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1. ABSTRACT

Myeloid Derived Suppressor Cells (MDSCs) are
a mixed group of bone marrow—derived myeloid cells
containing macrophages, granulocytes, immature DCs and
early myeloid precursors that have immune suppressive
activity (1). MDSCs infiltrate the BM, spleen and
peripheral blood of tumors-bearing experimental animals
and are found in the blood of cancer patients as a result of
tumor-induced alterations in myelopoiesis. Evidence from
murine model systems indicated that myeloid-derived cells
with suppressor activity also accumulate in non-tumor
bearing hosts in response to infection, chemotherapy (2),
stress (3), and immune senescence(4). MDSCs are
considered key negative regulators of immune responses.
Their association with tumor-associated immune defects
make MDSCs an attractive target for therapeutic
intervention in cancer.
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2. HISTORY OF NATURAL SUPPRESSOR CELLS

The history of "natural suppressor cells" (NS
cells) began with a report that graded numbers of
radiosensitive/ non-adherent normal bone marrow cells
inhibited antibody response of spleen cells in vitro (5,6).
Further experiments showed that normal bone marrow cells
suppress the generation of cytotoxic cells in MLR (7). The
natural suppressor cells were characterized by absence of
detectable B or T cell markers, thymic independency and
heat-sensitive  suppressive  activity (8), However,
fractionation of bone marrow cells by velocity
sedimentation identified a population of medium-to-large
FC receptor-positive cells that lacked T cell, B cell, or
macrophage markers(9,10). Their suppressive effect in
MLR could not be abrogated by the Natural Killer(NK) -
cell-depleting anti-asialo GM1 antibody leading to the
suggestion that the NS cells were T cell precursors (11) or
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immature myeloid cells (6). A short time after the
discovery of NS cells in murine BM, a group of
radiosensitive, la negative cells were identified in human
bone marrow as analogs of murine natural regulatory cells.
These human suppressor cells shared the capability to
suppress antibody response in-vitro (12). These findings
raised the possibility that these cells had a role in the
physiological regulation of immune responses.

While most of the work in the field has focused
on natural suppressor cells in the myeloid lineage, another
line of investigation has characterized a T cell suppressor
population. Natural suppressor cells were noted in the
spleen of neonatal mice shortly after birth (13), in normal
adult mice after total lymphoid irradiation, and in murine
allograft BM recipients that develop Graft versus host
disease(GVHD) and  following  treatment  with
cyclophosphamide and vaccines (14,15). This population
has been described as a lymphoid surface marker null, non-
adherent, non-phagocytic cell (15). Thymic independent,
CD4” CD8" TCR alpha/ beta positive lymphoid suppressor
cells have been identified in murine (16) and human BM
(17) and represent a very low number of blood T-cells in
mice and humans. These rare T-cells are considered apart
of the immuno suppressive network that is able to suppress
MLR and GVHD (17, 18), but these cells have not been
implicated in tumor-associated immune suppression.

There have been a multitude of descriptions for
tumor-associated myeloid-derived suppressor cells in mice
and man. The first evidence that myeloid natural suppressor
in BM could regulate tumor growth was provided by
showing inhibition of lymphoma, myeloma cell
proliferation cell lines in vitro (19). Ten years later the
potent immuno-suppressive effects of bone marrow derived
NS cells in lung tumor-bearing mice was recognized (20)
and myeloid-derived suppressor cells were described in the
blood of patients with head and neck carcinoma (21). A
number of reports described elevated number of immature
myeloid cells (IMC) in tumor specimens and in secondary
lymphoid organs. These myeloid cells were thought to be
generated during tumor-derived inflammation and were
believed to be responsible for maintaining an immuno-
suppressed state(22). The term "inhibitory macrophages"
(iMacs) has also been used to describe a heterogeneous
population of mature and immature myeloid progenitor
cells that were responsible for suppressing CD8+ T-
lymphocyte function (25). Later the term "Myeloid-Derived
Suppressor Cells" (MDSC) was recommended as an
alternative to iMac or immature myeloid cells (26), and as
an alternative to the term “myeloid suppressor cells
(MSC)" that was also a common abbreviation for
mesenchymal stromal cell (27). The term MDSC was
preferred because it described both the origin and the
function of these cells in mediating tumor - associated
immune suppression( 28). At the time the term “MDSC”
was developed, it was believed that theses cells did not
have an immuno-suppressive effect in tumor-free mice.
The term “MDSC” was used to distinguish these tumor-
related immuno-suppressive cells from immature myeloid
cells (IMC) in non-tumor bearing mice that were felt to
lack immunosuppressive activity (1).
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During last decade, while CD11b+ Gr1+ MDSCs
have been identified as the predominant suppressor of anti
tumor immune response by cancer immunologists and
biologists, the significance and biological role of these cells
in non-tumor bearing animals has been largely ignored. In
this review, we aim to take a comparative look at the
natural suppressor cells present in the mice and human.

