved in the development and activation of MDSCs [8]
(Table 1). In spite of identification of various markers for these
cells, the best characteristic to identify these cells is still their
inhibitory function [24].
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Fig. 1 MDSCs originate from
myeloid progenitor cells in the
bone marrow and divided into
two subsets. MDSC myeloid-
derived suppressor cell, STAT
signal transducer and activator of
transcription, ROS reactive
oxygen species, iNOS inducible
nitric oxide synthase, NO nitric
oxide

Table 1 Phenotype ofMDSCs in
human tumors Phenotype Type of cancer References

CD11b+CD33+ Non–small-cell lung [42]

CD11b+CD33+ LIN−HLA-DR− Colon, breast, renal, lung, pancreatic, gastric and
esophageal

[42–45]

CD11b+CD14−CD15− Melanoma [46]

CD11b+CD33+CD14− Head and neck squamous cell [47]

CD14+ Melanoma [46]

CD14+CD124+ Colon [48]

CD14+ arginase+ Multiple myeloma and head and neck squamous
cell

[49]

HLA-DR−CD14+ SSCint Melanoma [50]

HLA-DRlow/-CD14+ Hepatocellular, melanoma and renal cell [50–52]

HLA-DR-/low CD14+S100A9+ Colon [53]

HLA-DRlow/- CD14+ CD11b+ Prostate, melanoma, hepatocellular and head and
neck

[48, 49, 54,
55]

CD11b+CD14−CD15int Melanoma [46]

CD11b+CD14−CD15+ Renal cell [56]

CD11b+ CD33+CD14−CD15+ Lung [57]

C11b+CD14−CD15+CD66b+VEGFR1+ Renal [58]

CD34+ Head and neck squamous cell [59]

MDSC myeloid-derived suppressor cell, int intermediate, SSC side scatter characteristic, VEGFR1 vascular
endothelial growth factor receptor 1
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Factors involved in the differentiation, expansion,
and activation of MDSCs

Factors involved in the differentiation, expansion, and activa-
tion of MDSCs are divided into two groups. The first group
includes factors that stimulate myelopoiesis and inhibit differ-
entiation of IMCs into mature myeloid cells, as a result, en-
hance the accumulation of IMCs in lymphoid organs and tu-
mor microenvironment. These factors are mainly secreted by
tumor cells and activate STAT3 signaling pathway [24, 60,
61]. The second group factors are involved in activation of
IMCs. These activated IMCs which have inhibitory functions
are named MDSCs [24]. These factors are mainly secreted by
activated T cells and tumor stromal cells and activate STAT1,
STAT6, and NFκB signaling pathways [10, 60, 62–64]
(Fig. 2).

Tumor cell-derived granulocyte-macrophage colony-
stimulating factor (GM-CSF) enhances the expansion and ac-
cumulation of MDSCs in tumor site and peripheral lymph
nodes. In addition, treatment of mice with recombinant GM-
CSF has the similar results [17, 65–68]. Interestingly, GM-
CSF is used as a vaccine adjuvant in human for immune sys-
tem stimulation [17, 69, 70]. This controversy can be ex-
plained by the dual role of GM-CSF in the immune system,
stimulatory and suppressive, according to the dose, duration
of exposure, and its concentration [17].

Studies showed that stem cell factor (SCF) is one of the
most important factors involved in MDSC accumulation.
Tumor cell-secreted SCF contributes to the expansion of
MDSC population by accelerating myelopoiesis and attenuat-
ing myeloid cells differentiation. Accumulation of MDSCs is
significantly reduced through inhibition of SCF expression in
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Fig. 2 Signaling pathways and transcription factors involved in the
differentiation, expansion, and activation of MDSCs. VEGF vascular
endothelial growth factor, MYD88 myeloid differentiation primary-
response gene 88, M-CSF macrophage colony-stimulating factor, JAK
Janus kinase, IL interleukin, IFN-γ interferon-γ, GM-CSF granulocyte-

macrophage colony-stimulating factor, G-CSF granulocyte colony-
stimulating factor, STAT signal transducer and activator of transcription,
PGE2 prostaglandin E2, iNOS inducible nitric oxide synthase, BCL-XLB
cell lymphoma XL
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tumor cells or blocking c-kit-SCF interaction by using anti-c-
kit [71, 72].

The S100A8 and S100A9, calcium-binding proteins, are
involved in the regulation of MDSC suppressive activity and
accumulation [32, 73, 74]. These proteins enhance the sup-
pressive functions of MDSCs and contribute to MDSC re-
cruitment to tumor sites [24].

C5a is a component of the complement system which is
also known as anaphylatoxin. C5a binds to its receptor on the
surface of MDSCs and regulates their functions. Studies have
revealed that C5a receptor is expressed on both MDSC sub-
populations, G-MDSCs and M-MDSCs, in tumor-bearing
mice. However, C5a receptor signaling has different effects
on the M-MDSCs versus G-MDSCs. While the C5a increases
the production of reactive nitrogen species (RNS) and ROS in
M-MDSCs, it enhances the migration of G-MDSCs toward
the tumor sites and peripheral lymph nodes [32, 75].

Interferon-γ (IFN-γ) can also affect the expansion and ac-
tivation of MDSCs. It has been shown that IFN-γ signaling
increases the expression of iNOS and arginase 1 (ARG1) in
MDSCs [76, 77]. Consistently, MDSCs are not able to in-
crease the expression of ARG1 and iNOS in the STAT1-
knockout mice, thereby cannot inhibit T cells [10, 24, 78]. In
contrast, Sinha et al. demonstrated that MDSCs derived from
the IFN-γ receptor-deficient mice have intact inhibitory func-
tion. This controversy may be in part related to the different
responses of MDSC subsets to IFN-γ [79].

