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Cancer development is dependent on intrinsic cellular changes as well as inflammatory 
factors in the tumor macro and microenvironment. The inflammatory milieu nourishes the 
tumor and contributes to cancer progression. Numerous studies, including ours, have 
demonstrated that the tumor microenvironment is immunosuppressive, impairing the 
anticancer immune responses. Chronic inflammation was identified as the key process 
responsible for this immunosuppression via induction of immature myeloid-derived 
suppressor cells (MDSCs). Upon a prolonged immune response, MDSCs are polarized 
toward immunosuppressive cells meant to control the exacerbated immune response. 
In cancer, the chronic inflammatory response renders the MDSCs harmful. Polarized 
MDSCs suppress T-cells and natural killer cells, as well as antigen-presenting cells, 
abrogating the beneficial immune response. These changes in the immunological milieu 
could also lead to high frequency of mutations, enhanced cancer cell stemness, and 
angiogenesis, directly supporting tumor initiation, growth, and spreading. The presence 
of MDSCs in cancer poses a serious obstacle in a variety of immune-based therapies, 
which rely on the stimulation of antitumor immune responses. Cumulative data, including 
our own, suggest that the selection of an appropriate and effective anticancer ther-
apy must take into consideration the host’s immune status as well as tumor-related 
parameters. Merging biomarkers for immune monitoring into the traditional patient’s 
categorization and follow-up can provide new predictive and diagnostic tools to the 
clinical practice. Chronic inflammation and MDSCs could serve as novel targets for ther-
apeutic interventions, which can be combined with conventional cancer treatments such 
as chemotherapy, radiotherapy, and cancer cell-targeted and immune-based therapies. 
Intervention in environmental and tumor-specific inflammatory mechanisms will allow 
better clinical management of cancer toward more efficient treatment.
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iNTRODUCTiON

While some cancers are triggered by intrinsic cellular changes 
such as germ-line mutations, the majority of tumors are caused 
by acquired somatic mutations due to alterations in homeostatic 
environmental factors. In many cases, tumor development is 
associated with nutritional and environmental factors, generated 
by chronically occurring pathologies such as infections, autoim-
mune disorders, metabolic diseases, and more. The common 
denominator of these processes is chronic inflammation, which is 
an abnormal and sustained form of a protective response. It starts 
as an acute inflammation; a beneficial response resolving insults 
such as newly encountered pathogens or transformed cells. 
However, when the stimuli that induce the immune response 
could not be cleared, a continued inflammatory response evolves. 
The prolonged response leads to loss of tissue homeostasis, result-
ing in a condition similar to unhealed wounds (1). This type of 
dysregulated responses occur at higher rates in cases of cancer, 
where transformed cells in conjunction with proinflammatory 
cells and factors result in tumor development and progression (2). 
On the one hand, growing tumors intensify the proinflammatory 
conditions that directly nourish their own growth and spreading. 
On the other hand, the prolonged response also creates an immu-
nosuppressive environment by recruiting an array of suppressor 
cells and factors that enable escape of the tumor from immune 
surveillance (3).

In this review, we highlight the regulatory checkpoints con-
trolled by immunosuppressive cells and factors in the tumor 
micro and macro environments, focusing on MDSCs: immuno-
suppressive cells which play a critical role in maintaining normal 
homeostasis and when polarized under chronic inflammatory 
conditions could skew the environment toward supporting tumor 
development and spreading.

iMMUNe SYSTeM HOMeOSTASiS

Immune homeostasis is the body’s tightly regulated network of 
physiological checkpoints and balances that enables controlled 
defensive responses against pathogens or altered self-cells. In 
healthy individuals, an immune challenge by foreign or self-
created insults initiates a cascade of appropriate responses that 
restore the tissue to its steady state. Homeostasis is transiently 
imbalanced when an acute inflammatory response is initi-
ated to counteract a danger signal. In this regard, the acute 
inflammation is beneficial, as innate and adaptive immune 
cells are recruited and activated as long as the insult exists. 
Once the insult has been removed, the response is resolved 
and homeostasis is reconstituted, while enriching the host 
with a reservoir of memory and regulatory cells. These 
immune response cycles depend on a subtle balance between 
the effector and regulatory arms of the immune system and 
their capacity to clear the initial stimulus. The intricate cross 
talk between immune cells and soluble factors (cytokines and 
chemokines) ensues execution of pro- and anti-inflammatory 
responses at the appropriate time and location, thus preventing 
excessive and harmful immune activation. When the immune 
homeostasis is continuously disrupted, the host’s immune 

response can become hypo- or hyperactive. A compromised 
immune response poses severe immune deficiency-based 
complications, such as opportunistic infections and cancer. In 
contrast, autoimmune disorders are on the overactive side of 
the homeostatic spectrum. Thus, the maintenance of fine-tuned 
regulatory and effector immune functions is at the forefront of 
a balanced immune homeostasis.

Since excessive immune responses can be deleterious, 
regulatory mechanisms have evolved to suppress and resolve 
immune responses. There are several immunosuppres-
sive cell populations, which regulate immune homeostasis 
by restraining aberrant or excessive immune responses. 
CD4+CD25highFoxp3+ regulatory T cells (Tregs) are essential 
for the maintenance of immune homeostasis, as their dysfunc-
tion leads to the appearance of widespread, fatal, immune-
mediated diseases (4). Regulatory dendritic cells (rDCs) have 
the ability to regulate or inhibit T-cell activation and induce/
promote Treg development and expansion (5, 6). Immature 
DCs induce tolerance due to inefficient antigen presentation 
and lack of costimulatory molecules (5, 7, 8). M2 macrophages 
play a role in wound healing by producing growth and angio-
genic factors. However, they also have immunoregulatory 
activities as they produce regulatory cytokines (TNF-α, IL-1, 
IL-6, IL-10, and TGF-β) and overexpress arginase-1 (ARG-1) 
(9–12).

Cumulative evidence indicates that the most “powerful players” 
in turning off the immune response are immature myeloid cells 
(IMCs), also termed non-polarized or “resting” myeloid-derived 
suppressor cells (MDSCs). These cells were demonstrated to be 
tolerogenic and capable of suppressing immune system activi-
ties. In healthy individuals, these immature myeloid progenitors 
are retained in the bone marrow (BM) where they maintain a 
suppressive environment (13), most likely for preserving BM 
homeostatic niches. MDSCs display the capacity to migrate 
to the periphery and differentiate into mature macrophages, 
DCs, and neutrophils while losing their suppressive phenotype. 
Mouse MDSCs are characterized by CD11b+Gr1+ and can be 
subdivided into monocytic (CD11b+Ly6G-Ly6Chigh), which lack 
DC and macrophage markers (CD11c−, F4/80−, respectively) 
(14) and granulocytic (CD11b+Ly6G+Ly6Clow) cells. The identity 
of human MDSCs is more intricate and based on several markers 
(CD11b+CD33+HLA-DR−), which could be further divided into 
monocytic (CD14+CD11b+CD33+HLA-DR−) and granulocytic 
(CD15+CD11b+CD33+HLA-DR−) phenotypes. Both granulocytic 
and monocytic subpopulations have been shown to be suppres-
sive, especially the latter. However, the majority of MDSCs are 
granulocytic, making up in numbers for their milder suppressive 
ability (15). Under normal conditions, about 50–60% of the resi-
dent cells in mouse BM are resting Gr1+CD11b+ MDSCs, which 
exhibit a basal suppressive activity. Interestingly, mature T-cells 
that are occasionally circulating through the normal BM become 
reversibly dysfunctional, similar to peripheral T-cells during 
chronic inflammation (13). Under normal steady-state condi-
tions in mice, MDSCs are also found in the spleen (3–5%) and in 
the peripheral blood (~10%) (3), displaying a basal immunosup-
pressive activity as well, most likely controlling homeostasis and 
resolving acute immune responses.
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DiSRUPTeD iMMUNe HOMeOSTATiC 
eNviRONMeNT BY A DeveLOPiNG 
CHRONiC iNFLAMMATiON

Chronic inflammation induces MDSC 
Polarization and Accumulation
Chronic inflammation develops when pathogenic or self-aberrant 
antigenic insults (e.g., cancer cells) are not resolved. The inflam-
matory immune response proceeds, albeit failing to eliminate 
the antigenic stimuli. The generated conditions are characterized 
by an influx of proinflammatory cells of the innate and adaptive 
immune systems. Such cells secrete cytokines, chemokines, and 
soluble factors that eventually create micro and macro environ-
ments that support tumor initiation and development. In parallel, 
the generated chronic inflammatory environment constantly 
recruits the regulatory arm of the immune system to resolve and 
control the inflammatory response. The continuous activity of 
the immune system together with the recruitment of inhibitory 
cells/factors eventually induces a general immunosuppression of 
T-cells and natural killer (NK) cells and in some cases of DCs. 
These indirectly support the tumor by enabling its escape from 
the immune effector functions (3).

The immunosuppressive conditions generated in the course 
of chronic inflammation begin with the induction of MDSC 
polarization: turning the cells into highly suppressive MDSCs, 
while their differentiation is arrested, maintaining them in an 
immature state. Polarized MDSCs expand in the BM, accumulate 
in the periphery, and invade the local inflammatory sites, where 
they confer a systemic and site-specific immunosuppression. It is 
not yet fully clear how exactly resting MDSCs convert into harm-
ful immunosuppressive MDSCs. However, it is well established 
that under pathological conditions, increasing accumulation of 
growth factors [GM-CSF and VEGF (16)], chemokines [CXCL12 
(17) and CCL2 (16)], and cytokines [TNF-α, IFN-γ, IL-1β, IL-6, 
and TGF-β (18)] accelerate MDSC expansion in the BM and 
accumulation in the periphery. Polarized MDSCs reach the blood 
stream, spleen, and sites of inflammation, as evident in various 
chronic pathologies such as inflammatory bowel diseases (IBD) 
and various types of cancer. They accumulate as well during 
bacterial infections such as Helicobacter pylori (19), Salmonella 
enterica serovar Typhimurium (20), and Staphylococcus aureus 
(21) and in parasitic infections such as Schistosoma japonicum 
(22). Interestingly, MDSCs do not enter peripheral lymph nodes, 
making them protected from the suppressive environment (13), 
unless metastases are evident in the lymph nodes (23).

