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T cell responses represents one such strategy. There is an accumulation of immature myeloid cells or MDSCs in
bone marrow (BM) and lymphoid organs under pathological conditions such as cancer. MDSCs represent a pop-
ulation of heterogeneous myeloid cells comprising of macrophages, granulocytes and dendritic cells that are at
early stages of development. Although, the precise signaling pathways and molecular mechanisms that lead to

ﬁﬂgg Sdierived suppressor cells (MDSC) MDSC generation and expansion in cancer remains to be elucidated. It is widely believed that perturbation of sig-
PI3K naling pathways involved during normal hematopoietic and myeloid development under pathological conditions
TGF3 such as tumorogenesis contributes to the development of suppressive myeloid cells. In this review we discuss the
Ras role played by key signaling pathways such as PI3K, Ras, Jak/Stat and TGFb during myeloid development and how
Jak/Stat their deregulation under pathological conditions can lead to the generation of suppressive myeloid cells or
Tumor microenvironment MDSCs. Targeting these pathways should help in elucidating mechanisms that lead to the expansion of MDSCs

in cancer and point to methods for eliminating these cells from the tumor microenvironment.
© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

The link between inflammation and cancer was suggested by
Virchow a century ago. The presence of inflammatory cells in tumor
stroma has been shown to facilitate tumor development, both in exper-
imental models and in the pathogenesis of human cancers. The tumor
stroma is composed of an extracellular matrix and it contains a milieu
of different cell types including fibroblasts, endothelial cells and im-
mune cells. During tumor progression, the tumor stroma may be
altered to promote the growth of cancer cells and facilitate their dissem-
ination [1]. Cytokines and chemokines secreted by cancer cells aid in the
recruitment of immune cells into the tumor microenvironment (TME),
setting up paracrine and autocrine signaling networks which promote
tumor development [2]. The inflammatory cells residing within the
TME promote tumor growth through two opposing mechanisms. The
first type possesses pro-inflammatory functions and promotes tumor
growth by releasing cytokine and chemokines into the extracellular
matrix. The second type suppresses natural activation of immune
cells, which are responsible for the destruction of tumor cells thus
resulting in tumor progression.

MDSCs represent a cell type that can suppress the function of other
immune cells by creating a suppressive environment in the tumor stro-
ma. The interaction of MDSCs with T cells has been studied extensively.
MDSCs can suppress T cell function utilizing a variety of mechanisms.
This involves the generation of reactive oxygen species (ROS), nitric
oxide (NO), arginase and cytokines that can lead to inhibition of signal-
ing pathways in T cells [3].

The role of molecular and signaling pathways that are involved in
the generation of MDSCs from myeloid precursors in disease conditions
and cancer is not completely understood. Therefore, it is important to
investigate the role of signaling pathways that are involved in MDSC
generation, expansion and function. Once the molecular and signaling
pathways involved in regulation of MDSC physiology have been identi-
fied, then therapies aimed at targeting these signaling pathways can
help in eliminating MDSCs from the TME, thereby improving the thera-
peutic index of chemotherapeutic drugs and immune based therapies.

2. Myeloid cells
2.1. Macrophages and granulocytes

Hematopoietic stem cells (HSC) residing in the bone marrow give
rise to two distinct progenitors, the common lymphoid progenitor
(CLP) and the common myeloid progenitor (CMP). These progenitors
lose their self-renewal ability and acquire lineage makers due to the
expression of distinct transcriptional activities [4,5]. Myelopoiesis
accounts for nearly two-thirds of the cells produced by the bone mar-
row [6]. Myeloid precursors can differentiate into macrophages and
granulocytes depending on the presence of growth factors. The chemo-
kine receptor CXCR4 and the growth factor G-CSF plays a key role in the
generation of granulocytes by the bone marrow [7]. Granulocytes circu-
late in blood as dormant cells until they encounter a microorganism
which they destroy via phagocytosis and generation of ROS [8]. Circulat-
ing monocytes emigrate from the bone marrow into the peripheral
blood and give rise to resident tissue macrophages in a variety of tissues.
Pro-inflammatory cues from tissue and tumors help in the recruitment
of these cells which leads to tissue remodeling.

Based on their functional properties, macrophages have been broad-
ly classified into two distinct subtypes, M1 and M2. Classically activated
M1 macrophages possess cytotoxic activity and can destroy tumor cells
and pathogens by generating nitric oxide [9-11]. In contrast, alterna-
tively activated M2 macrophages possess high arginase activity and
are phagocytotic in nature. M2 macrophages frequently are found in
the TME and promote tumor growth and metastasis by secreting a
variety of cytokine and chemokines into the extracellular matrix
(ECM) [12,13]. Although, M1 and M2 populations are derived from a

common progenitor, there is immense interest in elucidating the factors
and genes that are responsible for the differentiation of one cell type to
another. M1 and M2 macrophages possess distinct gene expression pro-
files. The M1 macrophages express iNOS, IL-6 and TNF, whereas the M2
gene signature is characterized by the expression of Arg1, Ym-1, Fizz1
and CCI22 [9,14-16]. A variety of agents can drive differentiation of
macrophages towards M1 or M2 type. LPS and IFNy can polarize macro-
phages to differentiate into the M1 type, while exposure to cytokines
like IL-4 leads to the development of M2 phenotype [17].

2.2. Myeloid derived suppressor cells

MDSCs represent a heterogeneous population of myeloid cells com-
posed of macrophages, granulocytes and dendritic cells that are at early
stages of development. Under physiological conditions they represent
up to 20-30% of BM cells and ~4% of nucleated cells in the spleen [13].
However, under pathological conditions such as infections, stress, and
cancer there is an accumulation of MDSCs in lymphoid organs.

In mice, they are identified by expression of the myeloid markers
Gr-1 and CD11b. Murine MDSCs are divided into two categories,
granulocytic MDSC (G-MDSC) and monocytic MDSC (M-MDSC), based
on their morphology and expression of Ly6G and Ly6C markers.
G-MDSCs morphologically resemble granulocytes and are defined as
CD11b"Ly6G "Ly6C'°", whereas M-MDSCs are similar to monocytes
and are defined by the expression of CD11b*Ly6G~Ly6C"8", Moreover,
G-MDSCs produce ROS to suppress immune cells. In contrast, M-MDSCs
generate NO to inactivate immune response [13].