Hypoxia-inducible factor (HIF)-1α in the tumor microen-
vironment upregulates the expression of NOS and ARG1 in
MDSCs and enhances their functions. It also regulates the
differentiation of MDSCs into TAMs [80, 81].

Endoplasmic reticulum disulfide oxidase ERO 1-α, which
is overexpressed in a variety of tumor cells, is a predictor of
poor prognosis in breast cancer [82]. Recently, Tanaka et al.
demonstrated that overexpression of ERO1-α in tumor cells
resulted in the induction and recruitment of G-MDSCs [83].

In addition to factors described above, other mediators such
as macrophage colony-stimulating factor (M-CSF), granulo-
cyte colony-s t imula t ing fac tor (G-CSF) , matr ix
metalloproteinases-9 (MMP-9), transforming growth
factor-β (TGF-β), IL-1β, IL-4, IL-6, IL-10, IL-12, IL-13,
vascular endothelial growth factor (VEGF), gangliosides,
prostaglandins, CCL2, CXCL5, ligands for Toll-like recep-
tors, and CXCL12 are also involved in the expansion and
activation of MDSCs [17, 24, 84–87].

Transcription factors andmolecular mechanisms involved
in the differentiation, expansion, and activation of MDSCs

Differentiation, expansion, and activation of MDSCs are reg-
ulated via a series of transcription factors including STAT1,
STAT3, STAT5, STAT6, and nuclear factor-κB (NF-κB) [88]
(Fig. 2).

STAT3 serves as main signal transducer protein involved in
MDSC expansion [89]. STAT3 signaling in myeloid cells in-
hibits their differentiation into mature cells, promotes their
proliferation, and increases the expression of cyclin D1, B cell
lymphoma XL (BCL-XL), survivin, and MYC in these cells,
therefore, induces an anti-apoptotic state in these cells [22, 24,
90]. The calcium-binding proteins S100A8 and S100A9 are
involved in the differentiation of myeloid cells, and their ex-
pression is regulated by STAT3 signaling [71, 91]. STAT3
signaling leads to increment of the expression of these pro-
teins in myeloid progenitors. These proteins not only inhibit
DC differentiation but are also involved inMDSC recruitment
and chemotaxis, through binding to their receptor, receptor for
advanced glycation end-products (RAGE), which are
expressed on the surface of MDSCs [22, 92]. Additionally,
the expression of S100A8 and S100A9 is also increased in
MDSCs via STAT3 signaling, and these proteins contribute to
MDSC suppressive functions by binding to NADPH complex
and enhancing ROS production [71].

STAT3 signaling has different effects on the MDSC func-
tions and expansion. For example, it increases the production
of ROS via up-regulation of component of NADPH oxidase
complex such as p47phox (NCF1) and gp91phox (CYBB),
and thus enhances the inhibitory function of MDSCs [47].
STAT3 can also disrupt the maturation of DCs by down-
regulation of PKCβII (protein kinase Cβ isoform II), thereby
leads to the expansion of MDSCs [93]. C/EBPβ (CCAAT/
enhancer-binding protein-β) is a transcription factor which is
involved in the regulation of myeloid progenitor’s differenti-
ation into functional MDSCs. STAT3 upregulates C/EBPβ
which leads to the MDSC expansion [94, 95]. Moreover, in-
hibition of STAT3 signaling leads to the elimination of inhib-
itory function of MDSCs, in vitro. It has been also shown that
the application of sunitinib in tumor-bearing mice leads to
down-regulation of MDSCs by inhibition of STAT3 signaling
in myeloid cells. All these findings emphasize the importance
of STAT3 signaling in the MDSCs [96].

Another transcription factor involved in the expansion and
activation of MDSCs includes STAT1, which is activated by
IFN-γ and IL-1β and involved in the up-regulation of ARG1
and iNOS in MDSCs [10, 24, 78]. It has been shown that the
STAT1-deficient MDSCs are not able to up-regulate iNOS
and ARG1, and thus cannot inhibit T lymphocytes activation
[22]. STAT5, which is activated by GM-CSF signaling, plays
a pivotal role in the regulation ofMDSC survival by induction
of MYC, survivin, BCL-XL, and cyclins [63, 71, 78, 97].
STAT6, which is activated subsequent to the binding of IL-4
and IL-13 to CD124 receptor, is implicated in the up-
regulation of ARG1 and iNOS in MDSCs [63, 71, 78, 97].
Finally, NF-κB is the last transcription factor involved in the
regulation of MDSC activity. NF-κB, which is activated by
TLR family through myeloid differentiation primarily-
response protein 88 (MYD88) signaling pathway, has a role
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in the enhancement of MDSC suppressive potential and their
accumulation via targeting cyclooxygenase 2 (COX2), pros-
taglandin E2 (PGE2), iNOS, and ARG1 [71, 98, 99].