3. FEATURES OF MDSCS
3.1. Cell surface markers

MDSCs in various murine tumor models
typically express the oM integrin CD11b and myeloid
lineage differentiation antigen “Granulocyte Receptor 17
(GR-1), that are related to monocytic and granulocytic
lineages, respectively (1, 24) and express variable levels of
Ly6-G, Ly6-C on their surface (23, 24). Depending on the
on particular tumor microenvironments from which they
are isolated, they may express additional markers. Recently
CD49d (an integrin a-subunit) expression has been used in
combination with CD11b to identify CDI11b/CD49d a
phenotypically and functionally distinct MDSC subtype
(30). Other cell surface markers such as IL-4R alpha,
F4/80, CD80, CD31, and CDI115 have been used to
delineate myeloid cell subsets with immunosuppressive
activity (25, 31, 32). Based on theses cell surface markers
and nuclear morphology MDSCs have been classified in to
two major subsets: Mononuclear cells that are
CD11b"Ly6G"Ly6ChCD49d® and are  considered
"monocytic” and CD11b" Ly6G Ly6C™™" CD49d- cells
with multilobed nuclei that have a “granulocytic”
phenotype (30, 33). Several lines of evidence indicate that
the phenotype of these cells in tumor-bearing mice is not
identical to the immature myeloid cells in non-tumor
bearing animals. Immature myeloid cells in the spleen of
non-tumor bearing mice are typically monocytic with a
CD11b+Ly6C+Ly6G— phenotype and express higher levels
of CD71, CD115, and CD80 than MDSCs derived from
tumors (32). While these molecules may also be associated
with MDSCs, their expression does not appear to be
necessary for the immuno-suppressive activity of tumor-
derived MDSC.

The phenotype of human MDSCs is not as well
described as that of murine MDSC. A few published
studies have investigated the clinical significance of human
MDSCs in patients with a variety of different cancers.
Human MDSCs lacked surface markers of mature
lymphoid or monocytic cells including: CD3, CD19, CD57,
CD14, HLA DR but expressed the myeloid markers CD33
and CDI11b and CD15 (33). A new population of MDSC
with the CD14+HLA-DR—/low immunophenotype has been
identified in peripheral blood mononuclear cells of patients
with prostate cancer and melanoma, suggesting that
different human tumors may induce different subtypes of
MDSC (34, 35). However the functional attributes of the
different subsets of human MDSCs remain to be defined.

3.2. Suppressive properties
The defining quality of MDSCs is that they
suppress adaptive and innate immune responses. Multiple
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reports have shown that a group of Gr-1+CD11b+ myeloid
cells accumulate in murine tumors during cancer
progression and that CD11b+ Gr-1+ cells isolated from
tumors can inhibit antitumor T-cell responses (1, 2, 24).
This immunosuppressive activity of tumor-associated
murine MDSC on different T cell subsets varies according
to culture conditions. Some studies have shown immediate
inhibition of MHC class I-restricted CD8+ T cells by Gr-1+
MDSC (36, 37), whereas CD4+ T cell inhibition has been
observed after several day incubation (38). While MDSCs
can affect T-cell responses as immature cells in the
peripheral lymphoid organs, their differentiation into more
mature cell types can be regulated by the tumor
microenvironment. The immuno-suppressive activity of
MDSC is quite distinct from the immunological activity of
classically activated macrophages (M1), generated
following stimulation with IFN-gamma and LPS. In
contrast to MDSC, M1 macrophages exhibit potent
microbicidal properties and promote IL-12-mediated Thl
responses. The immuno-suppressive activity of immature
CD11b+ MDSC is also distinct from alternatively activated
(M2) macrophages that have a mature phenotype and can
be further subdivided in M2a macrophages (following
exposure to IL-4 or IL-13), M2b macrophages (stimulated
by immune complexes in combination with (IL-1p or LPS)
and M2c macrophages (stimulated by IL-10, TGF beta or
glucocorticoids) (39). The immuno-suppressive activity of
MDSC appears to depend upon the maintenance of an
immature state, as MDSC that differentiate may lose their
suppressive effect even though they continue to express the
myeloid marker CD11b.