Similarly, human MDSCs consist of the monocytic and granulocytic
populations. A number of markers have been used to analyze and char-
acterize MDSC populations in patients with cancer (Table 1). The pres-
ence of MDSCs was first reported in the blood of patients with head and
neck cancer and they were identified as Lin~"CD337CD157CD34™" cells
[18,19]. Human MDSCs are now broadly classified as CD33+HLADR'*"/1¢¢,
Monocytic MDSCs express CD14 and granulocytic MDSCs express
CD15[20,21].

MDSCs can be generated from bone marrow derived cells (BMDC)
and peripheral blood monocyte cells (PBMC) using a combination of
different growth factors and cytokines (GM-CSF, IL-6 etc.) in vitro
[22]. Since, there are small numbers of MDSC in normal subjects,
in vitro generated MDSCs could be a valuable tool to compare functional
properties of MDSCs from normal and cancer patients. Moreover, it
would help to elucidate the molecular and signaling pathways involved
in the generation and expansion of MDSCs in cancer.

3. The role of cytokines in MDSC development

Cytokines like M-CSF (CSF-1), G-CSF and GM-CSF that play a pivotal
role during various stages of development of myeloid cells in both
humans and mice can also affect MDSC biology.

3.1. CSF-1

Macrophage colony stimulating factor (M-CSF) or CSF-1, functions
by binding to its cognate CSF-1R receptor [23]. This binding leads to
dimerization and autophosphorylation of receptor tyrosine residues
resulting in the activation of Ras/Raf/Mapk/Erk pathway. This promotes
the growth and differentiation of macrophages both in vitro and in vivo
[24]. Mice lacking the CSF-1 ligand exhibit several abnormalities that re-
sult in growth retardation, low fertility, defects in osteoclast differentia-
tion and reduced numbers of tissue macrophages [25]. Most of these
defects can be restored by administration of CSF-1 or expression of the
transgene in mice [26,27].

High levels of CSF-1 can interfere with proper myeloid development,
resulting in the generation of MDSCs. Further evidence of this relation-
ship comes from studies that show high expression of CSF-1 mRNA
under pathological conditions correlating with expansion of MDSCs
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Table 1
Subsets of MDSCs in human cancers.
Melanoma
Lin~ HLA-DR~ CD33* [19]
CD15" 4R ™ [21]
CD14* IL4Ra™
CD14" HLA-DR /oW [135]
[136]
[137]
CD14* HLA-DR/°" Stat"€" CD80* CD83*  [136]
DC-Sign™
CD14" HLA-DR™/°W [135]
CD11b™ HLA-DR™ Lin~
CD14* HLA-DR™ Lin~ [138]

CD33" HLA-DR™ Lin~
CD15% HLA-DR™ Lin™

Breast cancer

Lin~ HLA-DR™ [19]
Lin~/°% HLA-DR~ CD33" CD11b* [137]
CD15" granulocytes [139]

CD15% FSClow sschieh

Central nervous system cancers

Neuroblastoma CD11b* CD33" HLA-DR™ [140]
Glioblastoma CD14* CD33" HLA-DR /W [141]
CD15% CD33* HLA-DR™
Head and neck squamous cell  Lin~ HLA-DR™ [19]
CD11b* CD14~ CD33* [142]
cD14* [125]
sschieh cpe6b™ [143]
Lung
NSCLC CD11b* CD14~ CD15" CD33* [144]
Lung cancer Lin~ HLA-DR™ [19]
CD11b* CD33* [145]
sschieh cpe6b™ [143]
Gastrointestinal cancers
Hepatocellular carcinoma CD14" HLA-DR~/°% [146]
Gastrointestinal cancer CD15% CD14* CD11b* CD33"
HLA-DR™ [87]
Colon CD15" IL4Ra™
CD14™ IL4Ra* [21]
CD15™ granulocytes
CD15* FSClow sschieh [139]
CD14* HLA-DR /" S100A9+ [147]
Pancreas CD15" granulocytes [139]
CD45*Lin~CD33*CD11b*CD15™ [148]
Renal cancers
CD14% IL-4Ra* [149]

CD15% IL-4Ra*
CD14* HLA-DR/°%
CD11b* CD14~ CD15*

CD15FsClow sschish
Lin~ HLA-DR™ CD33*
Lin~ HLA-DR~ CD33* [150]
[151]
CD33* HLA-DR™ [152]
CD15% CD14~
CD11b* CD14~ CD15* [153]
[154]
[155]
CD14" HLA-DR /W [156]
CD14" HLA-DR~/°W [155]
Genitourinary malignancies
Prostate CD14* HLA-DR~/W [20]
Bladder & uretheral Sschieh cDe6b™ [143]
Ovarian CD11b* CD14* CD15* CD33* [123]

HLA-DR'" CD33* CD80~ CD83~

Abbreviations: SSC: side scatter FSC: forward scatter Lin: lineage DC-Sign: C-type lectin
highly expressed on dendritic cell

[28]. Recruitment of macrophages to the sites of inflammation contrib-
utes to increased levels of CSF-1 that perturbs the normal homeostasis
resulting in an accumulation of MDSCs [29].

Studies using animal models have shown that CSF-1 has therapeutic
potential in the treatment of inflammatory diseases and cancer. Studies
by Hidaka et al. showed that administration of CSF-1 to patients with
ovarian cancer resulted in the improvement of NK and T cell functions
[30]. Similarly, infusion of recombinant CSF-1 in patients with melano-
ma led to an increase in the number of circulating monocytes, suggest-
ing that blocking CSF-1 action could be therapeutically useful [31].

