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Abstract

Metastasis is the direst face of cancer, and it is not a feature solely dependent on cancer cells; however, a complex interac-
tion between cancer cells and host causes this process. Investigating the mechanisms of metastasis can lead to its control.
Myeloid-derived suppressor cells (MDSCs) are key components of tumor microenvironment that favor cancer progression.
These cells result from altered myelopoiesis in response to the presence of tumor. The most recognized function of MDSCs
is suppressing anti-tumor immune responses. Strikingly, these cells are among important players in cancer dissemination
and metastasis. They can exert their effect on metastatic process by affecting anti-cancer immunity, epithelial-mesenchymal
transition, cancer stem cell formation, angiogenesis, establishing premetastatic niche, and supporting cancer cell survival
and growth in metastatic sites. In this article, we review and discuss the mechanisms by which MDSCs contribute to cancer

metastasis.
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Introduction

Cancer cells must be competent to successfully undergone
steps of metastasis, i.e. establishing colonies of cells from
primary tumor in tissues that are distant from the primary
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site. The steps of metastasis are as follows: cancer cell must
detach from its initial place and invade adjacent tissue, enter
blood or lymphatic vessels (intravasation), distribute to
remote organ through circulation, extravasate and ultimately
make micro and clinically overt macrometastases (Leber and
Efferth 2009). One important point about metastatic process
is that only a few cells in the primary tumor are capable of
surpassing all these stages (Chiang and Massagué 2008).
This capability seems to depend on whether cells can attain
the alterations which are required for metastasizing or not.
Other cardinal features allied to metastasis are the interac-
tion of malignant cells with tumor and metastatic microen-
vironments and angiogenesis.

Myeloid-derived suppressor cells (MDSCs) are immu-
nosuppressive immature hematopoietic cells that differenti-
ate from hematopoietic stem cells in a variety of pathologic
conditions such as cancers and infections. In response to
factors released from tumor cells and stroma, white blood
cell precursors fail to differentiate into normal immune cells.
Then, MDSCs as immature cells leave their site of genera-
tion, expand in the whole body and mediate immunosuppres-
sion (Marvel and Gabrilovich 2015).

Certain phenotypic features have been used for put-
ting MDSCs into a number of subsets (Bronte et al. 2016).
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Based on their similarity to their normal counterparts, they
are divided into two main categories: monocytic-MDSCs
(M-MDSCs) and polymorphonuclear-MDSCs (PMN-
MDSCs). Murine MDSCs express both CD11b and GR1.
Ly6G and Ly6C molecules constitute GR1 marker. The dis-
tinction between M-MDSCs and PMN-MDSCs in mouse is
made by relative high expression of Ly6C in M-MDSCs and
Ly6G in PMN-MDSCs. In human, M-MDSCs can be iden-
tified as CD11b*/CD14+/CD15/HLA-DR ™" and PMN-
MDSCs as CD11b*/CD147/CD15"/HLA-DR™ phenotype
(Bronte et al. 2016; Wyczechowska et al. 2015).

Both phenotypic and functional criteria need to be met
for a cell population to be recognized as MDSCs (Bronte
et al. 2016). In fact, many phenotypic features are shared by
MDSCs and their counterparts which are non-immunosup-
pressive, i.e. PMN-MDSCs versus non-immunosuppressive
neutrophils and M-MDSCs versus non-immunosuppressive
monocytes. This makes their distinction difficult if only mor-
phology is considered. Therefore, the presence of immu-
nosuppressive ability is required for the characterization of
MDSCs. However, recent studies have found promising bio-
markers for distinguishing these cell types from their mature
counterparts. Lectin-type oxidized low-density lipoprotein
(LOX)-1 is a transmembrane receptor protein for oxidized
low-density lipoprotein. LOX-1 showed discriminatory
power in differentiating human PMN-MDSCs from non-
immunosuppressive tumor-associated neutrophils both in
peripheral blood and tumor tissue (Condamine et al. 2016).

MDSCs can suppress both innate and adaptive immune
responses through different mechanisms which will be
discussed in the following section. Many clinical studies
have demonstrated that higher levels of both circulating
and tumor-infiltrating MDSCs are independently associ-
ated with poor prognosis in patients with cancer (Choi et al.
2016; Ugel et al. 2015; Zhang et al. 2013a). Recently, it
has been discovered that MDSCs play some roles in tumor
progression, angiogenesis and metastasis independent of
their immunomodulatory activities (Condamine et al. 2015).
Mounting evidence of MDSC’s contribution to metastasis
can bring us the opportunity to develop new therapeutic
approaches and enhance patient’s survival. A review gath-
ering our understanding about the role of MDSCs in cancer
metastasis could pave the way for investigating unanswered
questions in this regard and exploiting them for design-
ing new strategies to combat metastasis. The aim of this
paper is to review recent knowledge on the involvement of
MDSCs in cancer metastasis. In this review, we will discuss
the MDSC'’s contribution to the metastatic process based on
each metastasis stage.
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Immune Suppressive Activity of MDSCs
Helps Tumor Cells to Metastasize

An efficient immune system has the ability to eliminate can-
cer cells to control tumor growth and progression. Therefore,
immunosuppression may accelerate the tumor growth and
metastatic process. There are observations proving this con-
cept. In an experimental study, the incidence of metastasis
increased with suppressing the immune system by radia-
tion or hydrocortisone acetate (Seshadri et al. 1979). Cancer
patients, which were infected by HIV or had received organ
transplantation, presented with higher stage than their immu-
nocompetent counterparts (Shiels et al. 2015). Escaping
anti-tumor immunity is essential for cancer cells to survive
in primary tumor site, circulation, and metastatic environ-
ment. Neoplastic cells and their associated stroma employ
a variety of mechanisms to circumvent the obstacle of anti-
tumor immune responses. Some other cells beside neoplastic
cells contribute to anti-tumor immunosuppression, such as
MDSCs, tumor-associated macrophages, regulatory T (Treg)
cells, natural killer (NK) T cells, mesenchymal stem cells
(MSCs) and cancer-associated fibroblasts (Bianchi et al.
2011).