MDSCs have been recognized as critical
mediators of immune evasion in some but not all human
solid tumors (1, 12, 40). When MDSC have been identified
in human tumors, the tumor type and tumor stage affect the
distribution and number of MDSC subpopulations.
Expression of the granulocytic marker CD15 has been used
to divide human MDSC into two subsets: a CD15+ subset
in patients with kidney cancer, able to suppress T-cell
function through an arginase and/or reactive oxygen
species-dependent mechanism and a CD15— subset of
MDSCs that suppress T-cell function in patients with
carcinoma through a yet to be defined mechanism (34, 41,
42). The distinct immunosuppressive mechanisms of
different human and mouse MDSC populations that have
been described suggests that differences in the maturation
state of MDSC may correspond to specific
immunosuppressive pathways, and provides a possible
explanation for that distinct in vitro differentiation potential
of phenotypically defined MDSC subsets (43, 44).

3.3. Molecular Mechanisms of suppressor activity of
MDSCs

The fundamental quality of Gr-1+/CD11b+
MDSC detected in all murine tumors is that they impair T
and NK cell activation. MDSCs reduce antitumor immunity
through a diverse array of mechanisms that impact the
activation as well as effector functions of both innate and
adaptive immunity. The mechanism for immuno-suppressor
activity appear to vary across different MDSC sub fractions
(44). The various mechanisms for the immunosuppressive
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activity of these cells are reviewed below in order of
descending frequency of reports that support a particular
mechanism for the immuno-suppressive activity of
MDSCs.

3.3.1. NO — dependent mechanisms

A significant portion of the ability of MDSC to
suppress T cells has been attributed to the generation of
Peroxynitrite (ONOO-.). Peroxynitrite is generated by
arginase (Arg) and inducible nitric oxide synthetase (iNOS)
enzymatic activities that have been characterized in MDSC
in mouse and human models (36, 42, 43). Nitrite is a stable
end product of NO, a powerful oxidant that produces by
iNOS during the conversion of L-arginine to L-citrolin.
iNOS induced by a number of cytokines including IFN
gamma and TNF in macrophage and myeloid cells. iNOS
inhibits T cell activation and proliferation by: blocking of
tyrosine phosphorylation of Janus kinase 3, STATS
transcription factor, and inhibition of MHC class II gene
expression and the induction of apoptotic death (45, 46).

3.3.1.1. iNOS & Arginase (ARG1) up regulation

There is a strong association between suppressive
activity of MDSCs with the metabolism of L-arginine in
murine and human tumors models. MDSCs express high
levels of cytoplasmic Argenasel that is induced by Th2
cytokines. Arginase hydrolyses the amino acid 1-arginine to
ornithine and urea. Arginase synergizes with iNOS to give
rise  to peroxynitrites that cause the apoptosis of T
lymphocytes by inhibiting protein tyrosine phosphorylation
via nitration of tyrosine residue (47, 37). There is also
evidence for cooperation between IFN-gamma and IL-13
cytokines, leading to the activation of Argl and Nos2
enzymes that mediate TCR zeta-chain down-regulation, a
common finding in most cancer patients (48, 49). Many
tumor cells also over expressed and secreted COX-2, a key
enzyme in the biosynthesis of PGE2 that leads to enhanced
arginase production. COX-2 inhibitors have been shown
slow tumor growth in mouse models (50). However
fundamental differences have been reported between mice
and humans for the role of iNOS and Argl. For example
Arg-1 is expressed in murine but not in human M2
macrophages. These discrepancies may reflect fundamental
differences in immune regulatory pathway between human
and mice or the incomplete homology of particular MDSC
subsets across the two species (51, 52).