GW?2580 is an antibody that is highly selective to CSF-1R [32]. Irvin
et al. showed that GW2580 was able to suppress the expression of
inflammatory cytokines in macrophages [28]. There is now evidence
to show that MDSCs isolated from tumor bearing mice also express
the CSF-1R receptor in addition to Gr-1[33]. In a recent study, treatment
of mice with GW2580 could inhibit the infiltration of monocytic MDSCs
in lung and prostate tumors. Furthermore, combining it with an anti-
VEGR2 antibody resulted in a significant reduction of tumor growth
and angiogenesis. CSF-1R signaling has been shown to play an impor-
tant role in MDSC migration therefore, targeting this receptor together
with other anti-angiogenic drugs, could be an effective strategy at com-
bating tumor growth [34].

3.2. GM-CSF

Granulocyte macrophage colony stimulating factor (GM-CSF) was
discovered as a growth factor capable of generating macrophages and
granulocytes from bone marrow precursors in vitro. GM-CSF functions
by binding to the high affinity GSF2R receptor, a heterodimer composed
of a unique e and a common 3 chain. Stimulation of the GM-CSF receptor
leads to activation of a number of signals including Jak/Stat, MAPK and
PI3K pathways [35,36].

GM-CSF is required for maturation of alveolar macrophages and
invariant natural killer T cells (iNKT) [37]. In addition, GM-CSF is also
involved in the generation of dendritic cells that accumulate at the
sites of injury [38]. Studies using neutralizing antibodies against GM-
CSF show that endogenous GM-CSF plays a central role in the recruit-
ment of monocytes and granulocytes from the bone marrow to sites
of inflammation [39]. Similarly, studies in murine atherosclerotic
models have shown that GM-CSF is involved in the proliferation and
migration of splenic monocyte precursors that contribute to the expan-
sion of myeloid cells at sites of inflammation [40].

Under steady state conditions, the circulating levels of GM-CSF are
low. But depending on the levels, GM-CSF can possess inhibitory or
stimulatory effects on immune system [41]. At low concentrations,
GM-CSF augments the immune response by enhancing antigen presen-
tation by dendritic cells, whereas at high concentrations, GM-CSF leads
to immune suppression due to the generation of MDSCs [42,43].

Like CSF-1, GM-CSF is linked to tumor progression and metastasis.
The presence of GM-CSF in tumor stroma is associated with develop-
ment of MDSCs. There is a direct correlation between levels of GM-CSF
in patients with head and neck cancers and numbers of circulating
MDSCs [18]. Studies in Kras mouse models of pancreatic cancer have
revealed that GM-CSF secreted by pancreatic ductal epithelial cells facil-
itates the recruitment of MDSCs leading to evasion of antitumor immu-
nity by CD8™ T cells [44].

3.3. G-CSF

Granulocyte colony stimulating factor (G-CSF) is closely related in
structure to GM-CSF that stimulates myeloid development. G-CSF
plays a critical role during neutrophil development and in emergency
granulopoiesis. Mice lacking G-CSF or G-CSF receptor (G-CSFR or
CSF3R), are severely neutropenic and are prone to bacterial infection
[45]. The G-CSFR is mainly expressed by cells of myeloid lineages.
However, some non-hematopoietic cells, such as neuronal cells and
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cardiomyocytes located at the maternal fetal interface, also express this
receptor [46,47]. There are up to six different isoforms of G-CSFR which
are generated due to differential splicing. Overexpression of some of
these isoforms has been reported in certain myeloid leukemias [48,49].

G-CSF is routinely administered to patients with neutropenia to
boost the number of neutrophils. Also, it is used to mobilize HSC
from BM into the periphery for transplantation purposes. In contrast,
exogenous G-CSF can inhibit innate immune responses through the
recruitment of MDSCs. Waight et al. demonstrated a direct correlation
between the level of G-CSF and the number of G-MDSC in tumor bear-
ing mice. They further showed that abrogating G-CSF production
using RNAi resulted in a reduced accumulation of G-MDSC that lead to
an attenuation of tumor growth [50]. A recent study has shown that
administration of G-CSF to mobilize stem cells is accompanied by an
expansion of G-MDSC [51].

The intracellular domain of G-CSFR contains two domains referred
to as box-1 and box-2. This region is critical for the binding of Jak kinases
to the receptor [52]. The ligation of G-CSFR leads to the activation of
numerous signaling pathways including the Jak/Stat pathway [53]. In
myeloid cells, Stat expression leads to the activation of transcription fac-
tors like Myc and C/EBPP that can promote MDSC development [54].
These studies suggest that high levels of G-CSF can hamper the innate
response by promoting the expansion of MDSCs.

The three cytokines M-CSF, GM-CSF and G-CSF are intimately in-
volved with the development of cells of the myeloid lineage. Phosphor-
ylation of tyrosine residues on these receptors leads to the activation of
several downstream signaling pathways. Principles among them are the
Ras/Raf/MAPK, PI3K/Akt and Jak/Stat signaling pathways. These path-
ways are involved in the regulation of a variety of physiological processes
in MDSCs (Fig. 1).

4. Signaling pathways in MDSC function
4.1. Ras signaling

The Ras family consists of low molecular weight proteins with intrin-
sic GTPase activity. In humans, the Ras gene encodes four distinct 21-kDa
proteins: HRas, NRas, Kras4A and Kras4B [55]. The activation state of
Ras is dependent on its association with GTP or GDP; when bound
with GTP, they are active and can interact with other downstream
targets. In contrast, when bound to GDP, they are inactive and fail to
bind to other proteins. Under physiological conditions, these interac-
tions are regulated by guanine nucleotide exchange factor (GEF) and
GTPase activating proteins (GAP). GEF and GAP promote Ras activation
by promoting the exchange of GDP for GTP and hydrolysis of GTP,
respectively [56]. Mutations in Ras genes accounts for ~20% of all