We have recently shown that TNF-α plays a critical role in 
MDSC accumulation and suppressive function as it leads to 
myeloid cell differentiation arrest, which is accompanied by a 
specific polarization of these cells toward an immunosuppressive 
phenotype, inducing dysfunction of effector immune cells (18). 
TNF-α is generated by a variety of immune and non-immune cells 
such as T-cells, NK cells, macrophages and tumor cells, endothe-
lial cells, mast cells, neurons, and fibroblasts (24). Interestingly, 
MDSCs themselves produce high levels of TNF-α, creating a 
positive autocrine and paracrine feedback that enhances their 
own polarization and accumulation. In addition to TNF-α, there 

is a variety of proinflammatory cytokines such as IL-1β, IL-6, and 
Type I and II interferons that are involved in establishing a pro-
inflammatory environment. Such cytokines are produced upon 
recognition of pathogenic or endogenous ligands by Toll-like 
receptors (TLRs) expressed on various immune cells including 
MDSCs. Our group had previously described a mechanism in 
which persistent TLR activation by a single ligand was sufficient 
to induce MDSC accumulation and immunosuppression, similar 
to a pathology characterized by chronic inflammation. In this 
model, usually non-virulent danger-associated molecular pat-
terns (DAMPs), such as LPS (TLR4), zymosan (TLR2), poly I:C 
(TLR3), or unmethylated CpG DNA (TLR9), induced a prolonged 
TH1 response accompanied by increased production of TNF-α 
and IFN-γ (25) (Figure 1A).

Myeloid-derived suppressor cell polarization is accompanied 
not only by their differentiation arrest but also by their enhanced 
immunosuppressive phenotype as reflected by the elevated activ-
ity of arginase-1 (ARG-1) and inducible nitric oxide synthase 
(iNOS), along with enhanced production of nitric oxide (NO) 
and reactive oxygen species (ROS). These effects are further 
enhanced by TNF-α (18, 26). The proinflammatory calcium bind-
ing S100 proteins, mainly S100A8/9, and their corresponding 
receptor, receptor for advanced glycation end products (RAGE), 
are upregulated in MDSCs in response to TNF-α. These proteins 
affect MDSCs in an autocrine and paracrine fashion to regulate 
MDSC polarization, accumulation, and differentiation arrest in a 
STAT-3-dependent mechanism (18, 27, 28) (Figure 1B).

immune System Dysregulation in the 
Course of Chronic inflammation
The suppressive environment generated in the course of chronic 
inflammation is foremost generated by MDSCs. These cells were 
shown to directly abrogate the function of various effector cells 
of the innate and adaptive arms of the immune system while 
increasing the activity of regulatory mechanisms (Figures 1E,F).

T-Cell Dysfunction
We have demonstrated that chronically inflamed animals are more 
susceptible to viral infection due to dysfunction of the innate and 
adaptive immune systems. Mice with chronic inflammation were 
more sensitive to influenza infection associated with severely 
reduced survival rates (29). These results were further supported 
by the inability of both CD4+ and CD8+ T-cells to proliferate and 
produce IFN-γ in response to T-cell receptor (TCR) stimulation 
both in vivo and in vitro when cocultured with MDSCs (13, 18, 25, 
29). MDSCs induce T-cell dysfunction by an array of mechanisms 
and perhaps the most prominent among these is the direct down-
regulation of CD247 [the ζ chain of the T-cell antigen receptor 
complex (TCR)]. CD247 is a 16 kDa transmembrane subunit of 
the TCR, containing within its long intracellular domain, three 
immune tyrosine based activation motifs (ITAMs), which make 
it the main signaling subunit of the TCR. CD247 is expressed 
in all T-cells and is crucial for TCR-mediated T-cell activation 
and serves as the limiting factor for the TCR complex expres-
sion on the cell surface. CD247 is easily detected both in mouse 
and human leukocytes with a specific antibody by Western blot 
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or intracellular staining for flow cytometry (18, 29, 30). Under 
chronic inflammatory conditions, MDSCs induce lysosomal 
degradation of CD247 within the T-cells without affecting the 
surface levels of the remaining TCR subunits, leaving a function-
ally cryptic and inactive complex (29). This is a bystander effect 
causing dysfunction of all T-cells in an antigen non-specific man-
ner. However, this phenomenon is reversible, since elimination 
of the chronic stimulus and/or MDSCs or neutralization of the 
inflammatory environment allows recovery of CD247 and T-cell 
function (13). The mechanisms applied by MDSCs to induce 
CD247 downregulation are still unknown.

l-arginine consumption by MDSCs is another key factor 
in the induction of T-cell dysfunction, which is governed by 
increased activity of ARG-1 and iNOS, using l-arginine as 
their substrate. l-arginine depravation was shown to cause the 
downregulation of CD247 in T-cells in  vitro (31). A deeper 

FiGURe 1 | A vicious cycle of chronic inflammation and cancer is maintained by MDSCs. Cancer and chronic inflammation mutually support one another in 
multiple ways. The cycle begins with a chronic inflammatory response generated by any persistent insult, including cancer. The effector cell milieu is recruited and 
activated by DAMPs derived from the immunogenic insult and produces various proinflammatory signals (such as IL-1, IL-6, GM-CSF, TNF-α, IFNγ, VEGF, and 
PGE2) (A). The proinflammatory signals persist and induce polarization and accumulation of MDSCs, which transform the beneficial inflammatory response to 
deleterious chronic inflammation. The MDSCs create a positive loop, increasing their own polarization and expansion by production of TNF-α and S100A8/9 proteins 
(B). The oxidative stress created by the production of NO and ROS by the MDSCs in the inflammatory sites may cause DNA damage and somatic mutations, 
increasing the risk for tumor initiation (C). MDSCs directly support tumor progression by increasing angiogenesis, tumor cell stemness, and metastasis (D). The 
suppressive activity of MDSCs inhibits the effector function of T-, NK-, and dendritic cells, abrogating the antitumor beneficial response (e). MDSCs further suppress 
the immune response by inducing Tregs, which can also directly support tumor growth by producing RANKL (F). The deleterious inflammatory milieu and the tumor 
itself provide more proinflammatory factors, further enhancing MDSC accumulation. Moreover, necrosis at the tumor releases endogenous DAMPs, which could 
either start the cycle of chronic inflammation and MDSC accumulation or keep perpetuating it (A,G).

mechanism has been described showing that l-arginine 
withdrawal from the environment leads to a G0–G1 cell cycle 
arrest in T-cells in  vitro and a global reduction in protein 
synthesis in the cells (32). The enzymatic activity of iNOS is 
harmful to T-cell functions, as it generates NO that is respon-
sible for suppressive consequences such as disrupting Jak3 
and STAT5 activities (33), inhibition of MHC class II gene 
expression (34), and the induction of T-cell apoptosis (35). 
Nagaraj et  al. showed that nitration of tyrosine residues of 
molecules involved in the immunological synapse is induced 
by MDSCs in an antigen-specific manner. The nitration cor-
related with the interference of TCR-CD8 complex assembly 
on the plasma membrane and a reduced antigen-specific 
TCR-mediated proliferation and IFN-γ production (36). In 
addition, MDSCs express galactin 9, which binds to the T-cell 
immunoglobulin domain and mucin domain 3 (TIM3), which 
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is a negative regulator of TH1-cell responses on lymphocytes 
and induces T-cell apoptosis (37). MDSCs downregulate 
l-selectin (CD62L), a plasma membrane molecule necessary 
for the homing of naive T-cells to lymph nodes. This reduces 
the activation of CD4+ and CD8+ T-cells and inhibits homing 
to tumor draining lymph nodes (38).

NK-Cell Dysfunction
The suppressive environment generated by MDSCs in chronic 
inflammation leads to impaired NK-cell activity as well. 
Induction of chronic inflammation in mice prevents NK-cell-
mediated allograft rejection in vivo, while elimination of MDSCs 
restores their ability to kill the allogeneic cells (18). CD247 is 
also expressed in NK cells, serving as a central signaling subunit 
of the NK killing receptors NKp46, NKp30, and FcγRIII (CD16), 
and is downregulated by MDSCs under chronic inflammatory 
conditions (25). Its downregulation may be a major reason for 
NK-cell dysfunction during chronic inflammatory conditions, 
including cancer settings. MDSCs also induce downregulation of 
the killing receptor NKG2D in vivo and in vitro (39). In addition 
to NKG2D downregulation, NK cells cocultured with MDSCs 
had reduced cytotoxic activity and IFN-γ production in vitro. 
These effects were shown to be cell contact dependent and were 
reversed by blocking membrane-bound TGF-β1 expressed on 
MDSCs, while soluble TGF-β did not suppress NK-cell activ-
ity (39). Blocking of NKp30 in cocultures of human MDSCs 
and NK cells was shown to reduce the suppressive effect of the 
MDSCs (40).

Prevention of Dendritic Cell Maturation
Accumulating data show that tumor residing DCs can retain an 
immature phenotype and induce tolerance to tumor antigens 
(41, 42). VEGF and IL-10 secreted in the tumor microenviron-
ment constitutively activate STAT3 signaling in DCs, leading 
to downregulation of MHC class II molecules and costimula-
tory molecules, preventing DC maturation (43). Moreover, 
mature DC numbers inversely correlate with MDSC levels in 
cancer patients, suggesting that elevated MDSC levels, which 
are arrested at their immature stage, are prevented from dif-
ferentiating to DCs (42). It is still unclear whether MDSCs 
can directly inhibit DC maturation and activity or the effect 
is a part of the skewed myelopoiesis in chronic inflammation. 
However, S100A8/9 proteins overexpressed in embryonic stem 
cells inhibited their ability to differentiate into mature DCs, 
abrogating their ability to induce T-cell proliferation in  vitro 
(27). S100A8/9 proteins are highly expressed by MDSCs, sug-
gesting a possible direct effect of MDSCs on DC differentiation 
via this pathway.

Induction of Regulatory T-Cells
In addition to inhibiting immune effector cells, MDSCs have been 
shown to activate regulatory cells to further induce immunosup-
pression. MDSCs were shown to induce expansion of Tregs by 
producing IL-10 and TGF-β (44). Tregs induced by antigen-
loaded MDSCs caused induction of antigen-specific tolerance 
in a model of multiple myeloma. This mechanism, however, was 
independent of TGF-β (45).