3.3.1.2. ROS-mediated cell killing

Another mechanism that has been associated
with the immuno-suppressive activity of MDSC is the
generation of Reactive Oxygen Species (ROS). ROS are
very short-lived substances that are present in higher
concentrations in MDSCs generated from tumors. ROS are
induced following up-regulation of NADPH oxidase
(NOX?2) subunits (p47phox and gp91phox) by STAT3 and
IFN-gamma signaling. The presence of ROS- dependent
MDSC activity in IFN- y receptor- deficient mice suggests
that IFN-gamma is dispensable for ROS production in
MDSC (53, 54). As previously mentioned, there are
difference between murine MDSCs with respect to the role
ROS in immune suppression. While monocytic MDSC
have activated STATI which up regulates iNOS and
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generates NO, Granulocytic MDSC suppress through high
levels of reactive oxygen species that are induced following
increased activation of STAT3 and NADPH which induce
apoptosis of T cells, and drive nitrosylation T cell receptors
rendering them unable to bind peptide/MHC complexes
(54, 44).

3.3.2.1. Blocking of NK cytotoxicity

MDSC are also expanded during acute
inflammation and the initiation of innnate immunity. NK
cells, a key component of the innate immune system, can
modulate the activity of MDSC. MDSC, in turn, can also
suppress the antigen non-specific cytotoxicity of NK cells
and the role of NK cells in initiating adaptive immune
responses through IFN-gamma, synthesis (required for Thl
differentiation of naive T cells). While multiple pathways
are involved in MDSC-mediated T cell suppression, the
mechanism of NK cell inhibition by MDSC is not
thoroughly understood. There are controversies in the
literature regarding crosstalk between MDSC and NK cells.
TGF betal is an important suppressive cytokine produced
by MDSCs in tumor-bearing mice that impairs splenic &
hepatic NK cell activity through down regulation of
NKG2D (55, 56). On the contrary, other studies showed
that NKG2D ligand RAE-1 is exclusively expressed on Gr-
1+CD11b+F4/80+ MDSCs from lymphoma and melanoma
tumor-bearing mice. This interaction activates NK cells and
simulates their production of IFN gamma (57). However,
recently published evidence still supports the role of
MDSC-mediated NK cell suppression (58).

3.3.2.2. Development of Foxp3+ T regs

MDSC have also been shown to support the
generation of Foxp3+ regulatory T cells (Tregs) thereby
limiting T-cell activation. T regs are part of the
immunosuppressive network and have been targeted for
therapeutic interventions (59). Several reports suggest that
MDSCs play an important role in inducing T reg from
naive T cells but not in the conversion of regulatory to
FOXP3+ T cells from FOXP3— effectors T cells (60, 61).
Induction of T reg by immature myeloid DCs has been
identified both in vitro and in tumor-bearing mice. T reg
induction by MDSC requires IFN-gamma and IL-10 but not
IL-4 (61). Some studies have been identified also TGF beta
as a requirement for induction of FOX-P3 T reg in vitro by
MDSCs  (62), suggesting that different MDSC
subpopulations may activate Tregs through disparate
mechanisms.

3.3.2.3. Skewing of macrophage activity

Several studies indicate that MDSC-induced
immunosuppressive macrophages inhibit T cells (25, 26).
In the tumor microenvironment MDSCs modulate tumor-
associated macrophages (TAM) and induce
immunosuppressive (M2) phenotype versus the (Ml)
phenotype that has anti tumor activity (63). In contrast to
most immature myeloid cells that are matured by
inflammatory stimuli and support the generation of
effective Thl cellular immune responses, following
exposure to proinflamatory signals MDSCs maintain an
immature phenotype and contribute to deviation of Ml
macrophages towards M2 macrophages that are relatively
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tumor-promoting with increased production of IL-10 and
down regulation of IL-12 (64). My regulating the
generation of M2 macrophages in the tumor micro-
environment MDSCs influence innate and adaptive
immune responses that limit the generation of anti-cancer
immunity.