The interplay between MDSCs and tumor microenvi-
ronment components, which begins after infiltration of
immature myeloid cells to the tumor tissue, promotes
the immunosuppressive capability of MDSCs. Can-
cer cells, bone marrow-derived cells, and mesenchymal
cells, such as cancer-associated fibroblasts which reside
in the tumor tissue, all directly contribute to activation
of MDSCs. When inflammation becomes chronic in the
tumor microenvironment whose primary function is con-
trol of tumor growth and progression, the physiologically
existing mechanisms, that bring homeostasis back to tis-
sues after inflammation, become activated (Umansky et al.
2016). Interferon (IFN)-y, which is primarily secreted by
activated T cells in tumor microenvironment, induces
the immunoregulatory molecules PD-L1 (Lu et al. 2016)
and CD40 (Pan et al. 2010) in MDSCs. Once MDSCs are
activated in tumor microenvironment, they produce mol-
ecules that can activate MDSCs in an autocrine manner
and maintain the process. Prostaglandin E2 (Obermajer
etal. 2011) and S100A8/A9 (Deng et al. 2017; Sinha et al.
2008; Wang et al. 2013) are autoinducers of MDSCs.

MDSCs can suppress anti-tumor immune responses by
counteracting both adaptive and innate immune responses.
A thorough discussion of the exact mechanisms underlying
immunosuppression by MDSCs is out of the scope of this
article and their immunoregulatory effects are only briefly
addressed (Motallebnezhad et al. 2016).

Depletion of certain amino acids (tryptophan, arginine,
and cysteine), which are essential for T-cell proliferation
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and function, reduction of T-cell recruitment to tumor
tissue, induction of apoptosis in T cells, production of
reactive oxygen species and reactive nitrogen species,
and interference with antigen presentation can restrain
T-cell functions. MDSCs may also promote accumula-
tion of immunosuppressive cells such as Treg cells and
tumor-associated macrophages. In addition, MDSCs can
impair the function of NK cells to cause immunosuppres-
sion (Motallebnezhad et al. 2016; Ugel et al. 2015; Ye
et al. 2010). Clinical and pre-clinical studies have shown
statistical correlation between higher frequency of MDSCs
in blood and tumor tissues, and a lower number and dimin-
ished function of cytotoxic and helper T cells, impaired
function of NK cells, higher number of Treg cells and
increased metastatic burden. Interference with expansion
and action of MDSCs, e.g. destroying MDSCs using anti-
Grl antibody, will reverse the mentioned effects (Con-
damine et al. 2015; Jiang et al. 2014; Motallebnezhad et al.
2016; Ugel et al. 2015; Zhang et al. 2015a).

Programmed cell death-1/programmed cell death-ligand
1 (PD-1/PD-L1) interaction is altered by MDSCs in tumor
microenvironment. PD-1/PD-L1 immune checkpoint pathway
is physiologically involved in subsiding prolonged inflamma-
tion to prevent tissue damage. In tumor microenvironment,
cancer and stromal cells express PD-L1 which binds to PD-1
on the surface of T cell. This interaction results in T-cell
exhaustion (Topalian et al. 2015). High PD-1 and PD-L1
expression negatively impact the outcome of cancer patients
(Chen et al. 2018; Shen et al. 2017; Wang et al. 2017b).
MDSCs are among the stromal cells which express PD-L1 in
the tumor microenvironment (Iwata et al. 2016; Noman et al.
2014; Zhang et al. 2017). Macrophage colony-stimulating fac-
tor and vascular endothelial growth factor (VEGF) produced
by human hepatocellular carcinoma cells induced PD-L1 in
MDSCs (Iwata et al. 2016). Hypoxia-induced HIF-1a pro-
moted the transcription of PD-L1 gene in MDSCs (Noman
et al. 2014). MDSCs also modulate PD-1/PD-L1 axis by
stimulating PD-L1 expression in tumor cells (Zhang et al.
2017) and B lymphocytes (Shen et al. 2018). Another mech-
anism utilized by MDSCs is upregulating PD-1 expression
in T cells. Transforming growth factor (TGF)-f released by
MDSCs induced expression of PD-1 in CD8* T cells (Chen
et al. 2018). Figure 1 recapitulates the main mediators of the
activation and immunosuppressive functions of MDSCs. As
immunosuppression can facilitate cancer metastasis, the
immunosuppressive role of MDSCs can be considered as one
of the mechanisms to promote metastasis.

Metastasis-promoting Functions Beyond
Immunosuppression in the Primary Tumor
Site

As already stated, MDSCs can enhance metastatic process
by mechanisms besides their immunosuppressive func-
tions. To support this notion, studies in highly immuno-
compromised models such as non-obese diabetic/severe
combined immunodeficiency (NOD/SCID) mice have
shown that MDSCs are implicated in cancer cell dis-
semination even in their defective state of immune sys-
tem. Administration of anti-Grl antibody, which depletes
MDSCs, reduces metastatic lesions in these models
(Drews-Elger et al. 2014; Mauti et al. 2011; Song et al.
2016). Also, many studies have shown MDSCs play their
role in metastasis by different ways including epithelial-
to-mesenchymal transition, acquiring stemness features,
invasiveness, and angiogenesis (Solito et al. 2017). There-
fore, it appears that the role of MDSCs in the promotion
of metastasis is beyond their immunosuppressive activity.
The following paragraphs are an overview of evidence on
non-immunosuppressive mechanisms which MDSCs use
in primary tumor site to assist the process of metastasis
formation.

Epithelial-to-Mesenchymal Transition

Epithelial-to-mesenchymal transition (EMT) is a process,
in which a cell with epithelial phenotype changes to a cell
with mesenchymal phenotype. The proceedings underlying
this transition include alterations in cell-to-cell and cell-to-
matrix interactions of epithelial cells, losing polarity due
to some changes in cytoskeleton, as well as reduction in
epithelial markers and increase in mesenchymal markers.
When cultured epithelial cancer cells undergo EMT, they
exhibit enhanced motility and invasive potential (Kalluri
and Weinberg 2009). Toh et al. (2011) investigated the role
of MDSCs in EMT. They showed that in vivo depletion
of PMN-MDSC reduced the number of cells expressing
markers of EMT (S100A4 and Vimentin) (Toh et al. 2011).

