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Abstract

In recent years, myeloid-derived suppressor cells (MDSC) have emerged as one of the major
inhibitors of immune effector cell function in cancer. MDSC represent a heterogeneous population
of largely immature myeloid cells that are characterized by a pathological state of activation and
display potent immune suppressive activity. Two major subsets of MDSC have been identified:
monocytic (M-MDSC) and polymorphonuclear (PMN-MDSC). PMN-MSDC share phenotypic
and morphologic features with neutrophils, whereas M-MDSC are similar to monocytes and are
characterized by high plasticity. Differentiation of M-MDSC to macrophages and dendritic cells is
shaped by tumor microenvironment. In recent years, the mechanisms of this process start to
emerge.
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Introduction

Cancer immunotherapies rely on the ability of activated T or NK cells to recognize and
eliminate tumor cells. However, in the tumor microenvironment, effector cells encounter a
wide variety of factors that substantially limit their activity. Myeloid-derived suppressor
cells (MDSC) have recently emerged as one of the major mechanisms of blocking the
function of immune effector cells in cancer. MDSC are largely immature myeloid cells that
are characterized by a pathological state of activation and display potent immune
suppressive activity [1]. Two major subsets of MDSC have been identified so far: monocytic
(M-MDSC) and polymorphonuclear (PMN-MDSC). PMN-MSDC share phenotypic and
morphologic features with neutrophils and M-MDSC are similar to monocytes [2]. MDSC
have been implicated not only in the control of tumor immune responses but also in tumor
progression by promoting tumor angiogenesis, tumor cell invasion, and formation of pre-
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metastatic niches [3]. In cancer patients, MDSC levels are closely associated with clinical
outcomes and therapeutic effects [4]. Although much progress has been made in recent years
towards understanding the functional, genomic, and biochemical characteristics of these
cells, the nature of these cells is still debated. In this review, we will discuss the origin and
plasticity of MDSC.

of MDSC

Recent studies have suggested that PMN-MDSC and M-MDSC are generated from the
normal progenitors of neutrophils and monocytes, respectively, with subsequent conversion
to MDSC (reviewed in [5]). MDSC accumulation is governed by two groups of signals: the
first is responsible for the expansion of immature myeloid cells, while the second converts
these expanded cells into an immunosuppressive population[6]. However, it is still unknown
why only a proportion of all immature neutrophils and monocytes are converted to MDSC.
Recent studies in human patients suggest that normal neutrophils and monocytes coexist
with PMN-MDSC and M-MDSC [7]. In a recent study, normal neutrophils were
distinguished from PMN-MDSC by the expression of the lectin-type oxidized LDL receptor
1 (LOX-1). LOX-1" neutrophils were potent suppressors of T cell proliferation, while
LOX-1" neutrophils were not. LOX-1* neutrophils had genomic and biochemical
characteristics of MDSC and could be considered bona fide PMN-MDSC, whereas LOX-1~
cells were probably classical neutrophils [8]. Using LOX-1 as a marker, it was possible to
quantitatively determine the frequency of PMN-MDSC among the entire population of
neutrophils in cancer patients. In most patients, the percentage ranged from 4 to 8%,
although in some patients, it was as high as 20%. In tumor sites, LOX-1* PMN-MDSC
represented 30-45% of all neutrophils [8]. In mice, specific markers for MDSC have not yet
been defined; therefore, the exact proportions of MDSC in neutrophil and monocyte
populations are not currently clear.