THe AGGRAvATiNG CONSeQUeNCeS

Chronic inflammation Leads to Tumor 
initiation and Cancer Development
Cancer is characterized by stepwise accumulation of genetic 
and epigenetic alterations of genes. As a high-risk factor for 
cancer, chronic inflammatory responses produce great amount 
of mediators, including cytokines, reactive oxygen and nitrogen 
species (ROS and NO, respectively), and proteinases, which 
can induce genetic and epigenetic changes of cancer-associated 
genes and pathways. An increased risk for cancer has been 
linked with various pathologies characterized by chronic 
inflammation such as IBD, papillomavirus, hepatitis C virus, 
and H. pylori infections that are linked to colon, cervix, liver, and 
gastric cancer, respectively (46–48). Chronic inflammation has 
also been thought to support progression of tumors, which were 
initiated by a non-immune carcinogenesis. Non-inflammatory 
tumors would be cleared by immune surveillance while inflam-
matory tumors would create chronic inflammation, induce 
MDSC accumulation, and abrogate the antitumor immune 
response (26, 28, 49).

The highly reactive oxidative agents ROS and NO, produced 
in the inflammatory settings, have been shown to cause DNA 
damage and induce somatic mutations (50). It was shown that in 
the case of IBD and H. pylori infection, the generated conditions 
lead to genomic instability in the mucosal layer and epithelial 
fractions of the colon and stomach, respectively, leading to 
tumor initiation (51, 52). This effect may be greatly enhanced 
when chronic inflammation develops and increasing numbers 
of NO/ROS producing MDSCs accumulate (Figure  1C). The 
skewed inflammatory environment generated by MDSCs leads 
to an uncontrolled cellular and factors milieu, ensuing in the 
establishment of an optimal niche for cancer initiation, tumor 
microenvironment enrichment, and support of a malignant 
progression. Furthermore, inflammation also modulates the 
expression of miRNAs and epigenetic changes that not only 
regulate the expression of tumor-related proteins but also 
enhance the tumor-promoting inflammation-associated car-
cinogenesis (53, 54).

Chronic inflammation with its associated cells, cytokines, 
chemokines, and soluble factors not only supports tumor initia-
tion but also shapes the environment that nourishes the newly 
transformed cells as well as the progressive tumors to overgrow 
and invade. The effect could be direct, affecting the tumor cells 
or indirectly, by perpetuating an immunosuppressive environ-
ment. For example, MDSC levels were shown to correlate with 
serum VEGF levels in a mouse model of spontaneous mammary 
carcinoma (55). While MDSCs do not produce VEGF directly, 
they are affected by VEGF produced by almost all types of 
tumors (56). MMP9 produced by MDSCs has been suggested 
to augment VEGF production and enhance tumor vasculature, 
growth, and invasiveness in mouse models (57, 58). MDSCs have 
also been shown to increase metastasis by promoting formation 
of pre-metastatic niches and tumor cell invasion (59). Recently, 
MDSCs were shown to enhance the stemness of ovarian carci-
noma cells, also increasing their metastatic capabilities, making 
the tumors more aggressive (60). Induction of Tregs by MDSCs 
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in the settings of cancer and chronic inflammation provides 
another indirect mechanism that supports tumor progression, as 
tumor infiltrating Tregs have been shown to directly stimulate 
mammary cancer metastasis by interaction of receptor activator 
of NFκB (RANK) with RANK ligand on the Tregs (61). Apart 
from supporting tumor progression, cumulative data show that 
chronic inflammation itself may have continuous carcinogenic 
effects. A recent research has linked inflammation-induced 
transcription programs mediated by NFATc1-STAT3 complex to 
enhanced tumorigenicity in Kras G12D-mutant mice pancreatic 
tissue, while mutated Kras or an inflammatory response alone 
were insufficient to initiate cancer (62). Moreover, several inflam-
matory cytokines such as TNF-α, IL-6, TGF-β, and IL-10 have 
been shown to participate in both the initiation and progression 
of cancer. Proinflammatory cytokines such as TNF-α can induce 
DNA damage through ROS, which leads to tumor initiation. 
TGF-β can promote malignant transformation through epi-
thelial–mesenchymal transition (EMT) activation. Cytokines 
derived from CD4+ lymphocytes, such as IFN-γ, IL-10, and IL-17, 
can participate in epithelial barrier disruption, M2 phenotypic 
transitions of macrophages, and angiogenesis, respectively. 
Tumor growth and invasion are also favored by proinflamma-
tory cytokines that stimulate cell proliferation, reduce apoptosis, 
and enhance EMT and angiogenesis; the latter is facilitated by 
VEGF and IL-8. Anti-inflammatory cytokines, such as IL-10 and 
TGF-β, contribute to tumor immune evasion. Tumor-associated 
macrophages (TAM), tumor-infiltrating lymphocytes (TIL), and 
cancer-associated fibroblasts (CAF) secrete several factors that 
contribute to tumor growth and metastasis while maintaining 
the immunosuppressive milieu (63) (Figure 1D).

Tumor Development Perpetuates Chronic 
inflammation
Different tumors vary in their proinflammatory profile produced 
by both the tumor and the inflammatory milieu. In fact, some 
tumors start off as non-inflammatory, yet at a certain stage 
inflammation and MDSC accumulation is evident regardless.

Toll-like receptors and other pattern recognition receptors 
(PRRs) recognize endogenous danger signals as well as pathogen-
associated molecular patterns. High-mobility group box protein 
1 (HMGB1) and heat shock protein 60 (HSP60) have been 
shown to act as adjuvants activating APCs and inducing immune 
response (64–66). HMGB1 is a highly conserved vertebrate 
nuclear protein, and HSP60 is a highly conserved mitochon-
drial–cytosolic molecular chaperone. Both proteins are released 
to the extracellular matrix in necrotic tissue. Recently, HMGB1 
and HSP60 have been shown to directly affect growth of murine 
mammary carcinoma in vitro in a MyD88-dependent mechanism 
(67), suggesting that a TLR recognition pathway is involved.

Necrosis in cancer, occurring due to insufficient vasculariza-
tion and tissue damage in the tumor and its surroundings, results 
in accumulation of endogenous DAMPs in the tumor microen-
vironment. Similar to other TLR ligands, these DAMPs activate 
immune cells and induce a sustained TH1 response, leading to 
increased production of proinflammatory cytokines by tumor-
infiltrating leukocytes. The generated inflammation persists 

as long as the tumor is present, perpetuating a vicious cycle of 
chronic inflammation, MDSC accumulation, and immunosup-
pression, which in turn drive disease progression (Figure 1G).

Tumor-Derived Soluble Factors Drive 
MDSC Accumulation and Activation
The number and activity of the MDSCs in cancer correlates with 
disease progression, tumor load, and the severity and persistence 
of the associated inflammation (55, 68). Many tumors are capable 
of directly affecting MDSCs by secretion of proinflammatory 
cytokines.

VEGF, secreted by almost all tumors, induces neovasculariza-
tion in the tumor microenvironment and supports tumor growth. 
VEGF’s effect on immune cells also takes a major role in inducing 
immunosuppression. Activation of STAT3 by VEGF results in 
induction of tolerogenic immature DCs (43). Extended treatment 
of mice with high-dose VEGF resulted in accumulation of Gr-1+ 
IMCs in the BM and the periphery (69). In a transgenic mouse 
model of spontaneously occurring melanoma, an increase in 
VEGF correlated with disease progression, MDSC accumulation, 
and immunosuppression (23). Granulocyte colony-stimulating 
factor (G-CSF) or granulocyte–macrophage colony-stimulating 
factor (GM-CSF) secreted by tumors were also shown to drive 
MDSC accumulation, in correlation with increased tumor 
progression and immunosuppression. Head and neck cancer 
patients with G-CSF producing tumors had increased infiltrates 
of suppressive CD34+ immature myeloid progenitors along with 
a reduced antitumor immune response (70). In a mouse model 
of spontaneous breast cancer, GM-CSF has been described as the 
main tumor-derived factor driving MDSC accumulation (71). 
GM-CSF is a potent adjuvant for vaccination since it is crucial 
for recruitment and activation of APCs. However, it has been 
shown that at a high dose, not only vaccination efficacy is lost but 
also MDSCs accumulate and induce immunosuppression (72). 
Moreover, additional soluble factors secreted by tumors were 
reported to affect MDSC survival and accumulation as shown 
for multiple myeloma cell factors that are able to induce MDSC 
generation through Mcl-1 upregulation (73) (Figure 1G).

Cancer-Associated inflammation induces 
MDSC Accumulation
In addition to tumor-derived factors, the inflammatory environ-
ment of the tumor also provides signals for MDSCs. IL-1, IL-6, 
and TNF-α are secreted in the inflammatory settings of cancer 
and induce immune cell proliferation, survival, activation, and 
infiltration of the tumor to execute the antitumor immune 
response. These mediators have been shown to take a crucial 
part in initiation and progression of colitis-associated cancer, 
hepatocellular carcinoma, and chemical-induced carcinogenesis 
(3, 74–77). Moreover, overexpression of IL-1 was shown to induce 
gastric inflammation and colon cancer, mobilizing MDSCs into 
the inflamed colon (78). We have identified TNFα to serve as 
a key signal for MDSC differentiation arrest, activation, and 
accumulation. In particular, chronically inflamed TNF-α−/− 
mice had reduced MDSC accumulation with low levels of ROS 
and NO− production along with a milder T-cell dysfunction. 
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Treatment of chronically inflamed mice with etanercept (a 
soluble TNF-α receptor) also diminished MDSC number and 
activity, recuperating T-cell function. Addition of TNF-α and 
GM-CSF to MDSC cultures blocked their differentiation toward 
DCs and macrophages compared to addition of GM-CSF alone 
(18). Cyclooxygenase-2 (COX-2) is overexpressed in many types 
of solid tumors and hematological malignancies. Prostaglandin 
E2 (PGE2) produced by this enzyme supports proliferation and 
survival of tumor cells by a direct interaction and serve as a 
key inflammatory mediator. PGE2 drives cell proliferation and 
cytokine production, contributing to overall inflammation. 
In the case of colon cancer, COX-2 activity has been shown to 
increase production of angiogenic factors and correlated with 
immunosuppression mediated by Tregs (79, 80). Targeting of 
COX-2 in 4T1 mouse mammary carcinoma resulted in reduced 
MDSC accumulation and relief of NK dysfunction, compared to 
control 4T1, when transplanted in healthy host mice (81). A PGE2 
controlled mechanism was recently described, inducing produc-
tion of CXCL12 (SDF-1) in the tumor microenvironment and 
expression of CXCR4 on MDSCs, mediating their recruitment in 
human ovarian cancer (82) (Figure 1G to A).