In another study, MDSCs induced EMT in nasopharyn-
geal carcinoma (NPC) cells in vitro and when injected
subcutaneously with neoplastic cells; a higher number of
metastatic lesions were formed compared to the injection
of only neoplastic cells. The authors speculated that the
mechanism of EMT induction by MDSCs was dependent
on TGF-B and nitric oxide (NO) production by MDSCs
upon contact with NPC cells. TGF-p and NO led to the
upregulation of COX-2 in NPC cells and COX-2 activated
B-catenin/TCF-4 pathway (Li et al. 2015). This pathway
plays a critical role in EMT (Sanchez-Tillo et al. 2011).
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Fig.1 Activation of myeloid-derived suppressor cells (MDSCs) and
the mediators of their immunosuppressive activity. The interaction
between tumor microenvironment and MDSCs prevents MDSCs from
being differentiated and activates them to exert their immunosuppres-
sive functions. Many cells in the tumor microenvironment contribute
to the activation of MDSCs. Tumor-intrinsic factors and signals from
other immune cells, matrix-forming cells and cellular components of
tumor vasculature modulate the intracellular regulatory pathways of
MDSCs. The resultant change in gene expression and cell metabo-
lism is the production of membrane-bound molecules, secretory pro-

In that study, it has been shown that COX-2 is important
in the development of MDSCs. Suppression of COX-2
decreased interleukin (IL)-6 production, and consequently
inhibited development of MDSC (Li et al. 2015).

In a study by Ouzounova et al. (2017), MDSC-mediated
EMT was shown to be dependent on nitric oxide synthase
2 (NOS2). Coculture of M-MDSCs with murine breast
cancer cells resulted in an increased expression of EMT
markers (IL-6, IL-1A, TGF-p1, and Vimentin), enhanced
invasiveness and increased number of cancer stem cells.
The observed effects were attenuated by adding an NOS2
inhibitor to the culture medium (Ouzounova et al. 2017).
Interestingly, M-MDSCs obtained from animal hosts bearing
highly metastatic cancer cell line (4T1) were more efficient
in the induction of EMT in cancer cells compared to the
M-MDSCs obtained from hosts bearing tumors with much
less metastatic potential (EMT6) (Ouzounova et al. 2017).

Moreover, MDSCs secrete IL-28 which promotes EMT,
invasiveness, and metastasis through signal transducer and
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teins and extracellular vesicles which suppress anti-tumor immune
responses. CAF cancer-associated fibroblast, CD40 cluster of differ-
entiation 40, HIF-1a hypoxia-inducible factor-la, /DO indoleamine
2,3-dioxygenase, IFN-y interferon-y, IL interleukin, iNOS inducible
nitric oxide synthase, IRFI interferon regulatory factor 1, MDSC
myeloid-derived suppressor cell, NKT cell natural killer T cell, PD-
L1 programmed cell death-ligand 1, PG-E2 prostaglandin E2, RNS
reactive nitrogen species, ROS reactive oxygen species, STAT signal
transducer and activator of transcription, TGF-f transforming growth
factor-f, VEGF vascular endothelial growth factor

activator of transcription (STAT)3-dependent signaling
(Mucha et al. 2014).

Cancer Stem Cell

Resembling normal stem cells, cancer stem cells (CSCs)
are capable of self-renewal and asymmetric replication, pro-
viding continuous growth of tumor and diverse differentia-
tion (Li et al. 2007; Papaccio et al. 2017). In asymmetric
replication, the two daughter cells produced after maternal
cell division show variations in differentiation state and fate.
For instance, one of them is stem cell, while the other one
is a non-stem cell (Yamashita et al. 2010). Theoretically,
a cancer cell that has been settled in a distant organ must
possess the so-called asymmetric replication ability to form
an overt metastatic mass (Li et al. 2007). The exact origin
of CSCs has not been elucidated so far. They may be the
tumor-initiating cells, which resulted from neoplastic trans-
formation of normal tissue stem cells or their committed
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progenies. Another possibility is conferring stemness traits
by cells that are not stem cells. Some studies showed that
EMT may accompany or result in cancer stem cell formation
from cells of no previous stemness potential (Li et al. 2007;
Oskarsson et al. 2014). In the first study showing the role
of MDSCs in the development of CSC, MDSCs increased
the number of CSCs in ovarian tumor tissue. MDSCs rose
up miRNA101 level, and in turn decreased the corepres-
sor C-terminal-binding protein-2 (CtBP2). The reduction
in CtBP2 expression stimulated stemness (Cui et al. 2013).
When M-MDSCs were cocultured with pancreatic cancer
cells, tumor cells with stemness properties and evidence of
EMT were more abundant than pancreatic cancer cells with-
out MDSCs. Inhibition of phospho-STAT3 was associated
with the inability of M-MDSCs to enhance stemness and
EMT in tumor cells. Also, IL-6 was partly involved in the
increase in number of CSC (Panni et al. 2014).

Angiogenesis

Production of new vessels is a hallmark of cancer (Hanahan
and Weinberg 2011). Positive correlation between angiogen-
esis/lymphangiogenesis and metastatic spread has been seen
in many studies (Moserle and Casanovas 2013; Stacker et al.
2002). Newly formed vessels make it possible for tumors to
survive, continue development, and metastasize. In addition,
increased density of vessels in tumor tissue and the raised
permeability of vessels due to their incomplete structure
and cytokine effect during angiogenesis can ease cancer cell
intravasation (Moserle and Casanovas 2013). MDSCs medi-
ate angiogenesis via production of proangiogenic cytokines,
secretion of tissue proteases, downregulation of inhibitors
of tissue proteases and directly transforming to endothelial-
like cells. MDSCs generate VEGF and fibroblast growth
factor (FGF)-2 in a STAT3-dependent manner (Kujawski
et al. 2008). CD11b* Grl* cells (immunohistochemically
the same as MDSCs) in tumor promote angiogenesis via
expression of prokineticinl/Bv8. Bv8 leads to phospho-
rylation of MAPK in endothelial cells and tube formation.
Granulocyte colony-stimulating factor (G-CSF)-mediated
upregulation of Bv8 in bone marrow resulted in expansion
and differentiation of CD11b* Grl1* cells in bone marrow
and accumulation of these cells in the tumor (Shojaei et al.
2007a). STAT3 phosphorylation is mandatory for G-CSF-
mediated Bv8 upregulation. Phosphorylated STAT3 directly
enhances Bv8 transcription by binding to the enhancer of
Bv8 gene promoter (Qu et al. 2012). Refractoriness to anti-
VEGEF therapy is associated with an increase in CD11b"
Gr1™ myeloid cells in peripheral blood and tumor. Increase
in Bv8 is an important mechanism in tumor anti-VEGF
therapy escape (Shojaei et al. 2007a, b). CD11b* Gr1™
cells expressing Bv8 were more abundant in anti-VEGF
refractory tumors than therapy-sensitive tumors (Shojaei