3.3.2.4. Down regulation of L-selectin

L-selection (CD62L) expression is required for
homing of naive T cells to peripheral lymph nodes and is
down regulated by MDSC (65). CD4+ or CD8+ T cells co-
cultured with MDSC had a L-selectin low phenotype,
suggesting that MDSC directly down-regulate T cell
expression of L-selectin. Also L-selectin-deficient mice
have shown decreased numbers of T cells infiltrating
tumors, supported the hypothesis MDSC regulate
trafficking of naive T cells to tumors.  Additional
experiments showed MDSC cleave L-selectin due to
constitutive expression of metalloproteinase ADAM17 that
degrade L-selectin (66, 67). Therefore, MDSCs can reduce
anti tumor immunity by interfering with the ability of naive
T-cells to traffic to the sites of tumor-associated antigen
presentation in lymph nodes, decreasing adaptive anti-
tumor immune responses.

3.3.2.5. Cystine Sequestration

Recently the deprivation of necessary amino acid
involved in T cell proliferation from the extracellular
environment has been described as an additional MDSC-
mediated suppressive mechanism. MDSCs deplete cystine
and cysteine from extracellular fluid thereby inhibiting T-
cell activation. Of note, the highest requirement for
cysteine is when T cells are activated and proliferated
following their interaction with antigen presenting cells
(APC). However, during antigen presentation, T cells and
APC are in very close proximity, so cysteine released by
APC can be directly taken up by nearby T cells. Compared
with monocytes MDSCs have higher concentration of
intracellular stores of cystine. MDSCs in thetumor
microenvironment directly compete with APC for cysteine
uptake. Thus increased numbers MDSCs act as a cystine
sink, and limit the activation and proliferation of T-cells
(68).

In addition to the above-mentioned mechanisms
cell-cell contact, and some unknown soluble molecules
contribute to the immunosuppressive activity of MDSC
(69). However these mechanisms are not restricted to
cancer as inflammation, sepsis, autoimmune disease and
transplantation induce MDSCs with similar immuno
suppressive properties.

3.4. Activation & expansion of mdscs
3.4.1. Cytokine-dependence of MDSC

The accumulation of MDSC appears to be a
dominant and common process for immune suppression in
rodents as well as in humans with cancer. Several findings
have been suggested that MDSCs are induced by
inflammation and inhibit immuno-surveillance (43, 48).
Mice with cancer have increased numbers of MDSC in
their BM, blood, spleen and liver compared with non-
tumor-bearing mice, while increased numbers of MDSC
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have been noted in the blood of patients with cancer,
including melanoma (70) breast (71), hepatocellular
carcinoma (72) and renal cell carcinoma (73). A variety of
tumor-derived factors such as GM-CSF, M-CSF, IL-3, IL-
10, TGF beta, VEGF IL-6 and IL-1p have been implicated
in the development and accumulation of MDSCs (1, 73). A
common finding of many reports is that stem cell factor
(SCEF, ckit ligand) expressed by multiple human and murine
tumor cell lines is a critical factor for MDSC accumulation
(74). SiRNA-knockdown of SCF in breast, melanoma and
colon cell lines have resulted in fewer infiltrating MDSC in
tumor-bearing mice compared with mice bearing control
mock-transduced tumors, and T cells recovered from mice
treated with anti c-kit siRNA secreted higher levels of IFN-
gamma and lower levels of the immuno-suppressive
cytokines IL-10 and TGF beta (75). Granulocyte
macrophage—colony-stimulating factor(GMCSF) is
released by macrophages, T and NK cells and has been
shown to elicit powerful immune responses in vivo where it
has been used as a immune adjuvant in various murine
models and in clinical vaccine trials. Several reports have
highlighted a dual role of GM-CSF in MDSC physiology,
as low dose of GM-CSF has different effects compared
with high dose GM-CSF. Low dose GM-CSF has limited
anti tumor efficacy and resulted in significant
immunosuppression mediated by MDCSs (76).

3.4.2. Modulation of VEGF signaling by MDSC

Vascular endothelial growth factor(VEGF)
regulates crosstalk between tumor cells and MDSCs.
Neoangiogenesis is important in the expansion and
mobilization of MDSCs and MDSCs directly promote
tumor angiogenesis and tissue remodeling via production
VEGF, TGF beta and Matrix Metalloproteinase -
(MMP9)(77). A strong correlation between the number of
MDSCs in highly vascular tumors such as breast, bladder
and prostate carcinoma with the expression an array of
angiogenesis modulating enzymes such as MMP-2, -7, -9
and -12 has been shown (78). Transgenic mice expressing
HER-neu develop mammary carcinoma and the progression
of these tumors is correlated with serum levels of VEGF
(79). Increased levels VEGF are correlated with high
numbers of immature dendritic cells in the peripheral blood
of patients with gastric, lung and head and neck carcinoma
(7).

