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Abstract

Myeloid-derived suppressor cells (MDSC) are one of the major components of the tumor 

microenvironment. The main feature of these cells is their potent immune suppressive activity. 

MDSC are generated in the bone marrow, and in tumor-bearing hosts, migrate to peripheral 

lymphoid organs and the tumor to contribute to the formation of the tumor microenvironment. 

Recent findings have revealed differences in the function and fate of MDSC in the tumor and 

peripheral lymphoid organs. We review these findings here, and in this context we discuss the 

current understanding as to the nature of these differences, the underlying mechanisms, and their 

potential impact on the regulation of tumor progression.

Introduction

Abnormal differentiation and function of myeloid cells is a hallmark of cancer. The 

accumulation of relatively immature and pathologically activated myeloid-derived 

suppressor cells (MDSC) with potent immunosuppressive activity is common in tumors. 

MDSC have the ability to support tumor progression by promoting tumor cell survival, 

angiogenesis, invasion of healthy tissue by tumor cells, and metastases (reviewed in [1]).

There are two different types of MDSC, as identified in studies in both mice and humans: 

polymorphonuclear MDSC (PMN-MDSC) are morphologically and phenotypically similar 

to neutrophils, whereas monocytic MDSC (M-MDSC) are similar to monocytes. The 

morphologic and phenotypic characteristics of both murine and human MDSC have been 

described in several recent reviews [2-4] and will not be discussed here. In tumor-bearing 

hosts, MDSC accumulate in peripheral lymphoid organs and tumor tissues, suggesting that 

the function and fate of MDSC depend on their localization. We are only beginning to 

elucidate the mechanisms regulating MDSC in different tissue compartments and we will 

discuss their potential implication on the fate and function of MDSC. The important 

question is whether those differences play an important role in the ability of MDSC to 

regulate tumor progression.
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Available data strongly suggest that MDSC in peripheral lymphoid organs and the tumor 

have different functional specialization. MDSC in peripheral lymphoid organs are largely 

represented by PMN-MDSC with relatively modest suppressive activity and a major role in 

the regulation of tumor-specific immune responses culminating in the development of 

tumor-specific T-cell tolerance. Differentiation of M-MDSC to macrophages (MΦ) and 

dendritic cells (DC) in these tissues is inhibited. In the tumor, MDSC become more 

suppressive, M-MDSC are more prominent than PMN-MDSC, and M-MDSC rapidly 

differentiate to tumor associated macrophages (TAM). This suggests that targeting only one 

branch of myeloid cells (monocytes/macrophages or granulocytes) as well as only 

intratumoral populations may not be sufficient for achieving therapeutic benefits. It may also 

suggest that the differences in the mechanisms regulating MDSC function in tumors and 

peripheral lymphoid organs may affect therapeutic targeting of these cells. For example, a 

recent study demonstrated that inhibition of STAT3 in tumor-bearing mice resulted in 

depletion of MDSC in spleens but not in tumors [5].

Here we review evidence indicating different fates and functions for MDSC in tumors 

versus those in peripheral lymphoid organs. We discuss the current understanding on the 

mechanisms underlying these differences, including the contribution of the tumor 

microenvironment. In this context, we outline gaps in understanding and important areas of 

future research, and discuss the implications of these findings to therapeutic strategies 

targeting MDSC.

MDSC development and differentiation

MDSC are generated in the bone marrow (BM) from common myeloid progenitor cells. The 

development of MDSC is governed by a complex network of signals that can be divided into 

two categories: signals promoting accumulation of immature myeloid cells, and signals 

providing for the pathological activation of these cells (reviewed in [6]). Changes in the 

myeloid compartment in cancer are evident in BM, since accumulation of MDSC in BM of 

tumor-bearing hosts was reported in many studies [7-9]. Pathological activation of MDSC is 

the result of persistent stimulation of the myeloid compartment with relatively low-strength 

signals coming from tumors and is characterized by relatively poor phagocytic activity, 

continuous production of reactive oxygen species (ROS), nitric oxide (NO), and mostly anti-

inflammatory cytokines [10]. This is in contrast to myeloid cell activation observed in 

response to bacteria and viruses, which is characterized by rapid activation of phagocytosis, 

respiratory burst, and release of proinflammatory cytokines. Normalization of myelopoiesis 

occurs when inflammation is resolved. MDSC are characterized by a number of biochemical 

and genomic features that distinguish these cells from neutrophils and monocytes. They 

include expression of a large amount of NADPH oxidase (Nox2), resulting in increased 

production of ROS in the form of superoxide anion (O2−), hydrogen peroxide (H2O2), and 

peroxynitrite (PNT) (ONOO−) [11, 12]; increased expression of arginase 1 (arg1) and nitric 

oxide synthase 2 (nos2) genes, resulting in increased production of Arg1 and NO [13, 14]; 

increased expression of the transcriptional regulators c/EBPβ [15] and STAT3 [16, 17]; 

decreased expression of IRF8[18]; and increased production of S100A8/9 proteins [9, 19]. 