et al. 2009). Development and recruitment of these cells in
refractory tumors are inherent in these tissues and are not
caused by treatment (Shojaei et al. 2007b). Adding anti-Bv8
to anti-VEGF results in a better control in tumor growth in
anti-VEGEF refractory tumors (Shojaei et al. 2007a, 2009).
MDSCs produce matrix metalloproteinase 9 (MMP9) and
to a lesser extent, some other MMPs (Finke et al. 2011; Ko
et al. 2010; Murdoch et al. 2008; Yang et al. 2004). MMPs
can boost angiogenesis by releasing stored pool of VEGF
in extracellular matrix. MMP9 enhances soluble kit ligand
(also called stem cell factor) release from bone marrow
stromal cells that makes hematopoietic stem cells to enter a
proliferative state. One study reported that tumor-infiltrating
MDSCs can give rise to vessel formation by incorporating
into vessel wall, i.e. MDSCs differentiate to endothelial-like
cells and make new vessels (Yang et al. 2004). Supporting
experimental evidence is needed to substantiate this route of
MDSC-mediated neovasculogenesis.

Interaction with Other Immune Cells

Interplay between MDSCs and other immune cells such as
NK cells (Hoechst et al. 2009; Park et al. 2013; Sato et al.
2015), y8 T cells (Oskarsson et al. 2014; Rutkowski et al.
2015; Yan and Huang 2014), macrophages (Beury et al.
2014; Ostrand-Rosenberg et al. 2012; Sinha et al. 2007),
B cells (Bodogai et al. 2015; Thorn et al. 2014) and NKT
cells (Lee et al. 2012; Lindau et al. 2013) can affect tumor
microenvironment.

In some studies, Y0 T cells were the main source of IL-17
in the tumor microenvironment. IL-17 works as a chem-
oattractant for MDSCs. IL-17 also upregulates chemokine
production by cancer cells, which enhances MDSC accumu-
lation in tumor. Additionally, IL-17 intensifies the immuno-
suppressive function of MDSCs. In human colorectal cancer,
frequency of Y0 T cells in tumor specimens was positively
correlated with TNM stage, tumor size and metastasis for-
mation (Yan and Huang 2014). In a murine model of hepa-
tocellular carcinoma, IL-17A produced by y6 T cell had
a substantial effect on tumor growth. IL-17A stimulated
tumor cells to produce CXCLS5, which resulted in the accu-
mulation of MDSCs in tumor. The study also revealed a
mutual activation loop between MDSCs and yd T cells. IL-
17A enhances immunosuppressive function of MDSCs and
induces MDSCs to secrete IL-1f and IL-23 which activate
IL-17-positive yd T cells (Oskarsson et al. 2014).

The other interplay occurs between MDSCs and NKT
cells. NKT cells can convert MDSCs into functional antigen-
presenting cells (APC) (Lindau et al. 2013). In the differ-
entiation of MDSCs to APCs, IFN-y is important, which
is secreted by NKT cells (Lee et al. 2012). Moreover, it
has been shown that NKT cells can make T cells resistant
to the immunosuppressive function of MDSCs (Lindau
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et al. 2013). In a study, activation of NKT cells by low-
dose glycolipid in surgically-resected breast cancer murine
model decreased metastasis. The trial is accompanied by
a decreased number and immunosuppressive function of
MDSCs in animals (Lee et al. 2012).

The next cells interacting with MDSCs are tumor-evoked
regulatory B cells, which are essential for the immunosup-
pressive activity of MDSCs. Metastasis was highly impaired
in B-cell-deficient mice and administration of tumor-primed
B cells or MDSCs in a wild-type background to B-cell-
deficient mice restored metastasis in a study. In vitro study
revealed a direct effect of tumor-B,, in the immunosuppres-
sive ability of MDSCs. This priming was partly dependent
on TGF-f (Bodogai et al. 2015). Consistently, immunosup-
pressive CD11b* myeloid cells downregulate CD80 expres-
sion in B cells of metastatic liver, rendering them less effec-
tive stimulators of T-cell proliferation, an important cellular
population in eliminating cancer cells (Thorn et al. 2014).
B lymphocytes that are cocultured with MDSCs are potent
inhibitors of T-cell proliferation and cytokine production.
Coculture of MDSCs and B cells also promotes the pro-
duction of a subset of tumor-evoked regulatory B cells that
express the immune checkpoint PD-L1 (Zhang et al. 2017).

Local Invasion

Microscopic analysis of tumor tissues has revealed that
MDSCs are more concentrated in tumor invasive fronts
(Yang et al. 2008). When MDSCs are cocultured with tumor
cells, increased invasiveness of neoplastic cells, examined
by in vitro invasion assay, was observed. MMPs produced
by MDSCs contribute to tumor migration and invasiveness.
When MMPs are inhibited in MDSC—tumor cell coculture,
the ability of MDSCs to promote cancer cell invasiveness is
abrogated (Yang et al. 2008). MDSCs produced Bv8 that has
a direct effect on metastatic breast cancer cells by prokine-
ticin receptor 1 (PKR-1), which fosters migration of cancer
cells. Nonmetastatic breast cancer cell lines did not express
PKR-1 and did not show increased invasiveness in response
to Bv8. When PKR-1 expression was induced in nonmeta-
static cancer cell lines, Bv8 administration to medium could
increase cancer cell migration (Kowanetz et al. 2010).
MDSCs exhibit diminished expression of neutrophilic
granule protein (NGP) during cancer metastasis. NGP is a
cysteine protease inhibitor that can inhibit tumor invasion
and angiogenesis by inhibition of Cathepsin B (Boutte et al.
2011). TGF-p activated Ly6Ce"Ly6G"h CD11b* MDSCs
potentiates tumor metastasis through stimulation of fibro-
blast migration. Arousing fibroblast migration was seen to
be cytokine mediated. The principal cytokine involved was
FGF-2. Coculture of MDSCs with carcinoma cells alone
did not enhance tumor metastasis. However, when they
were cocultured with both carcinoma cells and fibroblasts
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simultaneously, carcinoma cells demonstrated higher inva-
siveness. Inhibition of FGF receptor-3 could completely
abrogate the effect of MDSCs on tumor invasiveness
(Shawet al. 2015).