One major question is whether accumulation of MDSC is the result of conversion from
differentiated monocytes and neutrophils to immunosuppressive MDSC, or whether it is the
result of changes that happen at the precursor stages of cell differentiation. In sepsis,
conversion of monocytes to M-MDSC has been directly demonstrated. Bergenfelz et al. [9]
compared total CD14* cells from breast cancer patients with those from sepsis patients and
found strong similarities. Since sepsis monocytes are believed to be reprogrammed
monocytes, the authors concluded that the same may happen in breast cancer patients.
However, caution should be taken in this interpretation of the data. By isolating a total
population of CD14* cells, the authors collected a mixed population of both monocytes
(CD14* HLA-DRNi9") and M-MDSC (CD14* HLA-DR™1). The population of CD14* cells
in cancer patients can contain up to 60% M-MDSC, thus making any direct conclusions
about the conversion of monocytes to M-MDSC under these conditions would be rather
difficult [10,11]. Several studies have shown that healthy donor monocytes can acquire both
MDSC phenotypes (mainly based on HLA-DR downregulation) and immunosuppressive
properties when exposed to different tumor cells [12,13]. It appears that this process is
mediated through the activity of certain cytokines, such as IL-10 or PGE2 [12,14,15].
However, the /n vivo relevance of these studies remains hard to assess. Similarly, activation
of normal neutrophils has been proposed as a possible mechanism of conversion into PMN-
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MDSC (discussed in [5,16,17]). Recent work has shown that conversion of neutrophils to
immunosuppressive PMN-MDSC can be achieved by induction of ER stress [8]. However,
synthetic inducers of ER stress were used, and it remains unclear what physiological signals
can cause the same effect in mature cells. Thus, although conversion of neutrophils and
monocytes to MDSC is certainly a possibility, at this time, the biological factors responsible
for such conversion has not been determined.

Distinctive features of MDSC

Although MDSC are phenotypically and morphologically distinct from mature dendritic
cells and macrophages, they share some phenotypic and morphologic features with
neutrophils and monocytes [2]. Therefore, one of the major unresolved issues in the field is
defining what characteristics separate MDSC from other myeloid cells. In recent years,
knowledge of MDSC biology has increased considerably. As a result, an algorithm to define
MDSC was suggested [2]. This algorithm includes phenotypic, functional, and biochemical
criteria. However, not all parameters currently described have equal values in defining
MDSC. Many studies use /n vitro generated MDSC, where the true nature of the cells is
difficult to ascertain. In this review, we focus on studies that compared cells directly isolated
from tumor-free or tumor-bearing mice or cancer patients.

The most prominent factors implicated in MDSC suppressive activity include nitric oxide
(NO) produced by Nos2, Argl, ROS as a result of increased Nox2 activity and the ER stress
response, and production of prostaglandin E2 (PGE2) as a result of increased expression of
the pgs2and ptges genes [12,18,19] (Fig. 1).

MDSC development is also known to be driven by several transcription factors. Among the
most prominent are STAT3, IRF8, and C/EBPB [20,21]. Several components of the
inflammatory response, such as NF-xB and TLR signaling, are also upregulated in MDSC
[20,22,23], reinforcing the notion that MDSC are pathologically activated myeloid cells
(Fig. 1). Another potential feature of MDSC is lipid accumulation, which can affect MDSC
activity via a number of different mechanisms [24]. Lipid accumulation increases oxidative
metabolism and immunosuppressive activity of MDSC. Inhibition of STAT3 or STAT5
signaling or genetic depletion of scavenger receptor CD36 also inhibited the activation of
oxidative metabolism and the induction of immunosuppressive function in tumor-infiltrating
MDSC[25]. However, these studies were performed with mixed population of myeloid cells,
which raised some concerns regarding the interpretation of the data and should be addressed
in future studies.

Recent studies demonstrated that the PMN-MDSC population has a rather distinct gene
expression profile from neutrophils. Some prominent pathways include regulating
eukaryotic translation initiation factors 2 and 4 (elF2 and elF4), mTOR signaling, MAPK
pathway, CSF1, IFN-y-regulated pathways, autophagy, G-protein signaling, and CREB
pathway [26,27]. Quantitative proteomics of murine MDSC determined that these cells
constitute a distinct myeloid population characterized by a “kinase signature” and well-
defined interactomes [28,29].
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Plasticity of M-MDSC in the tumor microenvironment