Cytoplasm

|__Expansion, Migration & Activation |

Nucleus

Fig. 1. Signaling pathways involved in the regulation of MDSC function. Cytokines produced by hematopoietic and cancer cells bind to their respective cognate receptors leading to phos-
phorylation of key tyrosine residues leading to the activation of Ras/Mitogen activated protein kinase (Ras/MAPK), Phosphatidylinositol-3-kinase (PI3K), Janus kinase/Signal transducer
activator of transcription (Jak/Stat) and Transforming growth factor 3 (TGF{3) pathways. This subsequently results in the activation of transcription factors (TF). The TF's then bind to their
putative sites on gene promoters leading to the activation of genes involved in proliferation, survival and migration of MDSCs. Transcription factor (TF), Stat binding sites (SBS), Smad
binding elements (SBE). Macrophage colony stimulating factor (M-CSF), Granulocyte colony stimulating factor (G-CSF), Granulocyte macrophage colony stimulating factor (GM-CSF),
Colony stimulating factor 1 receptor (CSF-1R), Granulocyte macrophage colony stimulating factor receptor (GM-CSFR), Granulocyte colony stimulating factor receptor (G-CSFR),
Serine/threonine specific kinase (Akt), Suppressor of cytokine signaling (SOCS), Protein inhibitor of activated Stat (PIAS), Protein tyrosine phosphatase (PTP), Extracellular signal regulated
kinase (ERK), Receptor regulated Smad (R-SMAD), Mammalian target of rapamycin (mTOR), Phosphatase with tensin homology (PTEN), Tuberous sclerosis complex (TSC), Ras homolog
enriched in brain (Rheb), 4E binding protein-1 (4EBP1), Interleukin-6 (IL-6), Prostaglandin E2 (PGE2), Lipopolysaccharide (LPS), Interleukin-1 beta (IL-1b), Glycoprotein 130 (Gp130).
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mutations found in human cancers [57]. These mutations in cancer cells
promote cell proliferation, survival and migration thus enabling tumors
to acquire a malignant phenotype.

Ras signaling also plays an important role during myeloid devel-
opment. Transgenic mice overexpressing mutant Ras protein show
alterations in macrophage proliferation and differentiation in response
to growth factor stimulation. Similarly, hematopoietic cell lines can un-
dergo differentiation into myeloid cells following overexpression of
activated Ras [58]. Enhanced Ras signaling promotes granulopoiesis by
increasing the binding of C/EBP« to the G-CSF receptor via phosphory-
lation of C/EBP« at serine 248 [59].

Ras can also promote tumor growth by altering the tumor micro-
environment through cell autonomous and non-cell autonomous
mechanisms. Oncogenic Ras promotes tumor angiogenesis through
the activation of numerous signaling pathways that eventually lead to
upregulation of pro-angiogenic factors like VEGF [60]. Evasion from
the host antitumor response is another mechanism through which can-
cer cells can grow. Oncogenic Ras promotes tumor evasion by decreas-
ing the expression of MHC molecules on the surface of cancer cells,
which leads to reduced immunogenicity of Ras transformed cells [61,
62]. Studies using Ras driven tumor models have shown that these tu-
mors can evade immune surveillance from the host. In a mouse model
of pancreatic cancer, overexpression of constitutively active Kras result-
ed in the induction of cytokines like MIP-2 and MCP-1. This promoted
the recruitment of macrophages and MDSCs into the tumor stroma
resulting in a suppression of the anti-tumor response [63]. Similarly, in
a Kras driven model of lung cancer, the immune response was signifi-
cantly attenuated due to the presence of immunosuppressive cells or
MDSCs in the tumor stroma [64].

Thus, overexpression of oncogenic Ras by cancer cells can help in the
recruitment of MDSC into the TME, this could be an additional mecha-
nism through which Ras can promote tumor growth.

4.2. PI3K signaling

PI3K catalyzes phosphorylation of the 3’0OH on phosphotidylinositol
in the plasma membrane. PI3K/Akt signaling affects cell growth, survival,
migration, and cellular metabolism. Various signaling proteins including
serine, threonine kinase, and G-binding protein have domains that spe-
cifically bind to phosphorylated phosphoinositols. In resting cells, these
proteins are localized in cytoplasm but translocate to the plasma mem-
brane in response to lipid phosphorylation. These activated proteins
can initiate a variety of cellular processes, such as actin polymerization
and assembly of signaling complexes [65].

Based on substrate specificities, PI3K has been divided into three
families: classes I, II and III. Class I consists of two subclasses, class i
and class g PI3K. Class II PI3K consists of a single p110 subunit [66].
Class III PI3K consists of a single family member, VSp34. Vsp34 has
been reported to be involved in autophagy and mTOR regulation [67].
Distinct members of PI3K are activated in the immune system based
on cell type. Class 14 PI3K can be activated by cytokines like IL-2, IL-6,
IL-7, GM-CSF and interferons in dendritic and T cells. Cytokine receptors
such as CSF-1R, expressed by macrophages and c-Kit receptors on mast
cells, can regulate the expression of class 5 PI3K [68]

Selective disruption of various PI3K isoforms has revealed that these
enzymes are involved in chemotaxis and phagocytosis of leukocytes,
including macrophages and neutrophils, in vivo. Leukocytes can phago-
cytize antibody coated cells via their FcR receptors. Class |4 PI3K enzymes
regulate phagocytosis by controlling the production of digestive enzymes
and ROS. Class I1I PI3K isoforms are involved in targeting the phagosome
to the membrane [69]. Yoo et al. studied amoeboid like migration in
neutrophils and dendritic cells using zebrafish embryos. This process
involved coordinated protrusion and retraction of cells, which is observed
during the migration of cells in response to chemoattractants. The cells
lacking PI3K7y isoform could not migrate and exhibited impaired polar-
ization [70]

—/—m;

Generation of p110y ice further helped in elucidating the func-
tion of P13K in neutrophils. Mice lacking the PI3K<y isoform were viable
and had normal levels of macrophages and neutrophils in blood and
other hematopoietic tissues. However, neutrophils isolated from the
PI3K+y deficient mice failed to activate protein kinase B and exhibited
severe defects in migration and oxidative burst. Moreover, peritoneal
macrophages isolated from these mice exhibited reduced migration in
a mouse model of peritonitis [71]. Besides migration, PI3Kv is also
involved in the regulation of intrinsic pathways that control apoptosis
in neutrophils. No PI3K activity could be detected from macrophages
isolated from p110y ™/~ after stimulation by a GPCR agonist. Moreover,
the p1107y deficient neutrophils had high rates of apoptosis under
steady state conditions and after LPS treatment. These neutrophils had
low levels of Akt and other pro-apoptotic proteins like Bcl2, suggesting
a role for p1107y in neutrophil survival in vivo [72,73].