3.4.3. Tumor-directed myeloid differentiation towards
MDSC

Tumor associated cytokines and chemokines may
also drive neutrophil differentiation towards MDSC and
enhance MDSC homing to tumors. In addition of tumor,
TGF-beta, produced by MDSCs in the tumor
microenvironment, drives differentiation of tumor-
associated neutrophils (TANs) toward the N2 pro
tumorigenic phenotype (80). Several other chemo
attractants have also been shown to be involved in the
recruitment of myeloid cells by tumors. MDSCs express
one or more chemokine or growth factor receptors
including CCR2, CXCR4, CXCR2, CD117 and VEGFR1
(81, 82). Among there, CCR2 has been considered as a
marker for MDSCs. Interaction of CCR2 positive MDSC
with CCL2 provides an important signaling pathway for
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MDSC recruitment to the tumor microenvironment (83).
There is also evidence that MDSCs migrate to tumors in
response to cell damage, infection, or inflammatory
mediators belonging to the S100 family of calcium binding
proteins (S100A12, S100A8, and S100A9)(84). These
proteins mediate accumulation of MDSC in the local
inflammatory microenvironment of tumors through
blocking the differentiation of myeloid precursors into
differentiated DC chemoattracttion of MDSCs to tumor
sites (NF-kB-dependent pathway) (1). Thus to overcome
MDSC mediated immune suppression, it is crucial to
identify tumor factors that are relevant across a variety of
tumor models that may represent “drugable” targets for
new pharmaceuticals designed to block for MDSC
differentiation or accumulation in tumor-bearing mice and
humans.

3.5. Perspective

While the focus of the MDSC field has been their
role in the tumor microenvironment, it is becoming
increasingly clear that similar myeloid cells in non-tumor-
bearing animals play a significant role in regulating
immune responses in the bone marrow microenvironment.
It is clear that memory CD8+ T cells, senescent
neutrophils, plasma cells and memory B cells recirculate
from peripheral lymphatic tissues to the bone marrow, but
that immune activation does not normally occur at this site.
The BM has been identified as a reservoir of myeloid cells
and plasma cells and the site for hematopoiesis. However,
considering that natural regulatory cells within the bone
marrow constitute the largest fraction of nucleated cells in
this tissue, it is reasonable to posit that the BM is an
immuno-privileged site that limits the initiation of antigen-
specific immune responses. In this case, natural regulatory
cells act as sensors of T cell activation and cooperate to
inhibit further inflammatory activation pathways that might
reaction interfere with normal hematopoiesis. Considering
that “double-negative” T-cells in the bone marrow also
have unique immuno-suppressive behavior, the presence of
myeloid and lymphoid natural suppressor cells in the bone
marrow may function to limit interactions of B cell with T
cells crucial for germinal center constitution. The emerging
appreciation of the immuno-suppressive role of MDSCs in
non-tumor bearing animals situation will change the dogma
concerning lack of suppressive effect of IMC in the bone
marrow in the future. In addition, understanding the precise
role of MDSCs in the bone marrow microenvironment and
their interaction with resident T cells will be important in
bone marrow transplantation (BMT) and/or BM- related
diseases such as myelodysplastic syndrome (MDS).

4. SUMMARY

Natural suppressor cells were initially
identified as null cells with suppressive activity that were
not affected by monoclonal antibodies to T-cell antigens.
Natural suppressor cells were distinct from NK cells and
lymphoid precursors based on the patterns of cell surface
molecules and their function. The term of MDSCs was
developed to describe a heterogeneous monocytic-
granulocytic population with immuno-suppressive activity
that comprises the majority of cells in human and mouse



Natural suppressor cells

BM. Despite studies spanning two decades, their role of
MDSC in anti-tumor immunity and the mechanisms
involved in activation and accumulation of these cell in
tumor bearing models and in steady state non tumor
bearing animals remains only partially understood. The
evolution of this field will include insights as to how the
regulatory processes employed by MDSC that have been
implicated in control of anti-tumor immunology apply to
normal bone marrow physiology.
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