Additionally, a specific role for miR-142-3p micro-RNA in MDSC was recently suggested 

[20]. As a result of these changes, MDSC have a decreased capacity to differentiate into 
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mature myeloid cells (macrophages, DCs, mature neutrophils). Hyperproduction of ROS, 

NO, Arg1, and inhibitory cytokines are responsible for the immune suppressive effects of 

MDSC (reviewed in [21]).

Regulation of MDSC recruitment to tumors

MDSC are abundant in tumor tissues. Numerous reports describe the presence of MDSC in 

murine tumors (reviewed in [22, 23]) and recent studies demonstrated that tumor associated 

MDSC have an important role in tumor progression [24, 25]. In humans, recent studies 

described the presence of MDSC in glioblastoma [26], urothelial carcinoma [27], pancreatic 

adenocarcinoma [7], and breast cancer [28]. Monocytes and M-MDSC are actively recruited 

to primary and metastatic tumor sites [29]. This process is regulated by chemokines 

produced by the tumor with little specificity in the types of chemokines produced by 

different tumors (Table 1). CCL2 and CCL5 are the main chemokines implicated in 

monocyte/M-MDSC migration to tumors [30, 31]. Breast, ovarian and gastric human tumors 

cultured in vitro secrete CCL2, and MDSC from these patients express cognate CCR2 

receptor and migrate towards these chemokines in vitro [32]. CCL2 expression increases 

with progression of colorectal cancer in humans and deletion of CCL2 in a spontaneous 

mouse model of colorectal cancer reduced the numbers of colonic MDSC [25]. In SMAD4-

deficient colorectal cancer, increased CCL15 expression at the invasive front recruited 

CCR1-expressing MDSC [33]. The other chemokines reported to induce monocyte 

recruitment to tumors are CCL7, CXCL8, and CXCL12 [34]. Recently, the chemokine 

cascade involving CCL2 and CCL3 was described in a mouse model of breast cancer where 

CCL2 recruited monocytes to the tumor site and CCL3, produced by TAM differentiated 

from those monocytes, helped retain macrophages in the metastatic site [29]. However, 

somewhat different results were found in ovarian cancer where the expression of CCR2 was 

decreased on TAM, presumably as a mechanism to retain TAM in the tumor 

microenvironment [35]. It is not clear how these results can be reconciled. Apparently, as 

often occurs with experimental conditions, cell recruitment and retention is controlled by 

redundant mechanisms, which are prevalent in different tumor types and stages of tumor 

development. Neutrophils and PMN-MDSC are recruited primarily by CXC chemokines, 

which include CXCL1, CXCL5, CXCL6, CXCL8, and CXCL12 (Table 1). Moreover, there 

is evidence suggesting that PMN-MDSC could be recruited to the tumor site in response to 

CCL2 chemokines, which largely attract monocytes/M-MDSC [25]. It is known that CCL3, 

in addition to influencing TAM migration, [35] may attract neutrophils [36] and can, thus, 

regulate both lineages of myeloid cells. In addition to chemokines, sphingosine-1-phosphate 

(S1P), a bioactive phospholipid overexpressed in tumor tissues, has been shown to be a 

chemoattractant for PMN [37]. Hypoxia may play a role in the recruitment of PMN-MDSC. 

Sceneay et al. demonstrated in an orthotopic mammary tumor model that hypoxia in primary 

tumors promoted pre-metastatic niche formation in secondary organs (lung). PMN-MDSC 

and NK cells were found to be the major cell types infiltrating the pre-metastatic niche [38]. 

In a mouse model of hepatocellular carcinoma, large amounts of tissue inhibitor of 

metalloproteinases led to increased CXCL12 production, promoting CXCR4-mediated 

recruitment of PMN to sites for pre-metastatic niche formation [39]. In a xenograft model, 

CXCL8 mediated recruitment of PMN by human melanoma cells helped to tether the 
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melanoma cells to the vascular endothelium and promoted lung metastasis [40]. S100A8 and 

S100A9 proteins drive the recruitment of PMN and PMN-MDSC to pre-metastatic sites in 

colon cancer [41] and PMN, via production of S100 proteins, can create a positive feedback 

loop resulting in the accumulation of more PMN in the pre-metastatic lung [42].

Thus, MDSC recruitment to the tumor is controlled by many different factors. These factors 

are not specific for particular types of cancer and have a high degree of redundancy to 

support a constant supply of MDSC to the tumor in a constantly changing 

microenvironment. It suggests that a therapeutic blockade of MDSC recruitment to tumors 

with inhibition of one specific chemokine may only have limited effects. Targeting of 

chemokine receptors may be more promising since one receptor may interact with several 

chemokines. However, only clinical trials could clarify this possibility.