Given that PI3k is involved in regulating physiological functions in
neutrophils, this would suggest that the PI3k pathway could modulate
MDSC function. A study by Enioutina et al. has suggested involvement
of PI3K in the regulation of MDSC function in aging mice. They observed
an accumulation of MDSCs in the BM and secondary lymphoid organs of
aging mice. The molecular basis of this phenomenon was linked to a
defect in the PI3K/AKT signaling pathway in MDSCs, which compro-
mised the normal immune functions in aging mice and contributed to
immune senescence [74].

In addition to PI3K, the SH2 domain containing-5-inositol phospha-
tase (SHIP) and phosphatase and tensin homolog (PTEN) that are in-
volved in the regulation of phosphoinoside metabolism in immune
cells. SHIP and PTEN are negative regulators of the PI3K signaling path-
way [75]. To ensure PI3K is appropriately suppressed, SHIP suppresses
proliferation and survival of cells by translocating to the cell membrane
following extracellular stimulation, resulting in the hydrolysis of PIP;
into PI3,4-P, [76]. SHIP null mice have higher number of macrophages
and monocytes due to the increased survival and proliferation of mye-
loid progenitors. Interestingly, peritoneal and alveolar macrophages
from SHIP~/~ mice have reduced NO production due to high arginase
[ activity, which competes with iNOS for the arginine substrate [77].
Furthermore, SHIP~/~ mice show polarization of macrophages from M1
populations towards M2 populations. Studies from the Kyrstal group
have demonstrated that macrophages from SHIP™/~ mice are
polarized towards an M2 phenotype due to high levels of PIP3 [78].

SHIP functions as a tumor suppressor in hematological malignancies
in humans and its deficiency is associated with myeloproliferative
diseases in mice. Cancer cells secrete factors that can downregulate
SHIP expression, thereby contributing to the expansion of MDSCs.
Moreover, there is an increase in the number of MDSCs in SHIP™/~
tumor mice. Therefore, strategies aimed at increasing SHIP activity
could be beneficial in the treatment of cancer, as this would mitigate
the immunosupressive affects of MDSCs [79].

Mammalian target of rapamycin or mTOR is another component of
the PI3k/Akt pathway which is primarily involved in cell proliferation
and nutrient sensing. Phosphorylation of S6k and 4EBP1 proteins by
mTOR results in increased mRNA and protein synthesis, stimulating
cell growth and proliferation [80]. There is evidence to suggest that
the mTOR pathway regulates inflammatory responses by affecting
NFkB and Stat3 activity in myeloid cells [81]. Recently, it has been
shown that mTOR pathway is also involved in the differentiation of
monocytes into TAM [82]. The ability of mTOR to affect myelopoiesis
suggests that this pathway could be involved MDSC generation.

The role of PI3K signaling in the regulation of the physiological pro-
cesses of macrophages and neutrophils is well established. Moreover,
the PI3K pathway can control the expression of transcription factors
and genes that are involved in proliferation and survival of MDSC's.
Based on the results from the above studies suggests, that PI3K could
play a central role in regulation of in MDSC biology and strategies
aimed at targeting the PI3K pathway could be an effective way of elim-
inating MDSCs in cancers.
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4.3. JAK/STAT pathway

Inflammation plays a critical role during various stages of tumor
progression. The Janus kinase/Signal transducer and activator of tran-
scription (Jak/Stat) pathway have a central role in mediating inflamma-
tory response. The mammalian Jak family consists of four members:
Jak1,Jak2, Jak3 and tyrosine kinase2 (Tyk2). The Stat family is composed
of seven family members: Stat1, Stat2, Stat3, Stat4, Stat5a, Stat5b and
Stat6 [83]. Gene knockout studies have helped elucidate various com-
ponents of this pathway, which was originally discovered as part of
the IFN signaling system [84]. It was shown that Jak could be activated
by IFNat/p and vy, and that Stat served as substrate for these kinases.
Binding of cytokine to its receptor leads to receptor dimerization, and
subsequent activation of Jak. Specific tyrosine residues on receptors
are phosphorylated by Jak, and these receptors then serve as docking
sites for the Stat family of transcriptional factors. Once phosphorylated
by Jak, Stat translocates to the nucleus and activates genes by binding
to putative sites on their promoters. Hamilton and colleagues showed
that Jak phosphorylation and Stat activation occurs in macrophages
following CSF-1 stimulation and that this effect was abrogated when a
key tyrosine residue on the CSF-1R receptor was mutated [85,86].

Studies from our group have shown that MDSCs can interfere with
host immune responses in tumors by inhibiting immune cell responsive-
ness to IFNs. Patients with advanced cancers also exhibit reduced activa-
tion of IFN signaling pathways. In fact, the cytokine profile of GI cancer
patients was associated with unique subsets of MDSC populations that
impacted their cellular response to clinically relevant cytokines. We
also observed an inverse correlation between the percentage of CD15"
MDSCs and levels of STAT1 phosphorylation in CD4* T cells. Further-
more, co-culture of in vitro generated MDSCs with CD4™ T cells isolated
from normal donors also led to a reduced IFN-responsiveness [87].

Similarly, our studies in mice have demonstrated that nitric oxide
generated by MDSCs can lead to nitration of tyrosine residues, thereby
impairing the ability of immune effector cells to release stimulatory sig-
nals. Using a mouse model of murine adenocarcinoma, an expansion of
splenic Gr1*CD11b* MDSCs was observed. Splenocytes isolated from
these mice exhibited reduced phosphorylation of Stat1 in response to
[FN-y stimulation. Treatment of mice with gemcitabine, which leads
to depletion of MDSCs, could restore IFN responsiveness. Furthermore,
splenocytes isolated from iNOS™~ tumor bearing mice exhibited a sig-
nificantly elevated IFN-response compared to the control mice. We
demonstrated that MDSCs produce a variety of chemical compounds
that can suppress immune response by interfering with interferon sig-
naling in immune cells [88].