Factors involved in the recruitment of MDSCs

In addition to factors involved in the expansion and activation
of MDSCs, there are a series of factors that contribute to the
recruitment of MDSCs toward the tumor microenvironment
and peripheral lymph nodes. Elevated levels of BV8 (PROK2)
associates with increased frequency of circulating MDSCs in
tumor-bearing mice. This cytokine is also involved in the re-
cruitment of MDSCs to tumor sites by ligation with EG-
VEGFR1 and EG-VEGFR2 on the surface of these cells
[100, 101]. Moreover, recruitment of MDSCs to tumor sites
is mediated by other chemoattractants released from tumor,
such as CXCL5 (ENA-78), CCL2, CXCL12, and SCF (Kit
ligand), which bind to CXCR2 (IL8RB), CCR2, CXCR4, and
CD117 (KIT) on the surface of MDSCs, respectively [85, 87,
100–102].

MDSCs as negative regulators of immune responses

MDSCs are able to suppress both adaptive and innate immune
responses via a series of inhibitory mechanisms, which lead to
tumor growth. Data on the interaction of MDSCs and B cells
are spare. However, Crook et al. recently reported that M-
MDSCs isolated from collagen-induced arthritis (CIA) mice
are also able to inhibit autologous B cell proliferation and
antibody production [103]. On the other hand, extensive stud-
ies have been done in the case of T cells and it is known that
MDSCs can inhibit T cell responses via multiple mechanisms
such as deprivation of T cells from essential amino acids,
production of oxidative stress, and interfering with the viabil-
ity and trafficking of T lymphocytes. In addition, the interac-
tion of MDSCs with other immune cells has also been report-
ed (Figs. 3 and 4).

Amino-acids metabolism and deprivation of T cells
from essential amino acids

L-arginine metabolism

L-arginine metabolism is one of the inhibitory mechanisms of
MDSCs that is mediated by arginase 1 activity [104]. L-argi-
nine is required for protein synthesis in T cells and MDSCs,
like other cells. PGE2 and COX2, which are involved in the
conversion of arachidonic acid to PGE2, are produced by
tumor cells [105]. PGE2 induces the up-regulation of arginase
1 and cationic amino acid transporter 2B (CAT-2B) expression
in MDSCs via E-prostanoid receptor (EP4) [99]. This up-
regulation leads to the increased consumption of arginine in
MDSCs and, therefore, up-taking of L-arginine by these cells

is increased, resulting in decreased extracellular arginine. L-
arginine starvation induces the accumulation of empty
aminoacyl-tRNAs in T cells and leads to activation of an en-
zyme called GCN2 kinase, which phosphorylates the transla-
tion initiation factor eIF2α. Phosphorylated eIF2α binds very
tightly to eIF2β and inhibits its function through exchanging
guanosine triphosphate (GTP) for guanosine diphosphate
(GDP). Ultimately, the initiation of the translation process is
blocked by inhibition of binding of eIF2 complex to methio-
nine aminoacyl-tRNA. As a result, L-arginine starvation in T
cells leads to inhibition of expression of CD3 ζ chain, cyclin
D3, and cdk4 in T cells. Moreover, the PI3K/mTOR pathway
is inhibited in T cells and their cell cycle is arrested in G0/G1
phase [30, 105–109] (Fig. 3). Recently, Gey et al. reported that
G-MDSCs are increased in the critically ill patient, which this
increment was negatively associated with the plasma level of
arginine and patients survival [110].

Cysteine metabolism

Cysteine is required by T cells and other cells for protein
synthesis, and this requirement is increased during prolifera-
tion, differentiation, and activation by antigen. Usually, cells
synthesize their required cysteine from intracellular methio-
nine via the action of cystathionase [111, 112]. In addition,
cells import oxidized form of cysteine, cystine, from extracel-
lular milieu through Xc− cystine/glutamate antiporter, which
is present in the plasmamembrane [113]. In the cytoplasm, the
imported cystine is reduced and converted into cysteine [114].
As T lymphocytes do not express xCT chain of the Xc−

cystine/glutamate antiporter and cystathionase enzyme, they
cannot generate cysteine [115]. So, they should provide their
required cysteine from exogenous sources, which is imported
through asc-type amino acid transporter (ASC) [8].

Antigen-presenting cells (APCs) such as macrophages and
dendritic cells uptake cystine via their Xc− cystine/glutamate
antiporter and then reduce it to cysteine in the intracellular
environment. During antigen processing and presentation,
these APCs release cysteine to the extracellular through their
ASC, thereby provide cysteine which is required for T lym-
phocytes [8, 116]. Furthermore, these APCs release
thioredoxin, an enzyme that reduces extracellular cystine to
cysteine. T cells can uptake cysteine via their ASC transporter
[117, 118]. It should be noted that the extracellular cysteine
should be immediately taken up by T lymphocytes which,
otherwise, oxidized back to cystine that is not useable for T
lymphocytes. So, during antigen presentation, since APCs and
T cells are next to each other, there is a chance that exported
cysteine from APCs is quickly taken up by T cells [8]. In
contrast, since MDSCs do not express cystathionase and
ASC transporter, they should import cystine through their
X−

c transporter and reduce it to cysteine for intracellular utili-
zation. Therefore, MDSCs deplete cystine from the
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extracellular environment and do not export cysteine into the
extracellular environment because they lack the ASC trans-
porter. In conclusion, MDSCs prevent the proliferation and
activation of T lymphocytes through depletion of cystine
and deprivation of T lymphocytes from cysteine [1, 8]. In
addition, MDSCs sequester cystine and deprive macrophages
and dendritic cells from obtaining cysteine. Therefore, these
cells can only provide their required cysteine through
cystathionase enzyme [8]. MDSCs also disrupt the function
of thioredoxin and, thereby, reduce extracellular cysteine [1]
(Fig. 3).