IL-6 Trans-Signaling

IL-6 is a proinflammatory cytokine with well-known roles in
cancer pathogenesis (Guo et al. 2012). Interaction of IL-6/
IL-6 receptor (IL-6R) with the membrane protein gp130 is
necessary for intracellular signaling of IL-6. Interestingly,
cells lacking IL-6R can also be stimulated by IL-6. This
observation can be explained by IL-6 trans-signaling. In
this phenomenon, a soluble form of IL-6R binds to IL-6
in biological fluids and this complex associates with mem-
brane gp-130 and lets cells to be affected by IL-6 (Rose-
John 2012). IL-6 trans-signaling showed to be important in
tumor invasiveness and metastasis in vitro and in vivo. In a
murine model, MDSCs related to cancer cell line with high
metastatic potential could activate cancer cells by IL-6 trans-
signaling. MDSCs produced both IL-6 and a disintegrin and
a metalloprotease (ADAM) family proteases. It seems that
ADAMSs, which are metalloproteases, hydrolyze IL-6R in
the surface of MDSCs. The hydrolyzed IL-6R then sheds
from the cell surface and mediates IL-6 trans-signaling (Oh
et al. 2013).

MDSCs in Metastatic Site

To form a colony of cancer cells in a distant organ, an extrav-
asated cancer cell and its progeny must survive, proliferate
and progress in metastatic site. Successful completion of this
process is determined by both factors intrinsic to the meta-
static cells and the hostile tissue invaded. The metastatic
cells must be protected from killing, receive enough blood
supply and other environmental supports needed. The term
“premetastatic niche” describes changes in the destination
organ prior to cancer cell arrival to the site. These changes
are in response to factors released by primary tumor and
make the site a more suitable place for cancer cell metasta-
sis. A hallmark of premetastatic niche is the accumulation of
immunosuppressive and metastasis-promoting leukocytes in
the location (Kaplan et al. 2005; Steeg 2016).

MDSCs accumulate in distant metastatic organs during
different stages of tumor progression. They are present in
distant sites before cancer cell arrival, and they prepare the
site to adopt the coming neoplastic cells and then support
neoplastic cell growth to form overt metastatic lesions.
MDSCs present in distant site can exert their metastasis-pro-
moting function through mechanisms such as immunosup-
pression (Connolly et al. 2010; Mauti et al. 2011; Sangaletti
et al. 2014; Sceneay et al. 2012; Yan et al. 2010), recruitment
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of tumor cells to distant site (Erler et al. 2009; Kowanetz
et al. 2010; Zhao et al. 2016a), mesenchymal-to-epithelial
transition (Gao et al. 2012), increasing cancer cell survival
(Yan et al. 2015), enhancing neoplastic cell proliferation
(Gao et al. 2012; Zhao et al. 2015, 2016a), angiogenesis
(Lim et al. 2015; Yan et al. 2010) and extracellular matrix
remodeling (Gao et al. 2012; Sangaletti et al. 2014) (Fig 2).

Many studies have revealed the correlation between the
presence of MDSC in distant sites and markers of dimin-
ished anti-tumor immunity including decreased T-cell-medi-
ated cytotoxicity (Connolly et al. 2010), IFN-y production
(Yan et al. 2010) and NK cell function (Mauti et al. 2011;
Sceneay et al. 2012) and increased Treg generation (Con-
nolly et al. 2010).

Fig.2 Accumulation of
myeloid-derived suppres-

sor cells (MDSCs) and their
metastasis-promoting functions
in premetastatic and metastatic
microenvironments. Signifi-
cant changes in myelopoiesis
accompany progression of a
cancerous lesion. MDSCs arise
as a consequence of altered
myelopoiesis in response to fac-
tors released by neoplastic cells
and their associated stroma.
These factors can be either
soluble molecules, such as
growth factors and cytokines, or
exosomes which are membrane-
surrounded particles. MDSCs
enter distant sites where they
work in favor of cancer dissemi-
nation by means of contributing
to immunosuppression, angio-
genesis, cancer cell adhesion to
endothelium, mesenchymal-to-
epithelial transition, enhanc-
ing cancer cell proliferation

and survival and extracellular
matrix remodeling. ANGPTL7
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M-MDSCs produce versican, an extracellular matrix
chondroitin sulfate proteoglycan, in metastatic lungs of
breast cancer models and human patients. Knockdown
of versican in bone marrow hematopoietic cells led to
decreased versican expression in metastatic lung. Although
immunohistochemical analysis detected no effect on micro-
metastasis formation, macrometastases were significantly
reduced. Suppressing versican in bone marrow hematopoi-
etic cells did not influence recruitment of MDSCs to lungs,
expression of immunomodulatory molecules in lungs and
primary tumor growth. The effect of versican on metastatic
lesion growth seems to be mediated by its direct promo-
tion of cell proliferation and mesenchymal-to-epithelial
transition. Mechanism of versican involvement in gaining
epithelial phenotype could be explained by a reduction in
phosphorylated Smad?2 level after versican administration
to the culture medium, as TGF-B-Smad?2 pathway induces
epithelial-to-mesenchymal transition (Gao et al. 2012).