Although, Stat molecules can be activated by a variety of cytokines,
they nevertheless possess cytokine specificity. For example, Stat1 is
activated by IFNa/p, and Stat6 is activated by IL-4 and IL-13. Stat
proteins play a central role during tumor initiation, and later during
maintenance. Stat3, together with NFkB, is activated in cancers that
facilitate in transducing signals from extracellular stimuli. Stats function
as transcriptional activators of genes involved in cell proliferation, sur-
vival, angiogenesis, and migration. Stat3 plays an important role in the
development of pancreatic ductal carcinoma (PDAC), and ablation of
Stat3 could reduce the incidence of pancreatic intraepithelial neoplasia
(PIN) formation in mice [89,90]. Studies by Lesina et al. demonstrate
that TAMs are major source of Stat3 activating cytokines during PDAC
development [44]. Therefore, drugs that target Stat3, such as activating
kinases like Jak2 or proinflammatory cytokines (IL-6), could have ther-
apeutic potential. The role of Stat3 in the regulation of MDSC function is
further supported by studies in head and neck cancer patients which
show that Stat3 can control MDSC suppressive functions by regulating
arginase 1 activity [91].

Activation of Stat3 in immune cells enables antitumor responses and
promotes development and recruitment of TAMs and MDSCs. A number
of studies have shown the role of Stat3 in expansion of MDSCs in
mice. MDSCs isolated from tumor bearing mice showed high levels of

activated Stat3, which led to an increase in the levels of the proangiogenic
factor VEGF. Conversely, inhibition of Stat3 resulted in a reduction of
tumor angiogenesis [92,93]. In another study, inhibition of Stat3 by
sutinib, a tyrosine kinase inhibitor, blocked expansion of MDSCs in
tumor bearing mice [94]. Activation of Stat3 by API6 overexpression in
myeloid cells leads to an expansion of MDSCs, resulting in inflammation
and a higher incidence of adenocarcinomas in the lung. Similarly, over-
expression of the constitutively active form of Stat3 in lung alveolar
cells significantly enhances levels of MDSCs in the lungs, due to an in-
creased level of MDSC-inducing cytokines like IL-6 and IL-1f3. These
studies suggest that persistent Stat3 activation promotes inflammation
and tumor growth by promoting MDSC expansion [95].

Activation of Stat3 can also affect a number of downstream targets
which include the proinflammatory proteins SI00A8 and S100A9 [96].
Overexpression of S100A9 inhibits the differentiation of dendritic cells
and macrophages, and promotes MDSC formation. In contrast, inhibi-
tion of ST00A9 results in the reduction of MDSCs in the spleens of
tumor bearing mice. Although, the precise mechanism of this phenom-
enon remains to be determined, it is postulated that the S100A8 and
S100A9 heterodimers assist in the formation of NADPH oxidase com-
plex. This complex is responsible for the generation of ROS in myeloid
cells, which can interfere with the differentiation of myeloid cells [97].

Stat3 also interacts with transcriptional factors like C/EBPR that have
a central role during myeloid development. Stat3 deficiency makes my-
eloid progenitors refractory to growth stimulation by G-CSF. Further-
more, Stat3 regulates Myc expression by increasing the duration of
occupancy of C/EBPB on the Myc promoter [54]. Recently, it has been
shown that MDSCs isolated from cancer patients treated with amiloride,
which inhibits exosome formation, had reduced suppressive functions
[98,99].

A recent study by the Abrams lab has helped in elucidating the role
of IRF8 (interferon regulatory factor 8), a transcriptional factor that
acts downstream of Stat 3 in the regulation of MDSC development.
They demonstrated that overexpression of IRF8 in mice lead to a reduc-
tion in the number of tumor MDSC. In addition, they observed a reduction
in the expression of IRF8 with a concomitant increase in the number of
MDSC in breast cancer patients, suggesting that IFR8 is a negative regu-
lator of MDSCs [100].

Other Stat family members are also involved in the generation and
development of MDSCs. Stat1 is involved in the activation of [FNy and
IL-1p3. Stat1 deficient MDSCs fail to inhibit T cell activation due to their
inability to upregulate iNOS and arginase activities. Binding of IL-4 and
IL-13 to the CD124 receptor results in the activation of Stat6 in MDSCs
which leads to the activation of TGF3 and arginase expression in these
cells [101,102].

There is experimental evidence that suggests a type 1 immune
response is involved in tumor rejection [103]. Deletion of Stat6 in
mice leads to a generation of a potent type 1 immune response that
leads to tumor rejection. One of the underlying mechanisms for this
rejection is the presence of reactive T cells that can recognize the Stat6
peptide presented by tumor cells. However, this study could not explic-
itly state whether the rejection of tumors was because of the presence of
reactive T cells or due to polarization towards type-1 phenotype [104].
Studies from the Rosenberg laboratory further elucidated the mecha-
nism through which Stat6 suppresses tumor growth. They demonstrated
that removal of mammary tumors from Stat6 '~ mice reduced the num-
ber of MDSCs resulting in a higher T cell response resulting in an attenu-
ation of tumor growth. Moreover, the Stat6~/~ tumor mice had higher
numbers of nitric oxide producing M1 macrophages that slowed tumor
growth [101].

The suppressor of cytokine signaling (SOCS) is a negative regulator of
the Jak/Stat pathway [105]. Socs is also a major regulator of various cyto-
kine mediated signaling pathways in macrophages and is a negative reg-
ulator of IL-6 signaling in macrophages. Macrophages isolated from Socs3
deficient mice showed prolonged activation of Stat1 and Stat3 after
IL-6 stimulation. In contrast, Stat activation was normal in Socs3™/~
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macrophages following IL-6 stimulation [106]. Together, these studies
highlight the role of Stat3 and related family members in the regulation
of immunosuppressive properties of MDSC.