In addition to protein synthesis, cysteine is essential for the
production of glutathione and protection of cells against oxi-
dative stress. Considering the increased oxidative stress in the
tumor microenvironment, cysteine-deprived T cells even if
activated are not able to survive because of inadequate gluta-
thione [8, 119]. Regarding the importance of cysteine in can-
cer patients, Zhang et al. also reported that the total plasma

cysteine is correlated with risk of breast cancer and high level
of serum cysteine reduces the risk of breast cancer [120].

Tryptophan metabolism

Studies show that the expression of indoleamine 2, 3
dioxygenase (IDO) is correlated with tumor-induced im-
munosuppression [121–123]. The expression of IDO can
inhibit the proliferation of T cells and induce apoptosis in
these cells through the depletion of local tryptophan and
production of cytotoxic metabolites [109]. Recently, Yu
et al. reported that MDSCs express IDO and suppress the
immune system through this enzyme [124]. The inhibitory
mechanism of IDO on T cells is resembled to that of
ARG1, but currently, there is not enough information about
the role of IDO in MDSCs and more investigation is re-
quired (Fig. 3).
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Generation of oxidative stress

INOS, which is also known as NOS2, is another enzyme that
is expressed in MDSCs and catalyzes the reaction between L-
arginine and oxygen and produces L-citrulline and NO. NO
can then inhibit Tcell responses by different mechanisms. [24]
NO inhibits the IL-2 receptor signaling and prevents the acti-
vation of T cells. NO performs this function by activation of
cyclic guanosine-3′, 5′-monophosphate-dependent protein ki-
nase or directly through S-nitrosylation of cysteine residues of
intracellular signaling proteins [61, 125–127]. In addition, NO
reduces the stability of IL-2 mRNA and its production [128]
(Fig. 4). Gehad et al. showed that NO can also inhibit the
expression of E-selectin in human endothelial cells [129]. In
another study, it is observed that NO accelerated tumor growth
via the nitration of STAT1 and blocking interferon signaling

[130]. It should be noted that ARG1 depletes intracellular L-
arginine in MDSCs, and consequently the activity of iNOS is
switched from NO production to O2

− (superoxide anion) gen-
eration. The produced O2

− reacts with other molecules to form
ROS and RNS [60, 63, 131].

RNS, like the peroxynitrite (ONOO−), acts as intercellular
messenger, which can diffuse through the cell membrane and
alter the functions of proteins via nitrating their amino acid
residues [61, 132]. Peroxynitrite is a potent oxidizing agent,
which is produced as a result of the reaction between O2

− and
NO [133]. Peroxynitrite by nitration of tyrosine residues in
TCR-CD8 complex affects its interaction with MHCI-
peptide and inhibits antigen-specific cytotoxic T lymphocyte
responses [36, 80]. Additionally, the peroxynitrite can also
induce apoptosis in T cells by inhibition of phosphorylation
events in signal transduction pathway of activated T
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lymphocytes [134, 135] or by nitration and damage to mito-
chondria [135, 136] (Fig. 4).

NADPH oxidase, also known as NOX2, is involved in the
production of ROS such as O2

− [24]. Hydrogen peroxide
(H2O2), which is produced by the reaction of H+ from H2O
and O2

−, can reduce the expression of CD3ζ chain and, there-
fore, impair TCR signaling [33, 137]. In addition, H2O2 can
also induce apoptosis in activated T cells through NF-κB sig-
naling pathway and, then, increasing the expression of CD95
ligand as well by down-regulation of BCL-2 molecule [138].
The produced ROS fromMDSCs also disrupts the maturation
of DC and leads to the accumulation of MDSCs [61] (Fig. 4).

Interference with viability and trafficking of T cells

L-selectin (CD62L) is a molecule that is expressed on the
surface of naive T cells and plays a key role in T cell homing
to lymph nodes. MDSCs can also cleavage the L-selectin on
the surface of naive T cells by expression of a disintegrin and
metalloproteinase domain 17 (ADAM17), a transmembrane
zinc-dependent metalloprotease. These events cause the pre-
vention of T cell homing to lymph nodes and perturbation of
their activation [8, 32, 139, 140]. Studies show that L-selectin
level on circulating T cells is inversely associated with MDSC
levels in tumor-bearing mice and the cancer patients [141].

MDSCs also disrupt the binding of CCL2 to CCR2 and
thereby interfere with the migration of CD8+ T cells to tumor
sites by the production of peroxynitrite and nitration of CCL2
[142]. CCL2 is involved in the recruitment of MDSCs to
tumor sites, but unlike T cells, MDSCs can be recruited by
nitrated CCL2, which is probably due to the high affinity of
these cells for CCL2 [71].

MDSCs express galectin 9, a β-galactoside binding lectin,
which binds to the T cell immunoglobulin and mucin domain-
containing protein 3 (TIM-3) on the surface of T cells and
induces apoptosis in these cells. Moreover, this interaction
leads to expansion of MDSCs, which in turn suppresses the
immune system and contributes to the tumor growth [143,
144] (Fig. 4).