iMMUNe MONiTORiNG AND COMBATiNG 
MDSCs TO eNHANCe ANTiCANCeR 
TReATMeNT eFFiCACY

Immunosuppression is evident in many cases of cancer patients. 
Elevated MDSC levels with enhanced suppressive features 
inversely correlate with CD247 expression and the immune func-
tion of T- and NK-cells in the tumor site and peripheral blood, as 
shown for colon cancer patients (30). Immunosuppression and 
MDSC accumulation correlate with disease severity and provide 
a poor prognosis for the patients. Levels of peripheral blood 
MDSCs and CD247 expression serve as biomarkers capable of 
sensing chronic inflammation and immunosuppression. The 
levels of peripheral blood MDSCs and their suppressive features 
as measured by their production of NO and ROS can indicate 
the cause of the suppressive environment, while CD247 expres-
sion in T-cells is capable of sensing the resulting immunosup-
pression (83). Tracking these biomarkers provides new insights 
and understanding of the immunological effects and efficiency 
of anticancer treatments. Thus, following tumor parameters 
alongside with monitoring the immune system functional prop-
erties could increase anticancer therapy success rates and enable 
designing improved personalized treatments. This strategy holds 
for chemotherapeutic as well as immune-based treatments, as the 
complex dynamics within the tumor micro and macro environ-
ments involving tumor and immune cells will dictate success of 
both types of therapies (Figure 2).

Chemotherapy and immunosuppression
Chemotherapeutic drugs commonly used to treat cancer affect 
not only the tumor but also the immune system, having a crucial 
impact on antitumor responses and disease outcome. Although 
chemotherapies combat the tumors and lead to their regression, 
the effects on the tumor microenvironment and the immune 

system are not clearly understood. Kanterman et al. have recently 
shown that different chemotherapeutic agents have adverse effects 
on MDSC accumulation and immunosuppression (30). While 
treatment of colitis-induced cancer in mice with 5-fluorouracil 
(5FU) diminished tumor load, MDSC levels, and immunosup-
pression, the topoisomerase-1 inhibitor CPT-11 (irinotecan) 
had the opposite effect, increasing tumor load, MDSC levels, 
and immunosuppression. FOLFIRI and FOLFOX are two com-
monly used regimens in treating colon cancer patients, and until 
recently, their effect on the immune system had not been taken 
into account when choosing between them. Administration 
of FOLFIRI, containing irinotecan in combination with 5FU, 
leads to increased accumulation of MDSCs and CD247 down-
regulation. In contrast, the FOLFOX regimen, which contains 
oxaliplatin instead of irinotecan, leads to lower levels of MDSCs 
and recovery of CD247. Moreover, MDSCs in FOLFIRI-treated 
patients are more active, as indicated by increased production of 
NO and ROS (30). It is important to note that it is still unknown 
whether oxaliplatin, which is included in the FOLFOX regimen, 
has a direct effect on MDSCs. Another study showed that low-
dose cyclophosphamide (CP) therapy that induces immunogenic 
tumor cell death and decreases Treg numbers had no beneficial 
antimelanoma effects. Instead, it increased accumulation of 
MDSCs, which exhibited elevated suppressive activity. Thus, 
melanoma therapy with low-dose CP could be efficient only when 
combined with the neutralization of MDSC immunosuppressive 
function and chronic inflammatory microenvironment (84). The 
cumulative data emphasize the importance of immune monitor-
ing when choosing a chemotherapeutic treatment, as conventional 
measurements of chemotherapeutic effects on the tumor only are 
insufficient to evaluate their curative effectiveness. Moreover, as 
some conventional chemotherapies display significant immuno-
therapeutic effects, they could be used in combination with the 
new generation of immune-based and targeted therapies.

immune-Based Therapy and 
immunosuppression
Activating the immune system has emerged as a promising way 
to treat cancer, and numerous new immune-based treatments are 
currently under investigation for the treatment of cancer. Recent 
successful phase III clinical trials of therapeutic cancer vaccines 
include the FDA-approved sipuleucel-T prostate cancer vac-
cine, melanoma peptide vaccines, and personalized lymphoma 
vaccines (85). Furthermore, two immune checkpoint inhibitors 
(anti-PD1 and anti-CTLA4) have reignited enthusiasm for the 
development of immunotherapeutic drugs for cancer, having 
demonstrated high response rates and prolonged overall survival 
in cancer patients (86). However, tumor-induced immunosup-
pression limits the potency of several standard and novel thera-
peutic interventions, which require a functional immune system 
or an environment that supports immune responses. All these 
therapies, as promising as they may be, risk a high probability to 
fail when immunosuppressive environment mediated by MDSCs 
is evident.

Cancer vaccines are based on presentation of tumor antigens 
by autologous DCs to resident T-cells in order to enhance 
antitumor cytotoxic activity. Dysfunctional T-cells evident in a 
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tumor-associated immunosuppressive environment will abrogate 
the efficacy of such treatments. Moreover, several studies have 
reported difficulties to generate mature DCs ex vivo when the 
prevalence of CD14+ HLA-DR−/low MDSCs was high in the initial 
samples taken from non-Hodgkin lymphoma, prostate cancer, 
and glioblastoma (87–90). Ex vivo expansion of TILs allows intro-
duction of high numbers of tumor-reactive cytotoxic CD8+ T-cell 
clones back to the patient. Mok et al. have shown that the suppres-
sion generated by MDSCs reduces the efficacy of such treatments 
and that blocking CSF-1R (M-CSF receptor) reduces MDSC 
levels and restores the desired cytotoxic activity (91). Immune 
checkpoint-targeted therapy with anti-PD1 and anti-CTLA-4, 
which are aimed at inducing increased endogenous T-cell activity, 
require functional T-cells. Such treatments are expected to fail if 
MDSC suppressive activity is evident. Indeed, melanoma patients 
who had low level of MDSCs were more likely to respond to anti-
CTLA-4 treatment (92, 93). Determining the patient’s immune 

status and immunosuppression prior to treatment can predict the 
likelihood to respond to such immune-based therapies.

Combating the Tumor and 
immunosuppressive environment
The immunosuppression detected in chronic inflammation is a 
reversible phenomenon. Eliminating MDSCs by inducing their 
differentiation, inhibiting inflammatory signals that lead to their 
accumulation, or blocking their suppressive activity may lead to 
alleviation of chronic inflammation and restoration of immune 
functions. Various drugs and compounds, some of which are FDA 
approved, have been shown to target MDSCs in mouse models, 
attenuating chronic inflammation and inhibiting tumor growth 
(18, 94). Elimination of MDSCs is easily done in mice by using 
anti-Gr1 (RB6-8C5) monoclonal antibody (18); however, no 
specific markers in human MDSCs are utilized in such a manner 
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so far. Nevertheless, gemcitabine and 5FU have been shown to 
specifically eliminate MDSCs by inducing apoptosis in mouse 
models and human patients (30, 95, 96). All-trans retinoic acid 
(ATRA) can potently induce MDSC differentiation into mature 
myeloid cells, which lose the harmful suppressive phenotype (97) 
and improve immune response in cancer patients (98). Blocking 
of various inflammatory signals prevalent in the chronically 
inflamed environment such as TNF-α (18), M-CSF (by block-
ing CSF-1R) (91), GM-CSF (99), and inhibition of COX-2 with 
celecoxib (100) resulted in reduced accumulation of MDSCs and 
decreased tumor load in mouse models. Renal cell carcinoma 
patients treated with bevacizumab (Avastin) to reduce VEGF-
mediated angiogenesis also had reduced numbers of MDSCs in 
the tumors (101). Several drugs have been tested to target MDSC 
suppressive activity. Nitroaspirins have been shown to inhibit 
ARG-1 and reduce NO production and arginine consumption, 
thus correcting immune dysfunction and promoting tumor 
eradication in mice (102). Sildenafil inhibits cyclic GMP-specific 
phosphodiesterase type 5 (PDE-5) in MDSCs and reduces their 
suppressive activity, thus augmenting an antitumor response in 
mice in vivo (103). Sildenafil has also been shown to reduce Treg 
induction by MDSCs in a mouse model of B-cell lymphoma (45). 
Although various modalities capable of combating MDSCs are 
already FDA approved and show great promise in mouse models, 
there is a lack of clinical data regarding the effects of such treat-
ments on MDSCs and chronic inflammation in cancer patients.

CONCLUDiNG ReMARKS

As the immune system and tumor cells intimately interact 
and create a complex and dynamic multifactorial micro and 
macro inflammatory milieu, which eventually supports tumor 
initiation, growth, and invasion, it is mandatory to monitor in 
parallel the tumor features alongside with the immune status. The 
cumulative data depicting the capacity of effector and regulatory 
immune cells to shape the environment toward supporting tumor 
growth highlight the critical role of chronic inflammation and 
associated immunosuppression, mediated by MDSCs, as a major 
obstacle in the success of chemo- and immune-based anticancer 
therapies. Only very recently, it has become clear that in order 
to increase the success rates of anticancer immunotherapies, a 
combination between monitoring the tumor responses and the 
patient’s immune system functionality is critical for the design 
of optimal treatments. Therefore, it is suggested that prior to an 

applied immune-based therapy, the patients must be evaluated 
for their immune status, using biomarkers such as CD247and 
MDSC levels and suppressive features. If immunosuppression is 
detected, it must be combated either by targeting MDSCs or by 
neutralizing the inflammatory environment. Upon recuperation 
of the immune status, immune-based therapies could then be 
applied. Furthermore, as described by various studies includ-
ing ours, changes in the patients’ immune status also occur 
in response to various chemotherapies. As adverse effects of 
chemotherapies were obtained on the immune system function-
ality, some enhancing MDSC-mediated immunosuppression and 
others inhibiting MDSC accumulation and suppressive activity, it 
is mandatory to follow up chemotherapy effects not only on the 
tumors but also on the innate and adaptive immune system arms. 
Combating MDSCs and chronic inflammation, while monitoring 
MDSCs and CD247 in T-cells and NK cells, may provide valuable 
tools for choosing the correct therapeutic regiments and timing 
while taking into account both the cancer and immune factors. 
By combating MDSCs, their direct and indirect harmful effects 
could be alleviated on the one hand and allow reconstitution 
of the immune response on the other hand, thus gaining bet-
ter therapy results. Moreover, monitoring the immune system 
functionality in the course of a given anticancer treatment could 
have an added value on the evaluation of tumor regression or 
progression as chronic inflammation and immunosuppression 
will decrease or increase accordingly. Therefore, by combining 
a monitoring system to follow in parallel changes in tumor and 
immune system function based on the described biomarkers, an 
increase in the efficacy of both immune and non-immune based 
anticancer therapies could be achieved and enable the design of 
optimal personalized treatments.