Mechanisms of MDSC-mediated immune suppression are localization 

dependent

Most studies on MDSC suppression have focused on cells in peripheral lymphoid organs 

(spleen, lymph nodes) and peripheral blood, mainly due to the technical challenges 

associated with MDSC isolation from tumors, which requires mechanical and enzymatic 

treatments that result in low recovery of MDSC and also impact cell function [23]. 

However, with technical advances in the isolation of myeloid cells from tumor tissues by 

using more gentle disaggregation of tissues with gentleMACS disaggregator® (Miltenyi) or 

optimized dissociation protocols (one example described in [43]), it became clear that the 

mechanisms of MDSC action in the tumor site are different from the ones employed by 

these cells in peripheral lymphoid organs.

Immune suppression by MDSC in peripheral lymphoid organs involves multiple 

mechanisms. These mechanisms include production of NO and ROS (including PNT) [12, 

44], and elimination of key nutrition factors needed for T cell proliferation by depleting L-

arginine (via Arg1) [45], sequestering L-cysteine [46], or reducing local tryptophan levels 

due to the activity of indole amine 2,3 dioxygenase (IDO) [28]. PNT produced by MDSC 

can nitrate chemokines and block entry of CD8+ T cells to tumors [47]. MDSC also can 

produce immunosuppressive cytokines like IL-10 and TGF-β [48], induce T regulatory cells 

(Tregs) [49], affect NK cell function [50] and use other suppressive mechanisms (Fig. 1). 
Most of the studies demonstrated that inhibition of T cells by MDSC in peripheral lymphoid 

organs required close cell-to-cell contact (reviewed in [21]). Evidently, not all of these 

mechanisms act simultaneously. The specific mechanism depends on the type of MDSC 

produced in different cancers. In most types of cancers, including lung, breast, colon, renal, 

head and neck, pancreatic and others, PMN-MDSC represent the major population of 

MDSC in mouse spleens or lymph nodes and in peripheral blood of cancer patients [51, 52]. 

However, there is substantial variability in the PMN-MDSC/M-MDSC ratio in different 

types of cancers, and is especially evident in human cancers. Patients with melanoma and 

prostate cancer, for example, have a substantially higher proportion of M-MDSC in the 

peripheral blood than PMN-MDSC [53]. The ratio between PMN-MDSC and M-MDSC is 

important because these cells use different mechanisms for immunosuppression. PMN-

MDSC produce large amount O2-, H2O2, and PNT and much less NO than M-MDSC. 
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Because ROS are very unstable and active only for very short period of time, PMN-MDSC 

need close cell-to-cell contact to exert their effect on T cells. This contact is provided via 

antigen-specific interaction with T cells [54]. M-MDSC produce high amounts of NO, Arg1 

and immune suppressive cytokines. These molecules have much longer half-life than ROS 

and require cellular proximity, but not close contact between MDSC and T cells. Because of 

that, M-MDSC potently suppress non-specific T-cell responses and on a per cell basis, M-

MDSC have higher suppressive activity than PMN-MDSC [55-57].

A direct comparison of MDSC from spleens and tumors demonstrated that tumor MDSC 

have a more potent suppressive activity [58-61]. These differences could be explained by 

changes in the proportion of PMN-MDSC and M-MDSC between tumors and spleens or by 

changes in functional activity of MDSC. Indeed, whereas PMN-MDSC represent more than 

70% of the total population of MDSC in peripheral lymphoid organs, in cells obtained from 

the tumor, the proportion of M-MDSC is substantially higher [58, 60, 62, 63]. Since, as we 

discussed above, M-MDSC are more potent suppressors on per cell basis, those difference 

could result in more potent suppressive activity of the total population of tumor MDSC. At 

this time, it is not clear whether the differences in the PMN-MDSC/M-MDSC ratio between 

tumors and spleens are the reflection of preferential migration of M-MDSC to the tumor, 

their enhanced survival, or selective loss of PMN-MDSC during isolation.

Recent studies analyzing the individual subsets of MDSC indicate that the tumor 

microenvironment (TME) directly augments MDSC function by changing the properties of 

these cells. MDSC in RM-1 prostate tumors [60] and 3LL lung tumors [58] had a greater 

expression of arg1 and nos2 than MDSC in spleens of the same mice, which was associated 

with significantly stronger suppressive activity of tumor MDSC. Tumor MDSC, in contrast 

to spleen MDSC, were able to inhibit antigen non-specific CD3/CD28 mediated T-cell 

proliferation. Elevated suppressive activity of tumor MDSC was associated with a 

significant increase in the expression of genes associated with fatty acid oxidation (FAO) 

and was abrogated with FAO inhibitors [58] (Fig. 1). Splenic and tumor-infiltrating MDSC 

used different mechanisms for immunosuppression in several tumor models (EL4 thymoma, 