An important issue in this regard is the specificity of
MDSC function, whether the inhibitory effect of MDSCs on
T cells is antigen non-specific or antigen-specific. Based on
the type and location of MDSCs, the inhibitory function of
MDSCs can be antigen-specific or non-antigen-specific [145].
In cancer, the frequency of G-MDSCs in the peripheral lymph
nodes is higher than M-MDSCs [33, 34, 71, 88, 146].
However, it has been suggested that the inhibitory function
of M-MDSCs is outstandingly higher than G-MDSCs [37, 70,
147, 148]. In contrast, the ratio of G-MDSCs to M-MDSCs in
tumor sites is very low in comparison to peripheral lymph
nodes. Probably, that is why the immunosuppressive mecha-
nism of MDSCs in tumor sites is antigen non-specific [88].
Because the specificity of MDSC functions is also related to

the type of MDSCs, the inhibitory function of G-MDSCs is
mainly through ROS. Since the half-life of ROS is very short,
G-MDSCs can inhibit T lymphocytes only during direct cell-
to-cell contact.MDSCs in the tumor-draining lymph nodes are
able to uptake antigen, process and present them to T lympho-
cyte, so, it is thought that they are capable to suppress antigen-
specific T cell responses [36, 61, 62, 145, 149]. In contrast,
MDSCs in tumor sites are mainly M-MDSCs which use NO
and arginase mechanisms, do not need cell-to-cell contact, and
act non-specifically. However, the exact mechanism that
causes preferential accumulation of M-MDSCs in tumor sites
is not fully understood. Perhaps, it is mediated by chemokines,
which are produced by tumor cells or that the microenviron-
ment of tumor is not suitable for G-MDSC survival [88].

Interaction of MDSCs with immunosuppressive cells

Treg cells are present in the tumor microenvironment and one
of the key players involved in the suppression of antitumor
responses [80]. MDSCs are able to induce Treg cells by con-
sumption and depletion of arginine, interaction between CD40
and CD40L, and production of IL-10 and TGF-β [71, 149]
(Fig. 4). MDSCs can cause clonal expansion of pre-existing
natural Treg or conversion of effector T cells into Treg cells
[61]. Studies revealed that the induction of Treg cells by
MDSCs is mediated through two pathways of TGF-β depen-
dent and TGF-β independent [80, 149–151].

Macrophages are divided into two groups including classi-
cally activated macrophages (M1), which are activated by
bacterial products and immune stimuli such as IFN-γ and
produce low levels of IL-10 and high levels of IL-12 and have
antitumor activity. In contrast, alternatively activated macro-
phages (M2), which are activated by glucocorticoid hor-
mones, IL-10, IL-13, and IL-4, produce low levels of IL-12
and high levels of IL-10 and enhance tumor growth [71, 152].
MDSC-derived IL-10 decreases IL-12 production and in-
creases IL-10 production by macrophages, which polarizes
TAMs toward the M2 phenotype [8, 23]. These macrophages,
in turn, influence on MDSCs and increase IL-10 production
from these cells, providing a feedback cycle [153].
Consequently, by reducing IL-12 and increasing IL-10, tumor
immunity will be deviated toward a tumor-promoting type 2
phenotype and will facilitate the tumor growth [153].

MDSCs also interact with NKTcells, which can lead to the
expansion or reduction of MDSCs, depending on the type of
NKT cells. Type I or iNKT cells limit the expansion of
MDSCs, so activated iNKT cells can increase the expression
of CD86, CD11b, and CD11c onMDSCs, by unknownmech-
anisms, and convert these cells into immunogenic antigen-
presenting cells [154, 155]. On the other hand, type II NKT
cells can induce the accumulation of MDSCs by the produc-
tion of IL-13 and through IL-4R-STAT6 signaling pathway
[64, 156, 157].
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Interaction of MDSCs with other immune cells

Studies have found that MDSCs can induce anergy of NK
cells through STAT5 activity, NK cell receptor NKp30
(NCR3), membrane-bound TGF-β, and ARG1 [71, 80].
MDSCs suppress the functions of NK cells via down-
regulation of NKG2D on the surface of NK cells and inhibi-
tion of production of IFN-γ by these cells [32, 158–160]. In
contrast, Nausch et al. reported that MDSCs express Rae-1,
which activate NK cells through binding to NKG2D. These
activated NK cells, in turn, can eliminate MDSCs [148]. This
contradiction may be related to the subsets of MDSCs [32],
that further studies are needed to clarify.

TLR signaling in DCs induces the production of IL-12, a
cytokine involved in the activation of T cells. MDSCs inhibit
the production of IL-12 fromDCs via the production of IL-10,
thereby decreasing DC-mediated activation of T cells [23,
161]. Mast cells are another innate immune cells which have
interaction with MDSCs. Danelli et al. reported that interac-
tion between mast cells and MDSCs caused enhancement of
MDSC activity [162].

MDSCs can also recruit Th17 cells into tumor sites by
secretion of TGF-β, IL-6, and IL-23. The recruited Th17, in
turn, promotes the expansion of MDSCs through the IL-17
production. IL-17 is involved in the recruitment of MDSCs
and stimulates the secretion of G-CSF, involved in MDSC
expansion, from the cancer-associated fibroblasts (CAFs)
[163, 164]. Additionally, IL-17 is involved in the up-
regulation of COX2, MMP-9, ARG-1, and IDO in MDSCs,
therefore, increased the inhibitory activity of these cells [165]
(Fig. 4).