ACKNOwLeDGMeNTS

The authors gratefully acknowledge the support of the Society 
of Research Associates of the Lautenberg Center and the Harold 
B. Abramson Chair in Immunology. They also thank the grant 
support by the Israel Science Foundation (ISF), Joint Program 
between the Israel Science Foundation (ISF) and the National 
Natural Science Foundation of China (NSFC), the Israeli Ministry 
of Health, the Joint German-Israeli Research Program (DKFZ), 
the Israel Cancer Research Fund (ICRF), the NOFAR, industrial 
application of Academic Research Office of the Chief Scientist, 
Ministry of Economy, and the Joseph and Matilda Melnick Funds.

ReFeReNCeS

1. Dvorak HF. Tumors: wounds that do not heal. Similarities between tumor 
stroma generation and wound healing. N Engl J Med (1986) 315(26):1650–9. 
doi:10.1056/NEJM198612253152606 

2. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell 
(2011) 144(5):646–74. doi:10.1016/j.cell.2011.02.013 

3. Kanterman J, Sade-Feldman M, Baniyash M. New insights into chronic 
inflammation-induced immunosuppression. Semin Cancer Biol (2012) 
22(4):307–18. doi:10.1016/j.semcancer.2012.02.008 

4. Rudensky AY. Regulatory T cells and Foxp3. Immunol Rev (2011) 
241(1):260–8. doi:10.1111/j.1600-065X.2011.01018.x 

5. Steinman RM, Hawiger D, Nussenzweig MC. Tolerogenic dendritic 
cells. Annu Rev Immunol (2003) 21:685–711. doi:10.1146/annurev.
immunol.21.120601.141040 

6. Schmidt SV, Nino-Castro AC, Schultze JL. Regulatory dendritic cells: there is 
more than just immune activation. Front Immunol (2012) 3:274. doi:10.3389/
fimmu.2012.00274 

7. Dhodapkar MV, Steinman RM, Krasovsky J, Munz C, Bhardwaj N. Antigen-
specific inhibition of effector T cell function in humans after injection of 
immature dendritic cells. J Exp Med (2001) 193(2):233–8. doi:10.1084/
jem.193.2.233 

8. Guermonprez P, Valladeau J, Zitvogel L, Thery C, Amigorena S. 
Antigen presentation and T cell stimulation by dendritic cells. 

http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://dx.doi.org/10.1056/NEJM198612253152606
http://dx.doi.org/10.1016/j.cell.2011.02.013
http://dx.doi.org/10.1016/j.semcancer.2012.02.008
http://dx.doi.org/10.1111/j.1600-065X.2011.01018.x
http://dx.doi.org/10.1146/annurev.immunol.21.120601.141040
http://dx.doi.org/10.1146/annurev.immunol.21.120601.141040
http://dx.doi.org/10.3389/fimmu.2012.00274
http://dx.doi.org/10.3389/fimmu.2012.00274
http://dx.doi.org/10.1084/jem.193.2.233
http://dx.doi.org/10.1084/jem.193.2.233


October 2015 | Volume 6 | Article 52310

Meirow et al. MDSCs: rulers of cancer’s fate

Frontiers in Immunology | www.frontiersin.org

Annu Rev Immunol (2002) 20:621–67. doi:10.1146/annurev.
immunol.20.100301.064828 

9. Goswami S, Sahai E, Wyckoff JB, Cammer M, Cox D, Pixley FJ, et  al. 
Macrophages promote the invasion of breast carcinoma cells via a colo-
ny-stimulating factor-1/epidermal growth factor paracrine loop. Cancer Res 
(2005) 65(12):5278–83. doi:10.1158/0008-5472.CAN-04-1853 

10. Condeelis J, Pollard JW. Macrophages: obligate partners for tumor cell 
migration, invasion, and metastasis. Cell (2006) 124(2):263–6. doi:10.1016/j.
cell.2006.01.007 

11. Mantovani A, Schioppa T, Porta C, Allavena P, Sica A. Role of tumor-associ-
ated macrophages in tumor progression and invasion. Cancer Metastasis Rev 
(2006) 25(3):315–22. doi:10.1007/s10555-006-9001-7 

12. Mantovani A, Sica A. Macrophages, innate immunity and cancer: bal-
ance, tolerance, and diversity. Curr Opin Immunol (2010) 22(2):231–7. 
doi:10.1016/j.coi.2010.01.009 

13. Ezernitchi AV, Vaknin I, Cohen-Daniel L, Levy O, Manaster E, Halabi A, 
et al. TCR zeta down-regulation under chronic inflammation is mediated by 
myeloid suppressor cells differentially distributed between various lymphatic 
organs. J Immunol (2006) 177(7):4763–72. doi:10.4049/jimmunol.177.7.4763 

14. Youn JI, Nagaraj S, Collazo M, Gabrilovich DI. Subsets of myeloid-derived 
suppressor cells in tumor-bearing mice. J Immunol (2008) 181(8):5791–802. 
doi:10.4049/jimmunol.181.8.5791 

15. Youn JI, Gabrilovich DI. The biology of myeloid-derived suppressor cells: the 
blessing and the curse of morphological and functional heterogeneity. Eur 
J Immunol (2010) 40(11):2969–75. doi:10.1002/eji.201040895 

16. Huang B, Lei Z, Zhao J, Gong W, Liu J, Chen Z, et al. CCL2/CCR2 pathway 
mediates recruitment of myeloid suppressor cells to cancers. Cancer Lett 
(2007) 252(1):86–92. doi:10.1016/j.canlet.2006.12.012 

17. Obermajer N, Wong JL, Edwards RP, Odunsi K, Moysich K, Kalinski P. 
PGE(2)-driven induction and maintenance of cancer-associated myeloid-de-
rived suppressor cells. Immunol Invest (2012) 41(6–7):635–57. doi:10.3109/
08820139.2012.695417 

18. Sade-Feldman M, Kanterman J, Ish-Shalom E, Elnekave M, Horwitz E, 
Baniyash M. Tumor necrosis factor-alpha blocks differentiation and enhances 
suppressive activity of immature myeloid cells during chronic inflammation. 
Immunity (2013) 38(3):541–54. doi:10.1016/j.immuni.2013.02.007 

19. Zhuang Y, Cheng P, Liu XF, Peng LS, Li BS, Wang TT, et al. A pro-inflamma-
tory role for Th22 cells in Helicobacter pylori-associated gastritis. Gut (2015) 
64(9):1368–78. doi:10.1136/gutjnl-2014-307020 

20. Tam JW, Kullas AL, Mena P, Bliska JB, van der Velden AW. CD11b+ Ly6Chi 
Ly6G− immature myeloid cells recruited in response to Salmonella enterica 
serovar Typhimurium infection exhibit protective and immunosuppressive 
properties. Infect Immun (2014) 82(6):2606–14. doi:10.1128/IAI.01590-13 

21. Heim CE, Vidlak D, Scherr TD, Kozel JA, Holzapfel M, Muirhead DE, et al. 
Myeloid-derived suppressor cells contribute to Staphylococcus aureus ortho-
pedic biofilm infection. J Immunol (2014) 192(8):3778–92. doi:10.4049/
jimmunol.1303408 

22. Pan W, Shen YJ, Liu H, Hu Y, Jiang YY, Zhou HJ, et al. [Accumulation of 
myeloid-derived suppressor cells in the spleen and peripheral blood of 
Schistosoma japonicum-infected mice]. Zhongguo Ji Sheng Chong Xue Yu Ji 
Sheng Chong Bing Za Zhi (2014) 32(1):6–11. [Article in Chinese]

23. Meyer C, Sevko A, Ramacher M, Bazhin AV, Falk CS, Osen W, et al. Chronic 
inflammation promotes myeloid-derived suppressor cell activation blocking 
antitumor immunity in transgenic mouse melanoma model. Proc Natl Acad 
Sci U S A (2011) 108(41):17111–6. doi:10.1073/pnas.1108121108 

24. Aggarwal BB, Gupta SC, Kim JH. Historical perspectives on tumor necrosis 
factor and its superfamily: 25 years later, a golden journey. Blood (2012) 
119(3):651–65. doi:10.1182/blood-2011-04-325225 

25. Vaknin I, Blinder L, Wang L, Gazit R, Shapira E, Genina O, et al. A com-
mon pathway mediated through toll-like receptors leads to T- and natural 
killer-cell immunosuppression. Blood (2008) 111(3):1437–47. doi:10.1182/
blood-2007-07-100404 

26. Gabrilovich DI, Nagaraj S. Myeloid-derived suppressor cells as regulators 
of the immune system. Nat Rev Immunol (2009) 9(3):162–74. doi:10.1038/
nri2506 

27. Cheng P, Corzo CA, Luetteke N, Yu B, Nagaraj S, Bui MM, et al. Inhibition 
of dendritic cell differentiation and accumulation of myeloid-derived 

suppressor cells in cancer is regulated by S100A9 protein. J Exp Med (2008) 
205(10):2235–49. doi:10.1084/jem.20080132 

28. Ostrand-Rosenberg S, Sinha P. Myeloid-derived suppressor cells: linking 
inflammation and cancer. J Immunol (2009) 182(8):4499–506. doi:10.4049/
jimmunol.0802740 

29. Bronstein-Sitton N, Cohen-Daniel L, Vaknin I, Ezernitchi AV, Leshem B, 
Halabi A, et  al. Sustained exposure to bacterial antigen induces interfer-
on-gamma-dependent T cell receptor zeta down-regulation and impaired T 
cell function. Nat Immunol (2003) 4(10):957–64. doi:10.1038/ni975 

30. Kanterman J, Sade-Feldman M, Biton M, Ish-Shalom E, Lasry A, Goldshtein 
A, et al. Adverse immunoregulatory effects of 5FU and CPT11 chemotherapy 
on myeloid-derived suppressor cells and colorectal cancer outcomes. Cancer 
Res (2014) 74(21):6022–35. doi:10.1158/0008-5472.CAN-14-0657 

31. Rodriguez PC, Zea AH, Culotta KS, Zabaleta J, Ochoa JB, Ochoa AC. 
Regulation of T cell receptor CD3zeta chain expression by L-arginine. J Biol 
Chem (2002) 277(24):21123–9. doi:10.1074/jbc.M110675200 

32. Rodriguez PC, Quiceno DG, Ochoa AC. L-arginine availability regulates 
T-lymphocyte cell-cycle progression. Blood (2007) 109(4):1568–73. 
doi:10.1182/blood-2006-06-031856 

33. Bingisser RM, Tilbrook PA, Holt PG, Kees UR. Macrophage-derived nitric 
oxide regulates T cell activation via reversible disruption of the Jak3/STAT5 
signaling pathway. J Immunol (1998) 160(12):5729–34. 