B16.F10 melanoma, and CC10 spontaneous transgenic lung cancer). Splenic MDSC 

suppressed antigen-specific immune response of T cells in ROS-dependent manner, while 

tumor-infiltrating MDSC from the same mice demonstrated more potent antigen-specific 

suppressive activity and also inhibited anti-CD3/28-stimulated response mainly via NO 

production and secretion of Arg1 [61]. These results were confirmed in MDSC from patients 

with head and neck cancer. Consistent with these studies, Schlecker et al. demonstrated that 

arg1 and nos2 were upregulated in tumor M-MDSC, and that ROS levels were decreased in 

tumor PMN-MDSC [64]. Using the RMA-S lymphoma model, the authors performed 

genome-wide expression profiling of PMN-MDSC and M-MDSC from blood and tumor of 

tumor-bearing mice and found increased expression of CCL3 and CCL4 in tumor M-MDSC. 

Similar results were obtained from the B16 melanoma model with the strongest upregulation 

observed for CCL3, CCL4 and CCL5. CCL4 and CCL5 were able to attract Tregs in CCR5-

dependent manner [64]. Bozkus et al. described the mechanisms regulating MDSC 

immunosuppressive activity via Arg1 and NO. They demonstrated that the transporter of L-

arginine, CAT2 (cationic acid amino transporter 2), could be responsible for the differences 
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in suppressive activity between tumor and spleen MDSC [63]. In the RM1 model of prostate 

cancer, tumor-infiltrating M-MDSC and PMN-MDSC had more potent suppressive activity 

than spleen MDSC. This activity was associated with an upregulation of CAT2 and Arg1 in 

M-MDSC and PMN-MDSC, as well as nos2 in M-MDSC. CAT2−/− tumor M-MDSC and 

PMN-MDSC had significantly reduced suppressive activity than their wild-type counterparts 

[63]. Consistent with these observations, Mairhofer et al. reported that tumor PMN-MDSC 

accumulated in the model of spontaneous melanoma in transgenic (Grm1)EPv mice 

suppressed melanoma antigen-specific T cells via Arg1, NO, and TGF-β production [62]. 

The study by Raber et al. confirmed different mechanisms of action for tumor-infiltrating 

M-MDSC and PMN-MDSC. M-MDSC expressed a high level of inos and used NO as a 

suppressive molecule. PMN-MDSC expressed nox2 and endothelial NO synthase (nos3) and 

produced PNT as the main immunosuppressive agent [44] (Fig. 1).

There is now evidence supporting the involvement of ligands for inhibitory checkpoint 

receptors in immune suppression mediated by tumor MDSC. Tumor-associated hypoxia via 

hypoxia-inducible factor 1-α (HIF1α), increased expression of PD-L1 on the surface of 

tumor-infiltrating MDSC, which resulted in more potent suppressive activity of tumor 

MDSC than splenic MDSC [65]. Expression of PD-L1 in MDSC could be also increased 

after transfer of tumor-derived exosomes from tumor cells to MDSC in glioma and LLC 

tumor models. This was associated with increased expression of arg1 and production of 

TGF-β by MDSC and more potent immune suppressive activity of these cells [66]. The link 

of arg1 expression with increased expression of inhibitory checkpoint receptors and their 

ligands was reported in a different study. MDSC from ascites and spleens of ovarian 

carcinoma-bearing mice expressed PD-1, CTLA-4, PD-L1 and CD80 molecules. The 

blockade and silencing of either the receptors (PD-1, CTLA-4) or their ligands (PD-L1, 

CD80) decreased the expression of arg1 as well as the suppressive activity of MDSC [67].

Thus, it appears that there is a consensus in the literature that PMN-MDSC and M-MDSC in 

the TME are more suppressive than in peripheral lymphoid organs and peripheral blood. 

This effect is mediated largely via increased expression of various immune suppressive 

molecules that already exist in MDSC prior to their migration to tumors rather than the 

emergence of novel mechanisms. As a result, the nature of MDSC mediated immune 

suppression is changed. In tumors, MDSC acquire the ability to inhibit antigen non-specific 

T-cell responses. This creates a highly suppressive environment in tumors and prevents 

rejection of tumors via immune mediated mechanisms. The existence of such non-specific 

suppression systemically would be highly detrimental to the host, since it would 

compromise the immune system of the host at early stages of tumor development and would 

threaten the survival of the host and, therefore, the tumor itself. The mechanisms by which 

the TME regulate MDSC are discussed below.