Inflammation and its role in the increasing of MDSC’s
suppressive activity

Chronic inflammation increases the risk of cancer through
induction of cell proliferation and alterations in cell traffick-
ing, increasing neoangiogenesis, triggering of genetic chang-
es, and several other mechanisms. [166] In addition, recent
studies indicate that chronic inflammation also has a role in
the expansion and activation of MDSCs. MDSCs, in turn,
promote tumor progression by suppression of antitumor im-
munity [8]. Among the proinflammatory cytokines, IL-6 and
IL-1β are present in the microenvironment of most tumors
and increase the accumulation and suppressive activity of
MDSCs [167, 168]. PGE2, which is found in the inflamma-
tory environment, has a role in the MDSC induction and en-
hancement of their inhibitory function [169]. Similarly,
S100A8, S100A9, and C5a stimulate the accumulation of
MDSCs. In summary, inflammatory factors are involved in
the expansion and activation of MDSCs. MDSCs, in turn,
produce proinflammatory factors such as S100A8, S100A9,

and IL-6 and maintain the inflammatory environment and,
thus, maintain their population [8, 74].

MDSCs in tumor-bearing hosts

MDSCs accumulate largely within the tumor region, spleen,
bone marrow, peripheral blood, and to lesser extent in the
lymph nodes of tumor-bearing mice [17, 61, 62, 68, 74,
170]. But, tumor resection leads to reduction of MDSCs and
restoration of the protective immunity [171]. Furthermore,
elimination of MDSCs is associated with the improvement
of immune responses [88]. The frequency of MDSCs in the
blood of patients with different types of cancers is increased
up to tenfold [39, 40, 43, 172] and is associated with poor
prognosis [173–175]. There are similar reports regarding the
frequency of MDSCs and its association with disease progres-
sion in the breast cancer and gastrointestinal tumors [43, 176,
177]. Tumor-derived soluble factors (TDSFs) are involved in
the stimulation of myelopoiesis, recruitment of IMCs to the
tumor site, activation of IMCs, and converting them into
MDSCs by activation of different transcription factors.
These MDSCs in turn contribute to tumor progression [71]
(Fig. 2). Mundy-Bosse et al. reported that increased psycho-
logical stress in breast cancer patients was associated with
increased number of MDSCs and reduction of the immune
response in these patients [178]. Probably, hormones that are
produced in stressful conditions are involved in regulation of
function and expansion of MDSCs which needs further
investigations.

MDSC’s role in proliferation and metastasis of tumor cells

In addition to suppression of immune surveillance, MDSCs
can also directly promote tumor proliferation and metastasis
through non-immunological functions. MDSC-secreted
MMPs destroy extracellular matrix components in tissue sur-
rounding a tumor and, thus, facilitate tumor metastasis [87, 89,
179]. MDSC-secreted MMP-9 stimulates VEGF production
and increases its bioavailability [179], therefore promotes the
growth of new blood vessels and facilitates tumor metastasis
and invasion [173]. Toh et al. found that MDSCs induced
epithelial-mesenchymal transition (EMT) in cancer cells by
hepatocyte growth factor (HGF), TGF-β, and epidermal
growth factor (EGF) signaling pathway, thereby facilitate the
dissemination of tumor [180]. Yang et al. reported that the
expansion of MDSCs in tumor-bearing mice promotes tumor
angiogenesis [179]. However, the treatment of tumor-bearing
mice with neutralizing anti-BV8 significantly reduces angio-
genesis through the reduction of the numbers of infiltrated
MDSCs [100]. Furthermore, some MDSCs are able to differ-
entiate into endothelial-like cells and, thereby, contribute to
tumor angiogenesis. In this condition, they even express some
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of endothelial cell markers such as CD31 and VEGFR2
[25, 179].

Additionally, MDSCs can differentiate into fibrocytes, a
cell type that can be differentiated into myofibroblasts.
Myofibroblasts can drive cancer invasion and metastasis in
the tumor context [181]. KLF4 is a transcription factor in-
volved in the promotion of tumor growth and monocyte dif-
ferentiation [182, 183]. Recently, Shi et al. demonstrated that
KLF4 have a very important role in the differentiation of
MDSCs into fibrocytes, and deficiency of KLF4 in MDSCs
is associated with reduction of tumor metastasis and reduction
of MDSC-derived fibrocytes and myofibroblasts. These re-
sults suggest that KLF4 can be a new therapeutic target for
tumor metastasis [181].

Significance of miRNAs in MDSC biology

MicroRNAs are small non-coding RNAs of approximately 22
nucleotides in length that play an important role in post-
transcriptional regulation of gene expression [184]. Recently,
the role of microRNAs (miRNAs) in the regulation of immune
system is further appreciated and studies showed that
miRNAs have important roles in differentiation, function,
and development of various immune cells [185, 186].
MicroRNAs that interact with MDSCs can be divided into
three groups.

The first group of miRNAs is involved in the expansion
and activation of MDSCs. Expression of these miRNAs is
increased in tumor condition. TGF-β1 is a tumor-derived fac-
tor that is responsible for miR-494 up-regulation in MDSCs.
Induction of miR-494 expression in MDSCs results in the
inhibition of PTEN, increased Akt activity, MDSC survival,
MDSC chemotaxis, as well raised expression of arginase and
MMPs such as MMP2, MMP13, and MMP14. It is notewor-
thy that targeting and silencing of this miRNA lead to the
reduction of MDSC suppressive activity and inhibition of tu-
mor growth and metastasis. So, it is believed that miR-494
plays an important role in the expansion, survival, and func-
tion of MDSCs [187, 188]. TGF-β in MDSCs induces the up-
regulation of miR-21 and miR-155, which inhibit PTEN and
SHIP-1, respectively, and ultimately causes the activation of
STAT3 signaling pathway and expansion of MDSCs [188,
189] (Fig. 5). In contrast, Wang et al. recently reported that
miR-155 deficiency leads to the increased recruitment of
MDSCs to tumor milieu and also increases the inhibitory ac-
tivity of these cells, thereby promotes tumor growth [190].
This contradiction may be related to the tumor type that fur-
ther studies are needed to clarify.