34. Harari O, Liao JK. Inhibition of MHC II gene transcription by 
nitric oxide and antioxidants. Curr Pharm Des (2004) 10(8):893–8. 
doi:10.2174/1381612043452893 

35. Rivoltini L, Carrabba M, Huber V, Castelli C, Novellino L, Dalerba P, et al. 
Immunity to cancer: attack and escape in T lymphocyte-tumor cell interaction. 
Immunol Rev (2002) 188:97–113. doi:10.1034/j.1600-065X.2002.18809.x 

36. Nagaraj S, Schrum AG, Cho HI, Celis E, Gabrilovich DI. Mechanism of T 
cell tolerance induced by myeloid-derived suppressor cells. J Immunol (2010) 
184(6):3106–16. doi:10.4049/jimmunol.0902661 

37. Sakuishi K, Jayaraman P, Behar SM, Anderson AC, Kuchroo VK. Emerging 
Tim-3 functions in antimicrobial and tumor immunity. Trends Immunol 
(2011) 32(8):345–9. doi:10.1016/j.it.2011.05.003 

38. Hanson EM, Clements VK, Sinha P, Ilkovitch D, Ostrand-Rosenberg S. 
Myeloid-derived suppressor cells down-regulate L-selectin expression on 
CD4+ and CD8+ T cells. J Immunol (2009) 183(2):937–44. doi:10.4049/
jimmunol.0804253 

39. Li H, Han Y, Guo Q, Zhang M, Cao X. Cancer-expanded myeloid-derived 
suppressor cells induce anergy of NK cells through membrane-bound TGF-
beta 1. J Immunol (2009) 182(1):240–9. doi:10.4049/jimmunol.0803013 

40. Hoechst B, Voigtlaender T, Ormandy L, Gamrekelashvili J, Zhao F, Wedemeyer 
H, et al. Myeloid derived suppressor cells inhibit natural killer cells in patients 
with hepatocellular carcinoma via the NKp30 receptor. Hepatology (2009) 
50(3):799–807. doi:10.1002/hep.23054 

41. Bell D, Chomarat P, Broyles D, Netto G, Harb GM, Lebecque S, et al. In breast 
carcinoma tissue, immature dendritic cells reside within the tumor, whereas 
mature dendritic cells are located in peritumoral areas. J Exp Med (1999) 
190(10):1417–26. doi:10.1084/jem.190.10.1417 

42. Almand B, Resser JR, Lindman B, Nadaf S, Clark JI, Kwon ED, et al. Clinical 
significance of defective dendritic cell differentiation in cancer. Clin Cancer 
Res (2000) 6(5):1755–66. 

43. Wang T, Niu G, Kortylewski M, Burdelya L, Shain K, Zhang S, et al. Regulation 
of the innate and adaptive immune responses by Stat-3 signaling in tumor 
cells. Nat Med (2004) 10(1):48–54. doi:10.1038/nm969 

44. Huang B, Pan PY, Li Q, Sato AI, Levy DE, Bromberg J, et al. Gr-1+CD115+ 
immature myeloid suppressor cells mediate the development of tumor-in-
duced T regulatory cells and T-cell anergy in tumor-bearing host. Cancer Res 
(2006) 66(2):1123–31. doi:10.1158/0008-5472.CAN-06-0077 

45. Serafini P, Mgebroff S, Noonan K, Borrello I. Myeloid-derived suppressor cells 
promote cross-tolerance in B-cell lymphoma by expanding regulatory T cells. 
Cancer Res (2008) 68(13):5439–49. doi:10.1158/0008-5472.CAN-07-6621 

46. Xie J, Itzkowitz SH. Cancer in inflammatory bowel disease. World J 
Gastroenterol (2008) 14(3):378–89. doi:10.3748/wjg.14.3021 

47. Wroblewski LE, Peek RM Jr, Wilson KT. Helicobacter pylori and gastric cancer: 
factors that modulate disease risk. Clin Microbiol Rev (2010) 23(4):713–39. 
doi:10.1128/CMR.00011-10 

http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://dx.doi.org/10.1146/annurev.immunol.20.100301.064828
http://dx.doi.org/10.1146/annurev.immunol.20.100301.064828
http://dx.doi.org/10.1158/0008-5472.CAN-04-1853
http://dx.doi.org/10.1016/j.cell.2006.01.007
http://dx.doi.org/10.1016/j.cell.2006.01.007
http://dx.doi.org/10.1007/s10555-006-9001-7
http://dx.doi.org/10.1016/j.coi.2010.01.009
http://dx.doi.org/10.4049/jimmunol.177.7.4763
http://dx.doi.org/10.4049/jimmunol.181.8.5791
http://dx.doi.org/10.1002/eji.201040895
http://dx.doi.org/10.1016/j.canlet.2006.12.012
http://dx.doi.org/10.3109/08820139.2012.695417
http://dx.doi.org/10.3109/08820139.2012.695417
http://dx.doi.org/10.1016/j.immuni.2013.02.007
http://dx.doi.org/10.1136/gutjnl-2014-307020
http://dx.doi.org/10.1128/IAI.01590-13
http://dx.doi.org/10.4049/jimmunol.1303408
http://dx.doi.org/10.4049/jimmunol.1303408
http://dx.doi.org/10.1073/pnas.1108121108
http://dx.doi.org/10.1182/blood-2011-04-325225
http://dx.doi.org/10.1182/blood-2007-07-100404
http://dx.doi.org/10.1182/blood-2007-07-100404
http://dx.doi.org/10.1038/nri2506
http://dx.doi.org/10.1038/nri2506
http://dx.doi.org/10.1084/jem.20080132
http://dx.doi.org/10.4049/jimmunol.0802740
http://dx.doi.org/10.4049/jimmunol.0802740
http://dx.doi.org/10.1038/ni975
http://dx.doi.org/10.1158/0008-5472.CAN-14-0657
http://dx.doi.org/10.1074/jbc.M110675200
http://dx.doi.org/10.1182/blood-2006-06-031856
http://dx.doi.org/10.2174/1381612043452893
http://dx.doi.org/10.1034/j.1600-065X.2002.18809.x
http://dx.doi.org/10.4049/jimmunol.0902661
http://dx.doi.org/10.1016/j.it.2011.05.003
http://dx.doi.org/10.4049/jimmunol.0804253
http://dx.doi.org/10.4049/jimmunol.0804253
http://dx.doi.org/10.4049/jimmunol.0803013
http://dx.doi.org/10.1002/hep.23054
http://dx.doi.org/10.1084/jem.190.10.1417
http://dx.doi.org/10.1038/nm969
http://dx.doi.org/10.1158/0008-5472.CAN-06-0077
http://dx.doi.org/10.1158/0008-5472.CAN-07-6621
http://dx.doi.org/10.3748/wjg.14.3021
http://dx.doi.org/10.1128/CMR.00011-10


October 2015 | Volume 6 | Article 52311

Meirow et al. MDSCs: rulers of cancer’s fate

Frontiers in Immunology | www.frontiersin.org

48. De Flora S, Bonanni P. The prevention of infection-associated cancers. 
Carcinogenesis (2011) 32(6):787–95. doi:10.1093/carcin/bgr054 

49. Prendergast GC, Jaffee EM. Cancer Immunotherapy: Immune Suppression and 
Tumor Growth. Amsterdam: Academic Press/Elsevier (2007).

50. De Bont R, van Larebeke N. Endogenous DNA damage in humans: a review 
of quantitative data. Mutagenesis (2004) 19(3):169–85. doi:10.1093/mutage/
geh025 

51. Ullman TA, Itzkowitz SH. Intestinal inflammation and cancer. 
Gastroenterology (2011) 140(6):1807–16. doi:10.1053/j.gastro.2011.01.057 

52. Kidane D, Murphy DL, Sweasy JB. Accumulation of abasic sites induces 
genomic instability in normal human gastric epithelial cells during 
Helicobacter pylori infection. Oncogenesis (2014) 3:e128. doi:10.1038/
oncsis.2014.42 

53. Chiba T, Marusawa H, Ushijima T. Inflammation-associated cancer 
development in digestive organs: mechanisms and roles for genetic and epi-
genetic modulation. Gastroenterology (2012) 143(3):550–63. doi:10.1053/j.
gastro.2012.07.009 

54. Ma Y, Han W, Yang L, He L, Wang H. The regulation of miRNAs in inflam-
mation-related carcinogenesis. Curr Pharm Des (2015) 21(21):3023–31. doi:
10.2174/1381612821666150514105606 

55. Melani C, Chiodoni C, Forni G, Colombo MP. Myeloid cell expansion elic-
ited by the progression of spontaneous mammary carcinomas in c-erbB-2 
transgenic BALB/c mice suppresses immune reactivity. Blood (2003) 
102(6):2138–45. doi:10.1182/blood-2003-01-0190 

56. Voron T, Marcheteau E, Pernot S, Colussi O, Tartour E, Taieb J, et al. Control 
of the immune response by pro-angiogenic factors. Front Oncol (2014) 4:70. 
doi:10.3389/fonc.2014.00070 

57. Yang L, DeBusk LM, Fukuda K, Fingleton B, Green-Jarvis B, Shyr Y, 
et  al. Expansion of myeloid immune suppressor Gr+CD11b+ cells in 
tumor-bearing host directly promotes tumor angiogenesis. Cancer Cell 
(2004) 6(4):409–21. doi:10.1016/j.ccr.2004.06.024 