4.4. TGFB pathway

TGFp is a pleiotropic cytokine that affects cell proliferation, survival
and migration. It also promotes the differentiation of various cell
types, including immune cells during development and in disease con-
ditions. TGF3 can function both as a positive or negative regulator of
transcription depending on the target genes and the cellular context.
TGFP belongs to TGF(3 super family. Mammals express three TGF( iso-
forms: TGF31, TGF32 and TGF33, which are encoded by three different
genes [107]. Proteolytic cleavage and/or interaction with integrins lead
to the formation of latent TGF3 which then binds to its receptor. TGF3
activation leads to the assembly of a hetrotrimeric receptor complex,
consisting of one type I and two type II receptors. In this complex, the
type Il receptor phosphorylates type I components, which helps propa-
gate the signals. Upon phosphorylation by the receptor, R-Smads together
with other Smad co-regulators like Smad4, translocate to the nucleus to
activate transcription factors.

The generation of TGF31~/~ mice helped establish the role of this
growth factor during inflammation and in autoimmune diseases. TGF33
is a potent regulator of the inflammatory response which operates by
affecting the activity of cells of the innate and adaptive immune system.
The TGFp receptor is expressed by most immune cells including T cells,
NK cells and myeloid cells [108]. Early studies by Keller et al. showed
that TGFB can act as a bifunctional growth regulator of hematopoietic
cells. It can inhibit the growth of hematopoietic progenitor cells. TGF3
functions as a chemoattractant, facilitating the recruitment of macro-
phages to the site of inflammation. It also promotes polarization of
macrophages from M1 towards the M2 phenotype. Treatment of macro-
phages with TGF( can inhibit the expression of several inflammatory
cytokines, as well as production of ROS in LPS activated macrophages
in vitro [109]. Furthermore, TGFR impairs the ability of macrophages
to produce IL-12 and inhibits the expression of co-stimulatory molecule
CDA40, which leads to the inhibition of the antigen presentation capacity
of macrophages [110].

The cells of the innate immune system are the principle source of
TGF3 in tumors. TGFp can attenuate NK cytolytic activity by inhibiting
the production of IFN<y through transcriptional regulation of Smad3.
Downregulation of NK2GD expression was observed in cancer patients
with elevated levels of TGF3 [111]. An inverse correlation between
MDSC number and loss of NK cytotoxic activity was observed in the
livers of tumor bearing mice. NK2GD expression and IFNvy levels were
also significantly reduced after incubation of NK cells with MDSCs.
Membrane bound TGF31 on the surface of MDSC was critical in mediat-
ing this suppression [112]. Studies by Young et al. demonstrated that
immature myeloid cells (iMC) derived from tumor bearing mice pro-
duce TGFR. The TGF together with NO produced by iMC, could inhibit
T cell proliferation in vitro [113]. Blocking TGFp or depleting MDSCs
prevented tumor recurrence, demonstrating that IL-13 and CD4* CDid
restricted cells are required for the generation of TGFR by MDSCs
in vivo [114]. Studies by Yang et al. helped to consolidate the role of
TGHp signaling in MDSC and its role in tumor progression. Ablation of
type Il TGFP receptors in mammary cancer cells increased infiltration
of MDSCs, promoting tumor growth and metastasis. They further dem-
onstrated that MDSCs were a major source of TGF and metalloprotein-
ases in the tumors that enhanced the invasive properties of cancer cells
[115].

In addition, TGFP can regulate MDSC function indirectly by altering
microRNA (miR) expression. Analysis of MDSCs isolated from tumor
bearing mice has revealed that TGF31 can regulate MDSC proliferation
by inducing miR494 expression. Deletion of miR494 in MDSCs resulted
in an attenuation of tumor growth and metastasis [116].

Tumor exosomes are small micro-vesicles secreted by cells, includ-
ing tumor cells. They appear to be involved in cell communication and
the transport of bioactive molecules. Exosomes are packed with a vari-
ety of immune-suppressive molecules like TGF3 and PGE2, which can
inhibit immune responses by acting on various signaling pathways.
MDSC tumor promoting properties were dependent on the presence of
these molecules in tumor exosomes. Therefore, blocking exosomal TGF3
and PGE2 could reduce MDSC induction, delaying tumor growth [117].

MDSCs together with Tregs are the major suppressor cells in the
tumor stroma that contribute to the suppression antitumor responses
in cancer. Recent studies have helped elucidate the cross talk between
these two immune suppressive cells. G-MDSCs isolated from tumor bear-
ing mice were capable of inhibiting TGF31 induced polarization of naive
T cells into Tregs demonstrating that G-MDSC plays an important role in
the generation and expansion of Treg during tumor development [118].

4.5. PGE2 and Cox2 pathways

PGE2 is one of the best-characterized and studied isoforms of eicos-
anoids: it possesses both proinflammatory and immunosuppressive
properties. This eicosanoid is synthesized by Cox2, which converts ara-
chidonic acid into prostaglandin H2 (PGH2) and prostaglandin synthase
1 (PGES1), which isomerizes PGH2 to PGE2. PGE2 signals through the
PGE2 receptor E-prostanoid (EP) 4 was found to induce arginase 1 in
MDSC [119,120]. EP receptor agonists, including PGE2, induced the
generation of MDSC from bone marrow stem cells, whereas receptor an-
tagonists blocked differentiation. Kusmartsev et al. showed that tumor
derived factors could induce the expression of Cox2 and PGES1 in BM-
derived MDSC. Moreover, this secretion correlated with arginase overex-
pression and phosphorylation of Stat proteins in the MDSC a phenotype
typically associated with MDSC suppressive activity. Cox2 inhibition
resulted in the reversal of immune suppression and partially restores
the differentiation of BM cells into myeloid DCs [121]

Furthermore, in vivo administration of the Cox2 inhibitor could sig-
nificantly reduce MDSC accumulation in the Fas-over-expressing mu-
rine tumors [120]. BALB/c Ptger2 (EP2) knockout mice inoculated with
4 T1 mammary carcinoma cells had delayed tumor growth and reduced
numbers of MDSC, suggesting that PGE2 partially mediates MDSC induc-
tion through the EP2 receptor. Similarly, treatment of 4 T1 tumor-bearing
mice with the Cox2 inhibitor SC58236 delayed tumor growth and
reduced MDSC accumulation [122].