The fate of MDSC in tumors and peripheral lymphoid organs

The observations made in the early years of MDSC research concluded that these cells have 

a decreased ability to differentiate to DCs and MΦ (reviewed in [68]). Those studies were 

performed with cells isolated from the BM or spleens of tumor-bearing mice or peripheral 

blood of cancer patients. More recently, it became apparent that those characteristics are 
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associated with M-MDSC, whereas PMN-MDSC are non-proliferating cells that have a 

short half-life [51]. In recent years, more evidence points out a different pattern of MDSC 

differentiation in tumors. Under steady state conditions, tissue resident MΦ mainly originate 

from the yolk sac or fetal liver progenitors and proliferate locally [69, 70]. However, a 

recent study suggested that classical hematopoietic stem cells were major contributors to 

tissue MΦ [71]. In cancer, TAM originate primarily from BM-derived blood monocytes/M-

MDSC recruited to tumors. By using MMTV-PyMT mice, which express diphtheria toxin 

receptor (DTR) under control of the Ccr2 locus, Franklin et al. have shown that 

Ly6C+CCR2+ inflammatory monocytes are required for TAM maintenance [72]. Consistent 

with these findings, Movahedi et al. have demonstrated that Ly6ChiCX3CR1low monocytes 

are the main precursors of all subsets of TAM in mammary adenocarcinoma[73]. A distinct 

subset of monocytes, angiopoietin receptor Tie-2+ monocytes, was shown to migrate to the 

tumor and differentiate into TAM in mammary carcinoma [74, 75]. Recently, the spleen has 

been reported to be the reservoir of Ly6Chi monocytes that can migrate to tumors and 

differentiate into TAM [76]. Interestingly, a significantly higher proportion of splenic 

precursor cells were found in patients with invasive cancer and upon adoptive transfer into 

NOD/SCID mice bearing non-small cell lung carcinoma xenograft, they differentiated into 

CD11b+CD68−CD11c− monocytic-like cells in the spleen and CD68+ macrophages in the 

tumor [76].

Several factors have been reported to induce monocytes/M-MDSC differentiation to MΦ. 

Resiquimod, a TLR7/8 agonist, induced differentiation of splenic MDSC into MΦ in 4T-1 

mammary carcinoma model [77]. In an ovarian cancer model, thrombin stimulation led to 

the induction of monocyte differentiation to CD163hiIL-10hiCCL18hiIL-8hi TAM in 

peritoneum [78]. It was reported that ovarian cancer ascites contained high concentration of 

Leukemia Inhibitory Factors (LIF) and IL-6, which were involved in monocyte 

differentiation into TAM [79].

Thus, it appears that in the TME, M-MDSC rapidly differentiate to TAM (Fig. 2). This 

notion was directly tested in experiments with MDSC differentiation in tumors and spleens 

of the same mice. MDSC were transferred either directly to the tumor or spleens (via 

intravenous injection) of EL-4 tumor-bearing mice. In contrast to spleens where MDSC 

differentiated slowly to MΦ and DCs, in tumors, these cells rapidly differentiated to TAM 

[61]. A recent study has confirmed this phenomenon and linked it with a different profile of 

myeloid cells in tumors and spleens of tumor-bearing mice. In spleens of mice bearing 

various tumors, MDSC were the prevalent population of myeloid cells whereas in tumors of 

the same mice, TAM were predominant [5]. Thus, it appears that TME not only affects the 

function of PMN-MDSC and M-MDSC, but it also changes the pattern of M-MDSC 

differentiation by promoting rapid differentiation into TAM. How important is that process 

for regulating the immune response in cancer? Would inhibition of M-MDSC differentiation 

be an attractive therapeutic strategy? Currently there are no data that directly address these 

questions. The answers may come from experiments that selectively inhibit M-MDSC 

differentiation and from comparative analyses of the functional activity of M-MDSC and 

TAM.
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The mechanisms regulating the myeloid cell function and differentiation in 

tumors

What could affect the function and differentiation of myeloid cells in tumors? Recent years 

have provided evidence in support of the critical role of hypoxia, and specifically HIF1α, in 

these effects. Exposure of splenic MDSC to hypoxia or chemical stabilization of HIF1α, 

which prevents its natural degradation, made these cells able to suppress antigen non-

specific T cell activation, thus reproducing the effect of the TME [61]. HIF1α also diverted 

MDSC differentiation towards immune suppressive TAM. MDSC lacking HIF1α did not 

differentiate into TAM within the TME, but instead acquired markers of DC [61]. The role 

of HIF1α in regulating the differentiation of MDSC to MΦ was also demonstrated by Liu et 

al. [80]. Hypoxic conditions inside the tumor upregulated PD-L1 expression on tumor-

infiltrating MDSC and resulted in more potent suppressive activity as compared with splenic 

MDSC. This effect was mediated by HIF1α, but not HIF2α. HIF1α was found to directly 

bind to a transcriptionally active hypoxia response element in the PD-L1 promoter. 

Increased PD-L1 expression was not limited only to MDSC, but was also observed in TAM, 

DC, and tumor cells [81]. A recent study suggested a novel role of hypoxia in the regulation 

of M-MDSC differentiation to TAM. Hypoxia caused an increase in CD45 tyrosine 

phosphatase activity in M-MDSC which resulted in the selective decrease of STAT3 activity 

in myeloid cells in the tumor. The upregulation of CD45 phosphatase activity was mediated 

by the disruption of CD45 protein dimerization caused by increased sialylation of CD45. 