The second group is miRNAs involved in the regulation of
MDSC’s function. Expression of these miRNAs is decreased
in tumor condition. MiR-20a and miR-17-5p reduce the pro-
duction of H2O2 and ROS in MDSCs through the inhibition
of STAT3 signaling and, therefore, regulate the suppressive

activity of these cells. Expression of these miRNAs is reduced
inMDSCs in tumor condition, which leads to increment of the
suppressive activity of these cells (Fig. 5). Therefore, it seems
that these miRNAs can be used as a drug to regulate the
function of MDSCs [188, 191]. It is necessary to note that
miR-20a and miR-17-5p play minor role in the regulation of
M-MDSC functions. They are mostly involved in the regula-
tion of G-MDSC functions [191]. It has been reported that
MDSCs accumulate in peripheral lymphoid organs in the
miRNA-146a-deficient mice [192]. Probably, this miRNA
has a role in the regulation of MDSC expansion, but its exact
mechanism is not clear. MiR-223 can inhibit differentiation of
bone marrow cells into CD11b+Gr1+MDSC through targeting
myocyte enhancer factor 2C (MEF2C). Expression of miR-
223 is regulated by tumor-associated factors and down-
regulation of this miRNA was reported in tumor-associated
MDSCs [193, 194].

Unlike the two above groups that their expression is
changed in MDSCs, the third group includes miRNAs with
altered expression in tumor cells by MDSC-secreted factors.
MDSCs inhibit corepressor C-terminal binding protein 2
(CtBP2) in cancer cells via induction of miR-101 in these cells
and, thereby, enhance stemness of cancer cells and promote
metastasis and tumor growth [188, 195]. In a study conducted
on ovarian cancer, it was reported that ROS could induce the
expression of ERBB2 and ERBB3 receptors by down-
regulating miR-199a and miR-125b and thus accelerated tu-
mor growth [196] (Fig. 5). Although the investigation re-
vealed the importance of ROS in tumor growth, but the source
of ROS in this study was not surveyed. So, in order to clarify
the issue, it is required to determine the relationship between
MDSC levels and down-regulation of miR-199a and miR-
125b [10].

MDSC as a therapeutic target in cancer

Taking together, these findings suggest that elimination of
MDSCs or limitation of their function is necessary for inhibi-
tion of tumor growth and increasing of the efficacy of immu-
notherapeutic interventions. Currently, different therapeutic
strategies in order to cope with suppressive activity of
MDSCs are being investigated [8, 60, 197–199] (Table 2).
These methods are divided into four categories.

Inhibition of MDSC expansion and recruitment

Several agents are used in order to neutralize factors involved
in expansion and recruitment of MDSCs to peripheral lymph
nodes and tumor sites. As mentioned previously, inhibition of
SCF signaling has been effective in inhibition of MDSC ex-
pansion [71, 72]. The amount of MMP 9 is increased with
tumor progression, and MMP 9 is involved in the expansion
and recruitment of MDSCs to tumor sites, thus MMP 9 can be
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Table 2 Therapies to target MDSCs

Therapeutic agents Type of cancer tested
in humans

Type of cancer tested in mice References

Inhibition of MDSC
expansion and
recruitment

KIT-specific antibody – Colon carcinoma [85]

CSF1R antagonist (GW2580) – Prostate cancer and lung carcinoma [147]

Amino-bisphosphonate (zoledronate) – Mesothelioma and mammary cancer [200, 201]

VEGFA–trap Solid tumors – [202]

VEGFA-specific antibody (avastin) Metastatic renal cell
cancer

– [203]

Antagonists of CXCR4 (AMD3100)
and CXCR2 (S-265610)

– Mammary cancer [87]

Tyrosine kinase inhibitor (sunitinib) Renal cell carcinoma Fibrosarcoma and breast, colon, lung
and kidney cancer

[96, 204–208]

Induction of differentiation
in MDSCs

Vitamin D3 Head and neck cancer – [209]

All-trans retinoic acid Metastatic renal cell
carcinoma

Colon carcinoma and sarcoma [172, 210]

Inhibition of MDSC
suppressive activity

Cyclooxygenase 2 inhibitors
(SC58236, celecoxib, and SC58125)

– Lung carcinoma, mammary carcinoma,
mesothelioma and glioma

[99, 169, 211]

Phosphodiesterase-5 inhibitors
(sildenafil and tadalafil)

Head and neck
squamous cell
carcinoma

Colon carcinoma, mammary carcinoma
and fibrosarcoma

[49, 212]

Nitroaspirin – Colon carcinoma [213]

Induction of apoptosis in
MDSCs

Gemcitabine – Lung cancer, mammary cancer [158, 214]

Doxorubicin-cyclophosphamide Breast cancer – [43]

Docetaxel – Mammary carcinoma [215]

5-fluorouracil – Thymoma [216]

CSF1R colony-stimulating factor 1 receptor, VEGFA vascular endothelial growth factor A, CXCR C-X-C chemokine receptor
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considered as a suitable target for targeting MDSCs. It has
been reported that amino-bisphosphonate can inhibit the pro-
duction of MMP 9 and reduce MDSC recruitment [200]. The
inhibition of VEGF receptor signaling leads to reduction of
MDSC infiltration [217], and application of avastin, an anti-
body against VEGF, can reduce CD11b+ VEGFR+ population
[200, 203].