The Cxcl12-Cxcr4 axis has been shown to play a central role during
tumor progression. Studies from the Kalinski lab have shown that inhi-
bition of the Cox2 and PGE2 receptors EP2/EP4 on MDSC suppressed the
expression of CxCr4 and resulted in reduced migration of MDSC in
response to Cxcl12 in ovarian cancer. These results demonstrate the
role of this signaling pathway in the regulation of MDSC function [123].

Tumor angiogenesis has been shown to correlate with the
intratumoral concentration of prostaglandin. PGE2 can affect VEGF
mobilization and the incorporation of fibroblast and endothelial cells
into a tumor vessel through the binding of EP-2 receptors [124,125].
MDSCs can regulate VEGF bioavailability though MMP9 expression
and promote tumor angiogenesis. Together, these studies suggest that
Cox2 and PGE2 represent key signaling pathways that are involved in
the regulating of both MDSC function and differentiation.

4.6. IL-1B pathway

Tumor-derived IL-1(3 secreted into the tumor microenvironment has
been shown to induce the accumulation of MDSC that promotes tumor
growth. Elkabets et al. found that the enhanced suppressive potential of
IL-1p-induced MDSC was due to the activity of a novel subset of MDSC
lacking Ly6C expression. This subset was present at low frequency in
tumor-bearing mice in the absence of IL-1p-induced inflammation.
However, under inflammatory conditions Ly6C"*® MDSC were predom-
inant population and were able to impair NK cell development and
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Fig. 2. Role of signaling pathways involved in generation, expansion and functional regulation of MDSCs in cancer. Cytokines like macrophage colony stimulating factors (M-CSF) and gran-
ulocyte macrophage colony stimulation factor (GM-CSF) are involved during normal myeloid development from hematopoietic stem cells (HSC). Increased production of these cytokines
during tumorogenesis interferes with normal myeloid development resulting in the generation of immature myeloid cells (iMC). These iMC generally differentiate into macrophages and
granulocytes. However, in the presence of factors like IL-6 and IL-1(3, iMC differentiate into myeloid derived suppressor cells (MDSCs). Furthermore, cancer cells secrete factors like PGE2
and Cxcl12 that help in the recruitment of MDSC to the TME. Finally, the activation of downstream PI3K/Akt and Jak/Stat signaling pathways regulate the expression of genes like iNOS,

IL-10 and arginase that are involved in mediating the immune suppressive function of MDSCs.

functions [126]. Similarly, IL-1R-deficient mice exhibit a delayed accu-
mulation of MDSCs, which can be partially restored by IL-6, indicating
that IL-6 is a downstream mediator of the IL-1R-induced expansion of
MDSCs [127].

IL-1beta transgenic mice develop gastric dysplasia that is accompa-
nied by a marked increase in MDSCs in the stomach. IL-1 stimulation
of MDSCs led to increased NF-kB activity both in vitro and in vivo. Tu
et al. further showed using an IL-13;NF-kBEf” mouse model that over-
expression of IL-1R directly activated NF-«B in immune cells including
MDSCs. Thereby linking IL-1p directly to NF-kB activation in MDSCs
and to the downstream targets IL-6 and TNF-o. Suggesting that IL-1p
activates MDSCs through IL-1RI/NF-kappaB signaling pathway and
that antagonism of IL-1 receptor signaling can inhibit the development
of gastric pre-neoplasia [128].

5. Conclusions

There is immense interest in elucidating the role of signaling path-
ways that are involved in the regulation of MDSC function. Most signal-
ing pathways function by activating transcription factors and genes that
are involved in cell proliferation, survival, and differentiation. Therefore,
it is imperative to examine the role of cell cycle regulators during MDSC
development and function. Our recent studies show that besides regu-
lating cell proliferation in vitro, cell cycle regulators also play an essential
role in the development of myeloid cells in vivo [129,130]. Further
evidence in support of this hypothesis has been demonstrated by the
analysis of gene expression arrays from tumor MDSC that showed a sig-
nificant alteration in expression of genes involved in cell cycle control.

These findings are further corroborated by recent findings from the
Gabrilvoich lab that showed epigenetic silencing of Rb promotes the
generation of G-MDSC from monocytes in cancer [131,132]. This high-
lights the engagement of cell cycle genes in regulation of MDSC biology
and myeloid development in vivo [129,133,134]. Therefore, strategies
aimed at targeting signaling pathways should help in eliminating
MDSCs from the tumor microenvironment, increasing the therapeutic
potential of drugs and render immunotherapies more effective.

6. Summary
Myeloid cells, including MDSCs and TAMs, form a significant compo-

nent of the tumor stroma. They promote tumor growth and metastasis
through opposing mechanisms. TAMs secrete cytokines and proteases

that facilitate tumor growth and angiogenesis. In contrast, MDSCs
promote tumor growth by suppressing the function of immune cells. It
is widely believed that perturbation of signaling pathways that are
required for myeloid development leads to the generation of MDSC.

Ras/MAPK, PI3K/AKkt, Jak/Stat, TGFb signaling pathways together
with the cytokines M-CSF, GM-CSF and G-CSF are involved in the regu-
lation of various aspects of MDSC biology (Fig. 2). The increased produc-
tion of these cytokine during tumorogenesis can interfere with normal
myeloid development in the bone marrow that leads to the generation
and development of immature myeloid cells. Furthermore, cancer cells
secrete factors like PGE2 and Cxcl12 that help in the recruitment of
MDSC to the TME. Finally, the activation of downstream PI3K/Akt and
Jak/Stat signaling pathways regulate the expression of genes like iNOS,
IL-10 and arginase that are involved in mediating the immune suppres-
sive function of MDSCs.
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