Fibrocytes are circulating cells with characteristics of
both hematopoietic and fibroblastic cells. These cells dif-
ferentiate to fibroblasts after entering peripheral tissues
(Terai et al. 2015). Recent studies give credit to fibrocyte
involvement in the pathogenesis of cancer, as they can
increase tumor proliferation and mediate tumor fibrosis
and immunosuppression (Zhang et al. 2013b; Terai et al.
2015). Knocking out the transcription factor KLF4 in
MDSCs impairs breast cancer and melanoma metastasis
to lungs. Although there is not enough strong evidence,
the study also showed that MDSCs can transdifferentiate
to fibrocyte. Interestingly, KLF4 is essential for MDSC
differentiation to fibrocytes. It may cause this differentia-
tion by inducing transcription of fibroblast-specific protein
(FSP)-1, which is a fibroblast marker. KLF4 deficiency
decreases recruitment of a specific subset of MDSCs
expressing CCR2 to metastatic lung. The metastatic lungs
in bone marrow KLF4~'~ hosts also harbors fewer myofi-
broblasts (Shi et al. 2014). Coinjection of fibrocytes with
cancer cells enhances lung metastasis. Fibrocyte adminis-
tration increases recruitment of M-MDSCs to metastatic
lung. Adoptively transferred fibrocytes induce host CCL2
production which stimulates recruitment of M-MDSCs
(van Deventer et al. 2013). F-box protein FBXW7 is a
tumor suppressor gene that recognizes substrates such as
NOTCH, MYC and cyclin E for degradation (Welcker and
Clurman 2008). These substrates are important regulators
of intracellular signaling, metabolism and cell growth
(Dang 1999; Fortini 2009; Hwang and Clurman 2005). In
mice with FBXW7-deleted bone marrow, more metastatic
lesions developed in lungs after injection of melanoma
and Lewis lung carcinoma cells to tail vein than con-
trol wild-type mice. Also after orthotropic breast cancer
transplantation, number and the average surface of meta-
static nodules in lungs were greater for FBXW7-deficient
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mice than control wild-type mice. Increased recruitment
of M-MDSCs and macrophages was observed in meta-
static lungs of mice lacking FBXW?7 in bone marrow.
The infiltration of M-MDSCs and macrophages to meta-
static lung was at least partly dependent on the CCL2/
CCR2 pathway. The source of CCL2 in this model was
bone marrow-derived stromal cells, which expressed FSP
similar to fibrocytes. FBXW7 deletion leads to an increase
in intracellular NOTCH level which upregulates CCL2
mRNA transcription in bone marrow-derived stromal cells
(Yumimoto et al. 2015). Bringing together the information
obtained from these studies, cells residing in the metastatic
organs cause CCL2 production and recruit MDSCs to the
distant site via this cytokine.

Lysosomal acid lipase (LAL) hydrolyzes cholesteryl
esters and triglyceride in lysosomes. In a mouse model, more
metastasis to lungs occurred following intravenous injec-
tion of melanoma cells when myeloid lineage cells were
not expressing LAL (Zhao et al. 2015). In another study,
LAL deficiency in hematopoietic cells directed myelopoie-
sis toward overproduction of MDSCs (Zhao et al. 2015).
LAL-nonexpressing PMN-MDSCs enhanced cancer cell
proliferation more efficiently than LAL-expressing PMN-
MDSCs (Zhao et al. 2015, 2016a). lal”'~ PMN-MDSCs
produced more tumor necrosis factor (TNF)-a compared
to its lal*’* counterpart. Using a TNF-a antagonist abol-
ished the proliferative effect of MDSCs (Zhao et al. 2015).
lal™'~ Ly6G™ cells also promote neoplastic cell migration in
an in vitro tumor cell migratory assay (Zhao et al. 2016a).
lal™'~ MDSCs, compared to lal*’* MDSCs, are more potent
in inducing proliferation of bone marrow MSCs. Bone mar-
row MSCs have a role in facilitating cancer metastasis (Zhao
et al. 2016b). Two major signaling mechanisms have been
related to the role of lal”~ MDSCs in tumor progression.
mTOR pathway is overactivated in lal”'~ PMN-MDSCs
and its inhibition impairs the metastasis of melanoma cells
(Zhao et al. 2015). Metabolites formed upon LAL action
activate PPARy. PPARy downstream gene expression is
altered in lal~’~ PMN-MDSCs. Coinjection of melanoma
cells with PPARYy pretreated lal”"~ PMN-MDSCs resulted
in less extensive metastasis than coinjection with untreated
lal™'~ PMN-MDSCs. PPARY ligand administration reduced
intracellular levels of activated forms of mTOR pathway
components, suggesting that effect of PPARY on lal~'~ PMN-
MDSCs function may be at least partially dependent on
mTOR pathway (Zhao et al. 2016a) though more investiga-
tion is required to investigate the exact interaction between
these two pathways in the function of MDSCs.

CD11b* Gr1* myeloid cells, which infiltrate metastatic
liver, downregulate angiopoietin-like 7 (ANGPTL7) in
cancer cells. ANGPTLY7 is an antiangiogenic factor and its
overexpression decreases the size of metastatic lesion (Lim
et al. 2015).
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MDSCs are also involved in complications of metastasis
to target organs. MDSCs are contributors to osteolytic bone
disease in breast cancer and multiple myeloma models (Bins-
feld et al. 2016; Olechnowicz and Edwards 2014; Sawant
et al. 2013). They differentiate to osteoclasts in response
to RANKL (Olechnowicz and Edwards 2014; Sawant et al.
2013). The exact mechanism underlying differentiation of
MDSC:s to osteoclasts in metastatic bone environment is not
clearly described. In a study, NO level was elevated during
the process and differentiation was shown to be NO depend-
ent (Sawant et al. 2013).

Premetastatic Niche Formation

The fact that bone marrow-derived cells exist in distant
organs before metastasis formation was proved about a dec-
ade ago (Kaplan et al. 2005). A recent study tracked hemat-
opoietic lineage cell mobilization to premetastatic sites.
Bone marrow hematopoietic stem cells and multipotent
progenitor cells started increased proliferation in response
to factors released by primary tumor during a period of time
when no tumor cell could be found in distant tissues. The
expanded bone marrow-derived cells entered bloodstream
and then mobilized to multiple tissues. After intravenous
injection of hematopoietic stem/progenitor cells of tumor-
bearing mice to tumor-bearing and healthy control mice,
some evolved into MDSCs in recipient tissues. Transform-
ing to MDSCs was more efficient in tumor-bearing mice in
comparison with healthy mice, indicating the importance
of tumor-derived factors in this process (Giles et al. 2016).