Angiotensin-converting enzyme (ACE) is a peptidase in-
volved in the metabolism of several bioactive peptides.
Studies show that ACE is also involved in myelopoiesis, and
accumulation of immature myeloid precursors in spleen and
bone marrow can be seen in the absence of ACE [218, 219].
Recently, Shen et al. reported that expression of ACE in my-
eloid cells facilitates the maturation of these cells and limits
MDSC expansion [218]. Further investigations will be re-
quired to determine what bioactive peptide(s) is (are) modu-
lated by ACE and through what mechanism this bioactive
peptide(s) limits the expansion of MDSCs. The answers to
these questions may provide a suitable strategy for targeting
MDSCs.

Induction of differentiation in MDSCs

Induction of differentiation in MDSCs and converting them
into mature non-suppressive cells is one of the promising
strategies that can be used for targetingMDSCs. In this regard,
it has been shown that All-trans retinoic acid (ATRA) can
induce the differentiation of MDSCs into mature dendritic
cell, granulocytes, and macrophages via up-regulation of glu-
tathione synthesis and reduction of ROS in these cells
[220–222]. Studies indicate that vitamin D3 is another agent
that can promote myeloid cell maturation and reduce the num-
ber of MDSCs in cancer patient [209].

Inhibition of MDSC’s suppressive activity

Inhibition of MDSC’s suppressive activity or interfering with
their functions is another approach which is used for targeting
MDSCs. COX2 is a contributing agent for up-regulation of
ARG1 in MDSCs by production of PGE2; as a result, COX2
inhibitors are exerted for inhibition of MDSC activity [99,
169]. Phosphodiesterase-5 (PDE5) inhibitors, like sildenafil,
down-regulate the expression of arginase1, IL-4Rα, and
iNOS in MDSCs and, thereby, restrain their activities [49,
151, 173]. Nitroaspirin, a non-steroidal anti-inflammatory
drug (NSAID), can block the suppressive activity of MDSCs
through inhibition of production of iNOS, ARG1, and ROS in
these cells [213]. IL4-Rα is involved in the activation of
MDSCs and, thus, can be a pertinent target for limiting of
MDSC suppressive activity. So, IL4-Rα antagonists can be
considered as effective agents [94].

The neutral lipid metabolic pathway has an important role
in the biology of MDSCs. This pathway is regulated by

lysosomal acid lipase (LAL) and accumulation of MDSCs is
observed in LAL-deficient mice [223]. In addition, it has been
reported that mutations in the LAL gene are associated with
carcinogenesis [224]. Recently, Zhao et al. reported that LAL
is involved in the regulation of MDSC’s functions by modu-
lating the mammalian target of rapamycin (mTOR) pathway.
The mTOR pathway is strongly activated in lal−/− MDSCs,
and these cells are able to directly stimulate growth, metasta-
sis, and proliferation of tumor cells. As a result, the mTOR
pathway can be a new target for blocking MDSC activity;
however, it needs to be further investigated [223].

Dopamine, a neurotransmitter, regulates the function of M-
MDSCs and inhibits tumor growth. D1-like receptors that are
expressed in M-MDSCs are activated by dopamine and other
D1-like receptor agonists and inhibit NO production in these
cells. D1-like receptors signaling inhibits activation of ERK
and JNK, which occur in response to IFN-γ stimulation, there-
fore decrease the production of NO from M-MDSCs and at-
tenuate the inhibitory activity of these cells [225]. The results
of this study show that dopamine and D1-like receptor ago-
nists can be effective in enhancing the antitumor immunity
which requires further studies.

Induction of apoptosis in MDSCs

Some chemotherapeutic drugs are applied for elimination of
MDSCs. Gemcitabine is a drug that reduces the number of
MDSCs and enhances antitumor immune activity [158].
Administration of doxorubicin can selectively eliminate
MDSCs. This drug is also effective in enhancement of the
function of immune effector cells [9]. Zheng et al. reported
that cimetidine can suppress lung tumor growth via regulation
of caspase-dependent apoptosis pathway and induction of Fas
and FasL in MDSCs [226].

The expression of TNF-related apoptosis-induced ligand
receptors (TRAIL-Rs) is increased in MDSCs in response to
endoplasmic reticulum (ER) stress and its signaling induces
apoptosis in these cells. Targeting TRAIL-Rs in tumor-
bearing mice can significantly reduce MDSC population but
has no effect on the population of myeloid cells in naive mice.
As a result, TRAIL-Rs can be an excellent targets in order to
selectively eliminate MDSCs [227].

Conclusion

In recent years, extensive studies have been performed on the
role of MDSCs in the tumor progression and have found that
these cells are involved in tumor progression both directly and
indirectly. Since increased frequency of MDSCs is associated
with poor prognosis in cancer patients, thereby targeting these
cells can be useful in tumor treatment. Therefore, study of
MDSC inhibitory mechanisms and communication of these
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cells with other components of immune system and tumor
cells is important in dealing with the function of these cells
and to increase the efficacy of immunotherapeutic interven-
tions. But an important issue in this viewpoint is the hetero-
geneity of these cells, particularly in human MDSCs, which
express different surface markers in different cancers. Thus,
precise identification of cell surface markers and exact defini-
tion of human MDSCs in different types of cancers as well
developing therapeutic approaches used for targeting these
cells can be efficient in the improvement of efficacy of immu-
notherapeutic interventions and cancer treatment.
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