58. Kitamura T, Fujishita T, Loetscher P, Revesz L, Hashida H, Kizaka-Kondoh S, 
et al. Inactivation of chemokine (C-C motif) receptor 1 (CCR1) suppresses 
colon cancer liver metastasis by blocking accumulation of immature myeloid 
cells in a mouse model. Proc Natl Acad Sci U S A (2010) 107(29):13063–8. 
doi:10.1073/pnas.1002372107 

59. Condamine T, Ramachandran I, Youn JI, Gabrilovich DI. Regulation of 
tumor metastasis by myeloid-derived suppressor cells. Annu Rev Med (2015) 
66:97–110. doi:10.1146/annurev-med-051013-052304 

60. Cui TX, Kryczek I, Zhao L, Zhao E, Kuick R, Roh MH, et al. Myeloid-derived 
suppressor cells enhance stemness of cancer cells by inducing microRNA101 
and suppressing the corepressor CtBP2. Immunity (2013) 39(3):611–21. 
doi:10.1016/j.immuni.2013.08.025 

61. Tan W, Zhang W, Strasner A, Grivennikov S, Cheng JQ, Hoffman RM, et al. 
Tumour-infiltrating regulatory T cells stimulate mammary cancer metas-
tasis through RANKL-RANK signalling. Nature (2011) 470(7335):548–53. 
doi:10.1038/nature09707 

62. Baumgart S, Chen NM, Siveke JT, Konig A, Zhang JS, Singh SK, et  al. 
Inflammation-induced NFATc1-STAT3 transcription complex promotes 
pancreatic cancer initiation by KrasG12D. Cancer Discov (2014) 4(6):688–
701. doi:10.1158/2159-8290.CD-13-0593 

63. Landskron G, De la Fuente M, Thuwajit P, Thuwajit C, Hermoso MA. Chronic 
inflammation and cytokines in the tumor microenvironment. J Immunol Res 
(2014) 2014:149185. doi:10.1155/2014/149185 

64. More SH, Breloer M, von Bonin A. Eukaryotic heat shock proteins as 
molecular links in innate and adaptive immune responses: Hsp60-mediated 
activation of cytotoxic T cells. Int Immunol (2001) 13(9):1121–7. doi:10.1093/
intimm/13.9.1121 

65. Messmer D, Yang H, Telusma G, Knoll F, Li J, Messmer B, et  al. High 
mobility group box protein 1: an endogenous signal for dendritic cell matu-
ration and Th1 polarization. J Immunol (2004) 173(1):307–13. doi:10.4049/
jimmunol.173.1.307 

66. Dumitriu IE, Baruah P, Valentinis B, Voll RE, Herrmann M, Nawroth PP, 
et al. Release of high mobility group box 1 by dendritic cells controls T cell 
activation via the receptor for advanced glycation end products. J Immunol 
(2005) 174(12):7506–15. doi:10.4049/jimmunol.174.12.7506 

67. Chalmers SA, Eidelman AS, Ewer JC, Ricca JM, Serrano A, Tucker KC, 
et al. A role for HMGB1, HSP60 and Myd88 in growth of murine mammary 

carcinoma in  vitro. Cell Immunol (2013) 282(2):136–45. doi:10.1016/j.
cellimm.2013.04.014 

68. Bronte V, Serafini P, Apolloni E, Zanovello P. Tumor-induced immune 
dysfunctions caused by myeloid suppressor cells. J Immunother (2001) 
24(6):431–46. doi:10.1097/00002371-200111000-00001 

69. Gabrilovich D, Ishida T, Oyama T, Ran S, Kravtsov V, Nadaf S, et al. Vascular 
endothelial growth factor inhibits the development of dendritic cells and 
dramatically affects the differentiation of multiple hematopoietic lineages 
in vivo. Blood (1998) 92(11):4150–66. 

70. Pak AS, Wright MA, Matthews JP, Collins SL, Petruzzelli GJ, Young MR. 
Mechanisms of immune suppression in patients with head and neck cancer: 
presence of CD34(+) cells which suppress immune functions within cancers 
that secrete granulocyte-macrophage colony-stimulating factor. Clin Cancer 
Res (1995) 1(1):95–103. 

71. Morales JK, Kmieciak M, Knutson KL, Bear HD, Manjili MH. GM-CSF is one 
of the main breast tumor-derived soluble factors involved in the differenti-
ation of CD11b−Gr1− bone marrow progenitor cells into myeloid-derived 
suppressor cells. Breast Cancer Res Treat (2010) 123(1):39–49. doi:10.1007/
s10549-009-0622-8 

72. Serafini P, Carbley R, Noonan KA, Tan G, Bronte V, Borrello I. High-dose 
granulocyte-macrophage colony-stimulating factor-producing vaccines 
impair the immune response through the recruitment of myeloid sup-
pressor cells. Cancer Res (2004) 64(17):6337–43. doi:10.1158/0008-5472.
CAN-04-0757 

73. De Veirman K, Van Ginderachter JA, Lub S, De Beule N, Thielemans K, 
Bautmans I, et al. Multiple myeloma induces Mcl-1 expression and survival 
of myeloid-derived suppressor cells. Oncotarget (2015) 6(12):10532–47. 
doi:10.18632/oncotarget.3300 

74. Becker C, Fantini MC, Schramm C, Lehr HA, Wirtz S, Nikolaev A, et  al. 
TGF-beta suppresses tumor progression in colon cancer by inhibition 
of IL-6 trans-signaling. Immunity (2004) 21(4):491–501. doi:10.1016/j.
immuni.2004.07.020 

75. Soresi M, Giannitrapani L, D’Antona F, Florena AM, La Spada E, Terranova 
A, et  al. Interleukin-6 and its soluble receptor in patients with liver 
cirrhosis and hepatocellular carcinoma. World J Gastroenterol (2006) 
12(16):2563–8. 

76. Krelin Y, Voronov E, Dotan S, Elkabets M, Reich E, Fogel M, et al. Interleukin-
1beta-driven inflammation promotes the development and invasiveness of 
chemical carcinogen-induced tumors. Cancer Res (2007) 67(3):1062–71. 
doi:10.1158/0008-5472.CAN-06-2956 

77. Popivanova BK, Kitamura K, Wu Y, Kondo T, Kagaya T, Kaneko S, et al. 
Blocking TNF-alpha in mice reduces colorectal carcinogenesis associated 
with chronic colitis. J Clin Invest (2008) 118(2):560–70. doi:10.1172/
JCI32453 

78. Tu S, Bhagat G, Cui G, Takaishi S, Kurt-Jones EA, Rickman B, et  al. 
Overexpression of interleukin-1beta induces gastric inflammation and 
cancer and mobilizes myeloid-derived suppressor cells in mice. Cancer Cell 
(2008) 14(5):408–19. doi:10.1016/j.ccr.2008.10.011 

79. Rizzo MT. Cyclooxygenase-2 in oncogenesis. Clin Chim Acta (2011) 
412(9–10):671–87. doi:10.1016/j.cca.2010.12.026 

80. Thiel A, Mrena J, Ristimaki A. Cyclooxygenase-2 and gastric cancer. Cancer 
Metastasis Rev (2011) 30(3–4):387–95. doi:10.1007/s10555-011-9312-1 

81. Mao Y, Sarhan D, Steven A, Seliger B, Kiessling R, Lundqvist A. Inhibition 
of tumor-derived prostaglandin-e2 blocks the induction of myeloid-derived 
suppressor cells and recovers natural killer cell activity. Clin Cancer Res 
(2014) 20(15):4096–106. doi:10.1158/1078-0432.CCR-14-0635 

82. Obermajer N, Muthuswamy R, Odunsi K, Edwards RP, Kalinski P. PGE(2)-
induced CXCL12 production and CXCR4 expression controls the accumu-
lation of human MDSCs in ovarian cancer environment. Cancer Res (2011) 
71(24):7463–70. doi:10.1158/0008-5472.CAN-11-2449 

83. Eldor R, Klieger Y, Sade-Feldman M, Vaknin I, Varfolomeev I, Fuchs C, 
et al. CD247, a novel T cell-derived diagnostic and prognostic biomarker for 
detecting disease progression and severity in patients with type 2 diabetes. 
Diabetes Care (2015) 38(1):113–8. doi:10.2337/dc14-1544 

84. Sevko A, Sade-Feldman M, Kanterman J, Michels T, Falk CS, Umansky 
L, et  al. Cyclophosphamide promotes chronic inflammation-dependent 
immunosuppression and prevents antitumor response in melanoma. J Invest 
Dermatol (2013) 133(6):1610–9. doi:10.1038/jid.2012.444 

http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://dx.doi.org/10.1093/carcin/bgr054
http://dx.doi.org/10.1093/mutage/geh025
http://dx.doi.org/10.1093/mutage/geh025
http://dx.doi.org/10.1053/j.gastro.2011.01.057
http://dx.doi.org/10.1038/oncsis.2014.42
http://dx.doi.org/10.1038/oncsis.2014.42
http://dx.doi.org/10.1053/j.gastro.2012.07.009
http://dx.doi.org/10.1053/j.gastro.2012.07.009
http://dx.doi.org/10.2174/1381612821666150514105606
http://dx.doi.org/10.1182/blood-2003-01-0190
http://dx.doi.org/10.3389/fonc.2014.00070
http://dx.doi.org/10.1016/j.ccr.2004.06.024
http://dx.doi.org/10.1073/pnas.1002372107
http://dx.doi.org/10.1146/annurev-med-051013-052304
http://dx.doi.org/10.1016/j.immuni.2013.08.025
http://dx.doi.org/10.1038/nature09707
http://dx.doi.org/10.1158/2159-8290.CD-13-0593
http://dx.doi.org/10.1155/2014/149185
http://dx.doi.org/10.1093/intimm/13.9.1121
http://dx.doi.org/10.1093/intimm/13.9.1121
http://dx.doi.org/10.4049/jimmunol.173.1.307
http://dx.doi.org/10.4049/jimmunol.173.1.307
http://dx.doi.org/10.4049/jimmunol.174.12.7506
http://dx.doi.org/10.1016/j.cellimm.2013.04.014
http://dx.doi.org/10.1016/j.cellimm.2013.04.014
http://dx.doi.org/10.1097/00002371-200111000-00001
http://dx.doi.org/10.1007/s10549-009-0622-8
http://dx.doi.org/10.1007/s10549-009-0622-8
http://dx.doi.org/10.1158/0008-5472.CAN-04-0757
http://dx.doi.org/10.1158/0008-5472.CAN-04-0757
http://dx.doi.org/10.18632/oncotarget.3300
http://dx.doi.org/10.1016/j.immuni.2004.07.020
http://dx.doi.org/10.1016/j.immuni.2004.07.020
http://dx.doi.org/10.1158/0008-5472.CAN-06-2956
http://dx.doi.org/10.1172/JCI32453
http://dx.doi.org/10.1172/JCI32453
http://dx.doi.org/10.1016/j.ccr.2008.10.011
http://dx.doi.org/10.1016/j.cca.2010.12.026
http://dx.doi.org/10.1007/s10555-011-9312-1
http://dx.doi.org/10.1158/1078-0432.CCR-14-0635
http://dx.doi.org/10.1158/0008-5472.CAN-11-2449
http://dx.doi.org/10.2337/dc14-1544
http://dx.doi.org/10.1038/jid.2012.444