Treatment with sialidase abrogated the effect of hypoxia on STAT3 activity in MDSC and 

differentiation of MDSC to TAM [5].

Changes in oxidative phosphorylation and glycolysis in tumors also affect the function of 

MDSC. It is now established that to support their rapid proliferation, cancer cells undergo a 

metabolic shift relying on aerobic glycolysis as the primary means of energy production 

(Warburg effect). Similarly, activation of myeloid cells leads to a switch towards Warburg 

metabolism [82]. The metabolism of immune cells in cancer is covered in depth in a recent 

review [91], but here we focus specifically on the metabolic changes myeloid cells undergo 

in the TME. The main parameters of such a switch were established for macrophages. 

Macrophage activation in vitro is typically characterized by two polarized states: M1 and 

M2 [83]. M1 and M2 macrophages differ in the way they metabolize arginine. M2 

macrophages upregulated Arg1 to convert L-arginine to L-ornithine and other polyamines, 

whereas M1 macrophages upregulated iNos to generate NO [84]. However, in vivo MΦ 

usually function somewhere in between these two polar conditions. TAM are phenotypically 

closer to the M2 end of the functional spectrum, although there is evidence indicating that 

they can display features of M1-like cells [72, 85, 86]. The polarization and function of 

TAM is dependent on the heterogeneity of the tumor microenvironment in different cancers, 

and has even been proposed to switch phenotypes through the progression of cancer [75]. 

TAM, which are exposed to a hypoxic environment and upregulate HIF1α, undergo a 

glycolytic shift [75]. HIF1α also induces production of NO by TAM, which at the onset of 

inflammation-induced cancers, can promote tumor development by inducing genetic 

instability and promoting malignant transformation [87]. Lactic acid, which accumulates in 

the TME as a result of the Warburg effect, leads to the HIF1α–mediated M2-like 
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polarization of TAM, and contributes to a tumor-promoting phenotype by increasing the 

expression of VEGFA and Arg1 [88]. However, lactic acid can also upregulate the 

production of proinflammatory cytokine IL-23 in murine TAM from B16 melanoma [89]. 

The differential effects of lactic acid on TAM polarization could be due to differences in 

lactic acid distribution within the tumor, or differences in lactic acid accumulation in 

different tumors [83]. Because IL-4 promotes FAO and mitochondrial biogenesis in MΦ 

[90] and Th2 cell-derived IL-4 polarized TAM to an M2 phenotype in mammary carcinoma 

[91], it is possible that TAM may primarily utilize oxidative phosphorylation over 

glycolysis. Biswas et al. proposed a model in which the metabolism of TAM shifts with 

tumor progression: at cancer onset, due to the hypoxic nature of the tumor, TAM are 

primarily glycolytic, however as the tumor progresses, IL-4 production by Th2 cells and 

other infiltrates shift the metabolism of TAM towards oxidative phosphorylation and an M2-

like phenotype [87]. This hypothesis would need experimental support. Recently, Jha et al. 

have shown that M2 MΦ are dependent upon glutamine metabolism for UDP-GlcNAc 

biosynthesis and N-glycosylation, although the role that TME plays in influencing this 

relationship is not yet known [92]. There are also studies indicating that TAM have 

differential lipid metabolism leading to either pro- or anti-tumorigenic effects, though 

further studies are needed to connect lipid metabolism to functional outcome [87] (Fig. 3). 
Similar to MΦ, under resting conditions, DC rely primarily on oxidative phosphorylation to 

produce energy, but upon activation, shift to aerobic glycolysis [82]. The increased lactic 

acid concentration in the TME shifts DC production into a tolerogenic state in response to 

TLR activation [93]. Moreover, Arg1 and IDO expression in tumor-associated DC (TADC) 

resulted in an impaired CD8+ T-cell response [94]. As part of lipid metabolism, PGE2 

released from tumor cells inhibited DC maturation in an IL-10-dependent manner [95]. 

TADC upregulate the expression of Msr1, a lipid scavenging receptor, that leads to lipid 

accumulation and dysfunction in presenting tumor-associated antigens and stimulation of 

allogeneic T cells [96]. In support of these findings, TADC increased lipid accumulation in 

an XBP1-dependent manner, leading to inhibition of anti-tumor T cell-response and 

ultimately promoting ovarian cancer progression [97].

Since M-MDSC are precursors of MΦ and DC, it is not surprising that changes in oxidative 

phosphorylation have major impact on their function. Hammami, et al. have shown that in 

mice, glycolysis increased concurrently with increased Arg1 activity in MDSC. 