CD11b* Gr1™ myeloid cells infiltrate premetastatic lungs
of mice bearing 4T1 breast cancer. These MDSCs inhibited
IFN-y production and alternatively increased Th2 induc-
tion in the premetastatic lung (Yan et al. 2010). Therefore,
MDSCs may provide an immune-permissive environment
for malignant cells in the premetastatic site.

MDSCs produced MMP-2 and MMP-9 in the prem-
etastatic niche in lung. MMPs promoted the generation of
aberrant and leaky vessels in the premetastatic lung tissue.
Deletion of host MMP-9 abolished the formation of aberrant
vessels in the premetastatic lung and decreased lung metas-
tasis; however, it did not significantly affect primary tumor
growth (Yan et al. 2010).

MDSCs help circulating cancer cells to find their way to
the distant site. In a murine model of melanoma, M-MDSCs
produced IL-1p which upregulated E-selectin on the
endothelium of premetastatic lungs. E-selectin contributes
to the adhesion of circulating cancer cells to the endothelium
of the target organ (Shi et al. 2017).

In another study, the chemokine CCL9 was expressed in
premetastatic lungs of murine breast cancer and melanoma
models more than healthy controls. Both culture of CD11b*

Gr1™ myeloid cells in tumor-conditioned media and cocul-
ture of these cells with tumor cells in one media resulted in
the production of CCL9 by myeloid cells. These data suggest
that cell-to-cell contact is not necessary for CCL9 induc-
tion in CD11b* Gr1* cells; therefore, presumably released
factor(s) partly mediates this effect, but contact between
MDSCs and cancer cells is also a stimulator of CCL9 expres-
sion as more efficient CCL9 induction occurs in coculture
experiment. CCL9 knockout in CD11b* Gr1* myeloid cell
did not influence primary tumor growth but decreased tumor
metastasis to lung. Tumors with higher metastatic poten-
tials expressed more CCR1, the only receptor known for
CCL9, compared to tumors with lower metastatic potentials.
Neoplastic cells of metastatic nodules expressed higher lev-
els of CCR1 than their primary tumor counterparts. CCL9
deficiency did not affect cancer cell extravasation. CCL9
promotes neoplastic cell survival and renders them more
resistant to apoptosis-inducing conditions (Yan et al. 2015).

Mechanisms underlying accumulation of MDSCs in
premetastatic sites are not fully understood. Chemokines
and chemokine receptors have been shown to be involved in
recruitment of MDSCs to premetastatic sites. Lung tissue-
derived CCL12 attracts M-MDSCs to premetastatic lungs
of mice (Shi et al. 2017). Anti-CCL2 antibody attenuates
the mobilization of M-MDSCs into premetastatic lungs
and consequently impairs lung metastasis (Eisenblaetter
et al. 2017). CXCLI1 regulates infiltration of PMN-MDSCs
in premetastatic liver in a murine model of colon cancer.
VEGF-A produced by colorectal carcinoma cells is required
for CXCL1 production (Wang et al. 2017a).

Hypoxic tumor cells in primary site secrete lysyl oxidase
(LOX) into circulation (Erler et al. 2009). Also, MDSCs
infiltrating to the primary tumor tissue produce TGF-f and
make myofibroblasts producing LOX (Connolly et al. 2010).
Lysyl oxidase lodges in distant tissues and crosslinks col-
lagen type I'V. Implantation of tumor cells with silenced lox
gene dramatically abrogates accumulation of CD11b* mye-
loid cells and c-Kit* myeloid progenitor cells in premeta-
static sites. The effect of LOX on metastasis formation seems
to be dependent on MMPs produced by recruited myeloid
cells. Collagen crosslinking increases MMP-2 production
by myeloid cells. This induction seems to be dependent on
direct contact of myeloid cells with cross-linked collagens.
MMPs thus intensify myeloid cell invasion in premetastatic
site. Moreover, the peptide fragment generated from col-
lagen cleavage by MMPs further recruits cancer cells to the
site (Erler et al. 2009). A study showed a temporal relation-
ship between collagen crosslinking in lungs, CD11b* cell
recruitment to lungs and cancer cell metastasis (Wong et al.
2011).

The matricellular protein periostin is involved in infiltra-
tion of MDSCs to premetastatic lungs. Periostin is almost
absent in the intact lung but it is increased in lungs of
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tumor-bearing mice before cancer cell arrival. Hosts lack-
ing periostin showed significantly fewer metastatic nodules
in lungs after inoculation of breast cancer cells orthotopi-
cally. In agreement, considerably fewer MDSCs accumulate
in premetastatic lungs in periostin-deficient mice. Periostin
is required for LOX-mediated establishment of the prem-
etastatic niche (Wang et al. 2016). The mentioned role may
be explained by an independent observation that showed
periostin binds to bone morphogenetic protein (BMP)-1 and
enables BMP-1 to post-transcriptionally modify and activate
LOX (Maruhashi et al. 2010).

STAT3 is the most recognized transcription factor in
regulating expansion, recruitment and function of MDSCs
(Motallebnezhad et al. 2016). Both the primary tumor cell
and myeloid STAT3 are crucial for establishing premeta-
static niche and cancer metastasis to lung. STAT3 inhibition
in myeloid cells later in disease course reduces metastasis,
indicating STAT3 is also required for premetastatic and
metastatic niche preservation (Deng et al. 2012).

Bv8 is highly produced by Ly6G* Ly6C* granulocytes in
lungs of mice with breast cancer in both premetastatic and
metastatic phases. G-CSF is produced by carcinoma and host
cells in primary and metastatic tumor. Anti-G-CSF antibody
completely abrogates accumulation of Ly6G* Ly6C* cells in
blood and premetastatic lungs, in concert with the decreased
Bv8 level in lungs. Anti-G-CSF antibody also impairs cancer
metastasis (Kowanetz et al. 2010).

Carbonic anhydrase IX (CA9) is a transmembrane
enzyme overexpressed in hypoxic tumor cells of different
cancer types (Supuran and Winum 2015). In a breast can-
cer murine model, CA9 was required for G-CSF-mediated
accumulation of PMN-MDSCs in premetastatic lungs and
its silencing inhibited cancer metastasis to lungs. The study
revealed that CA9 induction of G-CSF production was
dependent on NF-kB activation (Chafe et al. 2015).