October 2015 | Volume 6 | Article 52312

Meirow et al. MDSCs: rulers of cancer’s fate

Frontiers in Immunology | www.frontiersin.org

85. Hammerstrom AE, Cauley DH, Atkinson BJ, Sharma P. Cancer immuno-
therapy: sipuleucel-T and beyond. Pharmacotherapy (2011) 31(8):813–28. 
doi:10.1592/phco.31.8.813 

86. Wolchok JD, Chan TA. Cancer: antitumour immunity gets a boost. Nature 
(2014) 515(7528):496–8. doi:10.1038/515496a 

87. Gustafson MP, Lin Y, New KC, Bulur PA, O’Neill BP, Gastineau DA, et al. 
Systemic immune suppression in glioblastoma: the interplay between 
CD14+HLA-DRlo/neg monocytes, tumor factors, and dexamethasone. 
Neuro Oncol (2010) 12(7):631–44. doi:10.1093/neuonc/noq001 

88. Vuk-Pavlovic S, Bulur PA, Lin Y, Qin R, Szumlanski CL, Zhao X, et  al. 
Immunosuppressive CD14+HLA-DRlow/− monocytes in prostate cancer. 
Prostate (2010) 70(4):443–55. doi:10.1002/pros.21078 

89. Lin Y, Gustafson MP, Bulur PA, Gastineau DA, Witzig TE, Dietz AB. 
Immunosuppressive CD14+HLA-DRlow/− monocytes in B-cell non-Hodgkin 
lymphoma. Blood (2011) 117(3):872–81. doi:10.1182/blood-2010-05-283820 

90. Laborde RR, Lin Y, Gustafson MP, Bulur PA, Dietz AB. Cancer vaccines in 
the world of immune suppressive monocytes (CD14(+)HLA-DR(lo/neg) 
Cells): the gateway to improved responses. Front Immunol (2014) 5:147. 
doi:10.3389/fimmu.2014.00147 

91. Mok S, Koya RC, Tsui C, Xu J, Robert L, Wu L, et al. Inhibition of CSF-1 recep-
tor improves the antitumor efficacy of adoptive cell transfer immunotherapy. 
Cancer Res (2014) 74(1):153–61. doi:10.1158/0008-5472.CAN-13-1816 

92. Kitano S, Postow MA, Ziegler CG, Kuk D, Panageas KS, Cortez C, et  al. 
Computational algorithm-driven evaluation of monocytic myeloid-derived 
suppressor cell frequency for prediction of clinical outcomes. Cancer 
Immunol Res (2014) 2(8):812–21. doi:10.1158/2326-6066.CIR-14-0013 

93. Meyer C, Cagnon L, Costa-Nunes CM, Baumgaertner P, Montandon N, 
Leyvraz L, et  al. Frequencies of circulating MDSC correlate with clinical 
outcome of melanoma patients treated with ipilimumab. Cancer Immunol 
Immunother (2014) 63(3):247–57. doi:10.1007/s00262-013-1508-5 

94. Draghiciu O, Lubbers J, Nijman HW, Daemen T. Myeloid derived suppressor 
cells – an overview of combat strategies to increase immunotherapy efficacy. 
Oncoimmunology (2015) 4(1):e954829. doi:10.1080/2162402X.2015.1029699 

95. Suzuki E, Kapoor V, Jassar AS, Kaiser LR, Albelda SM. Gemcitabine selectively 
eliminates splenic Gr-1+/CD11b+ myeloid suppressor cells in tumor-bear-
ing animals and enhances antitumor immune activity. Clin Cancer Res (2005) 
11(18):6713–21. doi:10.1158/1078-0432.CCR-04-0538 

96. Vincent J, Mignot G, Chalmin F, Ladoire S, Bruchard M, Chevriaux A, et al. 
5-fluorouracil selectively kills tumor-associated myeloid-derived suppressor 
cells resulting in enhanced T cell-dependent antitumor immunity. Cancer Res 
(2010) 70(8):3052–61. doi:10.1158/0008-5472.CAN-09-3690 

97. Nefedova Y, Fishman M, Sherman S, Wang X, Beg AA, Gabrilovich DI. 
Mechanism of all-trans retinoic acid effect on tumor-associated myeloid-de-
rived suppressor cells. Cancer Res (2007) 67(22):11021–8. doi:10.1158/0008-
5472.CAN-07-2593 

98. Mirza N, Fishman M, Fricke I, Dunn M, Neuger AM, Frost TJ, et al. All-trans-
retinoic acid improves differentiation of myeloid cells and immune response 
in cancer patients. Cancer Res (2006) 66(18):9299–307. doi:10.1158/0008-
5472.CAN-06-1690 

99. Kapanadze T, Gamrekelashvili J, Ma C, Chan C, Zhao F, Hewitt S, et  al. 
Regulation of accumulation and function of myeloid derived suppressor 
cells in different murine models of hepatocellular carcinoma. J Hepatol (2013) 
59(5):1007–13. doi:10.1016/j.jhep.2013.06.010 

100. Veltman JD, Lambers ME, van Nimwegen M, Hendriks RW, Hoogsteden 
HC, Aerts JG, et  al. COX-2 inhibition improves immunotherapy and is 
associated with decreased numbers of myeloid-derived suppressor cells in 
mesothelioma. Celecoxib influences MDSC function. BMC Cancer (2010) 
10:464. doi:10.1186/1471-2407-10-464 

101. Kusmartsev S, Eruslanov E, Kubler H, Tseng T, Sakai Y, Su Z, et al. Oxidative 
stress regulates expression of VEGFR1 in myeloid cells: link to tumor-in-
duced immune suppression in renal cell carcinoma. J Immunol (2008) 
181(1):346–53. doi:10.4049/jimmunol.181.1.346 

102. De Santo C, Serafini P, Marigo I, Dolcetti L, Bolla M, Del Soldato P, et al. 
Nitroaspirin corrects immune dysfunction in tumor-bearing hosts and 
promotes tumor eradication by cancer vaccination. Proc Natl Acad Sci U S A 
(2005) 102(11):4185–90. doi:10.1073/pnas.0409783102 

103. Serafini P, Meckel K, Kelso M, Noonan K, Califano J, Koch W, et  al. 
Phosphodiesterase-5 inhibition augments endogenous antitumor immunity 
by reducing myeloid-derived suppressor cell function. J Exp Med (2006) 
203(12):2691–702. doi:10.1084/jem.20061104 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2015 Meirow, Kanterman and Baniyash. This is an open-access article 
distributed under the terms of the Creative Commons Attribution License (CC BY). 
The use, distribution or reproduction in other forums is permitted, provided the 
original author(s) or licensor are credited and that the original publication in this 
journal is cited, in accordance with accepted academic practice. No use, distribution 
or reproduction is permitted which does not comply with these terms.

http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://dx.doi.org/10.1592/phco.31.8.813
http://dx.doi.org/10.1038/515496a
http://dx.doi.org/10.1093/neuonc/noq001
http://dx.doi.org/10.1002/pros.21078
http://dx.doi.org/10.1182/blood-2010-05-283820
http://dx.doi.org/10.3389/fimmu.2014.00147
http://dx.doi.org/10.1158/0008-5472.CAN-13-1816
http://dx.doi.org/10.1158/2326-6066.CIR-14-0013
http://dx.doi.org/10.1007/s00262-013-1508-5
http://dx.doi.org/10.1080/2162402X.2015.1029699
http://dx.doi.org/10.1158/1078-0432.CCR-04-0538
http://dx.doi.org/10.1158/0008-5472.CAN-09-3690
http://dx.doi.org/10.1158/0008-5472.CAN-07-2593
http://dx.doi.org/10.1158/0008-5472.CAN-07-2593
http://dx.doi.org/10.1158/0008-5472.CAN-06-1690
http://dx.doi.org/10.1158/0008-5472.CAN-06-1690
http://dx.doi.org/10.1016/j.jhep.2013.06.010
http://dx.doi.org/10.1186/1471-2407-10-464
http://dx.doi.org/10.4049/jimmunol.181.1.346
http://dx.doi.org/10.1073/pnas.0409783102
http://dx.doi.org/10.1084/jem.20061104
http://creativecommons.org/licenses/by/4.0/

	Paving the road to tumor development and spreading: myeloid-derived suppressor cells are ruling the fate
	Introduction
	Immune System Homeostasis
	Disrupted Immune Homeostatic Environment by a Developing Chronic Inflammation
	Chronic Inflammation Induces MDSC Polarization and Accumulation
	Immune System Dysregulation in the Course of Chronic Inflammation
	T-Cell Dysfunction
	NK-Cell Dysfunction
	Prevention of Dendritic Cell Maturation
	Induction of Regulatory T-Cells


	The Aggravating Consequences
	Chronic Inflammation Leads to Tumor Initiation and Cancer Development
	Tumor Development Perpetuates Chronic Inflammation
	Tumor-Derived Soluble Factors Drive MDSC Accumulation and Activation
	Cancer-Associated Inflammation Induces MDSC Accumulation

	Immune Monitoring and Combating Mdscs to Enhance Anticancer Treatment Efficacy
	Chemotherapy and Immunosuppression
	Immune-Based Therapy and Immunosuppression
	Combating the Tumor and Immunosuppressive Environment

	Concluding Remarks
	Acknowledgments
	References