Interestingly, they also note that AMP-activated protein kinase (AMPK) was activated, 

which normally drives metabolism towards oxidative phosphorylation [98]. In support of 

this finding, tumor-infiltrating MDSC increased fatty acid uptake and FAO. This was 

accompanied by an increased mitochondrial mass, upregulation of key FAO enzymes, and 

increased oxygen consumption rate [58]. Compared to splenic MDSC from a naïve or 

tumor-bearing mouse, both glycolytic and oxygen consumption rates were increased in 

tumor MDSC, though based on a comparison of the rates, tumor MDSC primarily used FAO 

and oxidative phosphorylation as their main metabolic pathway [58]. This is the first 

evidence that links changes in MDSC function in the tumor with a switch in metabolism in 

these cells. It appears that this switch is controlled by hypoxia and lactic acid, however, 

specific mechanisms of this regulation as well as the potential implication for the 

development of targeted therapeutics remains unclear.
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Concluding Remarks

It is now apparent that MDSC play an important role in tumor progression by regulating 

different aspects of the immune response in cancer. The effect of MDSC depends on their 

localization. MDSC generated in the BM migrate to peripheral lymphoid organs and tumors. 

It appears that the migration of M-MDSC and PMN-MDSC to tumors is governed by the 

same mechanisms as that of neutrophils and monocytes. At this moment, there is no clear 

evidence that MDSC may have a unique pattern of migration distinct from their control 

counterparts. However, this issue has not been formally investigated and requires further 

study (Outstanding Questions). At the systemic level, MDSC contribute largely to tumor 

antigen-specific T-cell non-responsiveness. Lack of systemic immune suppression in tumor-

bearing mice and cancer patients could be a reflection of this phenomenon. It appears that 

the reason for this could be the prevalence of PMN-MDSC in peripheral lymphoid organs. 

Due to the nature of immune suppressive mechanisms involved (largely ROS and PNT), 

these cells require close cell-to-cell contact to inhibit T-cell function. In contrast, in the 

TME, MDSC contribute largely to non-specific immune suppression. It is well established 

that MDSC depletion improves T cell immune response and delays tumor progression. 

However, it is poorly understood whether this is the result of systemic neutralization of 

MDSC or depends on the depletion of tumor-infiltrating MDSC. Is it enough to block 

MDSC migration to the tumor or decrease the systemic level of MDSC to achieve an 

antitumor effect? The answers to these questions are very important for the design of the 

most effective therapeutics.

The TME has a profound effect on MDSC function and differentiation. Accumulated 

evidence indicates a substantial enhancement of suppressive activity of both M-MDSC and 

PMN-MDSC and rapid differentiation of M-MDSC to TAM. Although hypoxia and HIF1α 

were implicated in this process and some downstream mechanisms were described, the 

precise molecular mechanism of this phenomenon remains unclear. The TME causes 

substantial metabolic changes in myeloid cells impacting the function of TAM and DC. 

Initial studies also demonstrate an important role of this mechanism in regulation of MDSC. 

Further studies will be required to dissect the metabolic profiles of PMN-MDSC versus M-

MDSC, and contributions of glycolysis and oxidative phosphorylation to MDSC function 

and differentiation in different tumor types.
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Outstanding questions

○ Do MDSC have different migration patterns than neutrophils and monocytes? If 

this is the case, how do these patterns affect the ability of MDSCs to form pre-

metastatic niches and promote tumor metastases? It appears that the migration of M-

MDSC and PMN-MDSC to the tumor site is governed by the same mechanisms as 

neutrophils and monocytes. At this moment, there is no clear evidence that MDSC 

may have a unique pattern of migration distinct from their control counterparts. 

However, this issue has not been formally investigated.

○ Do MDSC in peripheral lymphoid organs regulate the immune response in cancer 

and tumor progression? How do these mechanisms differ from those used by tumor 

MDSC? MDSC in tumors and peripheral lymphoid organs have different 

mechanisms of action. It is not clear whether those differences are important for 

tumor progression.

○ Is it necessary to block MDSC migration to the tumor site in order to have a 

significant therapeutic effect? Would therapies that decrease the number of MDSCs 

at a systemic level have a similar effect? There are now various methods to target 

MDSC in peripheral lymphoid organs and their migration to tumor. However, it is 

not clear whether either of these methods is sufficient to achieve results in the clinic, 

or whether combination approaches will be required.

○ What are the molecular mechanisms regulating suppressive activity and 

differentiation of MDSC in tumors? Although hypoxia and HIF1α were implicated 

in regulation of MDSC in tumor sites and some downstream mechanisms have been 

described, a fuller and more precise understanding of the underlying mechanisms is 

required.