Exosomes released by cancer cells are the other contribu-
tors to formation of premetastatic niche (Costa-Silva et al.
2015; Wen et al. 2016). They are membrane-surrounded par-
ticles containing protein, DNA, and coding and non-coding
RNA. These particles are released from cells to their out-
side. Then other cells can take them up, thus providing a
means for intercellular communication (Zhang et al. 2015b).
Demonstrating their role in metastasis, after intravenous
administration of exosomes derived from highly metastatic
breast cancer, bone marrow-derived cells in the lung tissue
showed uptake of these exosomes. Repeated administration
led to the increased number of bone marrow-derived cells
and increased frequency of PMN-MDSC:s in the lung tissue
(Wen et al. 2016).

Decrease in metastasis formation in lung and liver of
breast cancer-bearing mice was observed in the case of C5a
receptor deficiency in host. Administration of C5a receptor
antagonist disrupts accumulation of MDSCs in premetastatic
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lungs and lessens the production of immunosuppressive
cytokines TGF-f and IL-10 (Vadrevu et al. 2014).

S100A8/A9 produced in primary tumor microenviron-
ment or premetastatic sites may be a key molecule in poten-
tiating metastasis to lung and liver (Hiratsuka et al. 2006,
2008; Ichikawa et al. 2011). SI00A8 and S100A9 are two
members of a calcium-binding protein superfamily. Their
principal active form is SI00A8/A9 heterodimer, also named
Calprotectin. It binds to glycosaminoglycans, receptor for
advanced glycosylation endproducts (RAGE) and toll-like
receptor 4 (TLR4) (Pruenster et al. 2016). In murine mod-
els of breast cancer, SI00A8/A9 molecule is increased in
premetastatic lungs as the tumor progresses. The increase
in SI00A8/A9 level is concomitant with the recruitment of
MDSCs to premetastatic lungs (Eisenblaetter et al. 2017;
Vrakas et al. 2015). During colorectal carcinoma progres-
sion, CD11b* Gr1* MDSCs accumulate in the premetastatic
liver. Their accumulation was abrogated in ST00A8/A9
null mice or by administration of anti-carboxylated glycan
antibody (Ichikawa et al. 2011). SI00A8/A9 is a chemoat-
tractant for MDSCs. Treatment of tumor-bearing mice with
S100A8/A9 neutralizing antibodies decreases the accumula-
tion of MDSC:s in the body (Sinha et al. 2008). Furthermore,
S100A8/A9 enhances migratory ability of MDSCs (Zheng
et al. 2015). MDSCs themselves are a source of SI00AS8/
A9 in cancer patients (Zheng et al. 2015). CD11b* Gr1*
cells expressed S100A8 and RAGE two- to threefolds more
in tumor-bearing mice than tumor-free ones (Sinha et al.
2008). Coexpression of these molecules in MDSCs may
indicate an autoregulatory loop, which is remarked in some
other studies (Deng et al. 2017; Sinha et al. 2008; Wang
et al. 2013). Hiratsuka et al. (2008) showed that SIO0A8/A9
stimulates pulmonary endothelial cells and macrophages to
produce serum amyloid A3 (SAA3). SAA3 binds to TLR4
on myeloid cells, activates NF-kB pathway and recruits
myeloid cells to premetastatic lungs. It can also enhance
migration of malignant cells via a TLR4-mediated signal-
ing. SAA3 further augments its production in a TLR4-medi-
ated manner (Hiratsuka et al. 2008). Another study showed
that expression of this protein is increased in M-MDSCs,
but not in PMN-MDSCs, during cancer progression, lead-
ing to M-MDSC:s viability by a TLR2-dependent mecha-
nism. Interfering with endogenous production of SAA3 in
M-MDSCs diminished their viability. SAA3 increased the
immunosuppressive ability of M-MDSCs again in a TLR2-
based manner (Lee et al. 2014).

Recruitment of bone marrow-derived cells to the dis-
tant organ is not the only prerequisite for accepting cancer
cells as new residents of the organ. The recruited myeloid
cells must also be able to modify the destination site in
some ways to grant disseminated cell survival and progres-
sion. Injection of conditioned media from both weakly and
highly metastatic cancer cell lines leads to infiltration of
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CD11b* myeloid cells to lungs. Myeloid cells recruited
in response to conditioned media from cancer cells with
lower metastatic potential produce significantly higher
thrombospondin-1 which impairs metastatic process by
constraining cancer cell proliferation (Catena et al. 2013).

Conclusion

Growing research over the past decade has expanded
our understanding on interactions between tumors
and the immune system enormously. Tumors can hide
from the immune system, suppress its anti-tumor func-
tions or manipulates its components to foster malignant
propagation.

Despite appreciable advancements made in cancer treat-
ment, patients with metastatic disease are finally condemned
to death mainly due to lack of enough efficacious therapies.
Unraveling the pathogenesis of metastasis can enrich the
armamentarium in fighting against this fatal process.

Here, we reviewed evidence for contribution of myeloid-
derived suppressor cells in cancer metastasis. As these cells
can promote metastasis affecting various aspects of this pro-
cess including immunosuppression, epithelial-mesenchymal
transition, cancer stem cell formation, angiogenesis, inva-
sion, premetastatic niche formation, cancer cell survival and
growth in the metastatic site, these cells can be considered a
promising target for metastasis treatment. Besides, MDSCs
are involved in other aspects of cancer progression and they
are a major determinant of responsiveness to some anti-can-
cer therapies or treatment failure. Strategies for targeting
MDSCs can be directed to interfering with development of
MDSCs, trafficking to primary and distant tissues, viabil-
ity, intrinsic and extrinsic regulation of function and their
effectors. Since MDSCs are immature cells, propelling these
cells to more differentiated stages of development without
tumor-promoting function or even tumor suppressive effect
can be another favorable means. There are several ambi-
guities about MDSCs that can become clarified more. Our
knowledge of exact mechanisms, signaling pathways and
intercellular and cell-to-matrix communications involved in
metastasis-promoting functions of MDSCs are still rudimen-
tary. Another issue that has not been investigated so far is
the participation of MDSCs in establishing or maintaining
cancer stem cell niche environment in the metastatic site
and mechanisms of dormancy. The related knowledge can
be translated to new therapies as well.
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