○ How do metabolic changes in tumor MDSC affect their differentiation and 

function? Initial studies have demonstrated pathways associated with cellular 

metabolism impact MDSC differentiation and function. However, the mechanisms 

involved are not well understood, and progress in this regard will be necessary to 

inform therapeutic manipulation.
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Trends Box

○ In tumor-bearing hosts, MDSC are generated in the bone marrow and migrate to 

peripheral lymphoid organs and tumor tissues. This process is controlled by a set of 

defined chemokines, many of which are upregulated in cancer.

○ In peripheral lymphoid organs, M-MDSC differentiate to macrophages and 

dendritic cells. In contrast, in the tumor site, M-MDSC have an altered 

differentiation pattern, rapidly differentiating to tumor associated macrophages.

○ The nature of tumor MDSC suppression is different from that of MDSC in 

peripheral lymphoid organs. As a result, both PMN-MDSC and M-MDSC in the 

tumor site have more potent suppressive activity than their counterparts in peripheral 

lymphoid organs. In contrast to MDSC in peripheral lymphoid organs, tumor MDSC 

suppress T cells in an antigen non-specific manner.

○ Hypoxia appears to play a critical role in the regulation of MDSC differentiation 

and function in tumors.
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Figure 1. MDSC function in tumor site and peripheral lymphoid organs
In peripheral lymphoid organs, immune suppression by MDSC is mainly antigen-specific, 

contact-dependent and utilizes several major pathways, including the production of reactive 

nitrogen and oxygen species (NO, ROS and PNT), elimination of key nutrition factors for T 

cells from the microenvironment (L-arginine, L-tryptophan and L-cysteine), disruption of 

homing of T cells (through the expression of ADAM17), production of immunosuppressive 

cytokines (TGF-β, IL-10), and induction of T regulatory (Treg) cells. After migration to the 

tumor, MDSC are exposed to inflammatory and hypoxic tumor microenvironment. This 

results in significant HIF-1α-mediated elevation of Arg1 and iNOS and downregulation of 

ROS production, upregulation of inhibitory PD-L1 on MDSC surface, and production of 

CCL4 and CCL5 chemokines attracting Tregs to the tumor. Overall, these alterations result 

in more potent non-specific immunosuppressive activity of MDSCs inside the tumor.
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Figure 2. Mechanism of M-MDSC differentiation to tumors and peripheral lymphoid organs
Mon/M-MDSC are produced in the BM from hematopoietic progenitor cells and recruited to 

the tumor by several chemokines (described in more details in Table 1). Hypoxic conditions, 

including HIF1α, prevalent in the TME induces the downregulation of pSTAT3, which 

results in M-MDSC differentiation to TAM. Other factors known to induce TAM 

differentiation are activation of CD45 phosphatase, LIF, IL-6, and thrombin. In the spleen, 

Mon/M-MDSC have a high level of pSTAT3 due to the lack of hypoxic conditions. High 

STAT3 activity prevents differentiation of Mon/M-MDSC to TAM in the spleen.
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Figure 3. The effect of the tumor microenvironment on the metabolism of myeloid cells
Lactic acid produced by tumor cells and IL-4 produced by Th2 cells in the TME can drive 

the metabolism of TAM and TADC towards oxidative phosphorylation (oxphos) while 

inhibiting glycolysis. Lipids are known to have a role in negative regulation of TADC 

function. MDSC in peripheral tissue have decreased rates of oxphos and glycolysis 

compared to tumor-infiltrating MDSC (T-MDSC). Fatty acids derived from the TME drive 

the metabolism of T-MDSC towards fatty acid oxidation (FAO) and oxphos. Glycolytic 

rates are also increased in T-MDSC but how the TME influences this process, and the role 

AMPK plays in this process is unclear.
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Table 1

Chemokines recruiting monocytes, neutrophils and MDSC to the tumor

Chemokine Cancer Leukocyte infiltrate Citation

CCL2 (MCP-1)

Prostate carcinoma Monocytes/TAM [99]

Anaplastic thyroid
carcinoma

Monocytes/TAM [100]

Breast, gastric, ovarian
cancer

MDSC [32]

Colorectal cancer MDSC [25]

CCL5 (RANTES) Breast carcinoma Monocytes [101, 102]

CXCL5

Mammary carcinoma
(mouse)

MDSC [103]

Non small cell lung cancer PMN [104]

Melanoma (mouse) PMN-MDSC [105]

CXCL6 (GCP-2)

Gastrointestinal tumors PMN [106]

Tongue squamous cell
carcinoma

PMN [107]

CXCL8 (IL-8)

Head and neck squamous
cell carcinoma

PMN [107, 108]

Gastric carcinoma PMN [109]

Bronchioalveolar carcinoma PMN [110]

Tongue squamous cell
carcinoma

PMN [107]

CCL15 (MIP-5) Colorectal cancer PMN-MDSC [103]

CXCL12 (SDF-1)

Colorectal cancer M-MDSC [111]

Mammary carcinoma
(mouse)

MDSC [26]

MDSC – total population of MDSC without defining specific subset
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