MDSC are attracted to tumor sites in response to various different cytokines (CCL2, CCLS5,
CSF1 for M-MDSCs; CXCL1, CXCL5, CXCL6, CXCL8, CXCL12 for PMN-MDSCs,
respectively [30]). In tumors, the incoming cells dive into a fairly aggressive
microenvironment, which is characterized by hypoxic conditions, high concentrations of
oxidative agents (ROS, NO, peroxynitrite), pro-inflammatory cytokines, and limited supply
of nutrients [30,31]. These conditions affect MDSC function and differentiation. Because
PMN-MDSC are generally short-living cells [32], the differentiation of M-MDSC has been
studied in more detail. Of note, most studies did not directly check the functionality of
Ly-6CM monocytic cells and sometimes refer to these cells as Ly-6C" inflammatory
monocytes. However, in the studies that evaluated functional activity of these cells at the
tumor site, their potent suppressive activity was universally demonstrated [31,33,34].
Therefore, monocytic cells in tumor microenvironment most likely represent bona fide M-
MDSC.

M-MDSC have been shown to differentiate into tumor-associated macrophages (TAMs) after
migration to the tumor site [35]. Movahedi et al. described the differentiation of
Ly-6CNCX3CR1!°" monocytes into 3 distinct TAM subsets in transplantable mammary
adenocarcinoma, mammary, and lung carcinoma models [36]. Franklin et al. described the
generation of TAMs from Ly6C*CCR2" inflammatory monocytes in the model of
spontaneous mammary tumors [37]. Cortez-Retamozo et al. demonstrated TAM formation
from Ly-6CNi monocytes in a spontaneous lung adenocarcinoma model. In the last study,
these inflammatory monocytes were mostly produced by extramedullary hematopoiesis in
the spleen. Analogous GMP-like splenic precursors of TAMs was found in cancer patients.
In NOD/SCID mice bearing non-small cell lung carcinoma, a xenograft of these precursor
cells gave rise to CD11b*CD68~CD11c™ monocytic-like cells in the spleen and CD68*
macrophages in the tumor [38]. Similar results demonstrating differentiation of
monocytes/M-MDSC into TAMs in tumors were obtained by a number of other groups in
models of glioblastoma [39], pancreatic adenocarcinoma [40], and mammary PyMT tumors
[41]. Additionally, a number of studies have documented the ability of MDSC to
differentiate into DCs and fibrocytes during cancer progression [42]. The CCL2-CCR2
signaling pathway was implicated in the attraction of M-MDSC to the tumor site. The
disruption of CCL2-CCR2 signaling dramatically decreased the monocyte influx into the
tumor, reduced TAM numbers, and generally delayed tumor growth [36,39,41,43-45]. In
addition, several groups demonstrated that M-MDSC-derived TAMs are constantly
“regenerated” by the recruitment of new M-MDSC from peripheral organs [38,46,47].

In addition, the type of pathologic process and differing features of the tissue
microenvironment can guide the differentiation of incoming M-MDSC down different paths.
For example, it has been shown in infection models that L/steria monocytogenes and
Trypanasoma brucei induced the differentiation of Ly6CN monocytes into TNF-a and
iNOS-producing DCs (TipDCs) with strong pro-inflammatory activity [46,48,49]. On the
contrary, in models of skeletal muscle or spinal cord damage, the infiltrating Ly6CMi
monocytes gave rise to macrophages with anti-inflammatory activity [46,50,51]. In cancer
models, the Van Ginderachter group has described the formation of two distinct subsets of
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TAMs from Ly6CN monocytes: M1-like MHC 11" and M2-like MHC 11'°%. Histological
analyses revealed the enrichment of tumor hypoxic areas with M2-like TAMs, while M1-like
TAMs were mainly localized in tumor normoxic regions [36]. In addition, we previously
demonstrated that congenic MDSC murine donor cells after migrating to the spleen behave
quite differently than those migrating to tumor tissue of the recipient mouse. 48 h after
MDSC transfer, donor cells in the spleen gave rise to an equal amount of dendritic cells and
macrophages. However, in the tumor site, the vast majority of donor MDSCs differentiated
into TAMs, which emphasizes the role of the tumor microenvironment in driving M-MDSC
differentiation [35]. The possible differentiation of M-MDSCs into inflammatory dendritic
cells in tumor site was recently reviewed [52].

Although it is now widely accepted that TAMs are generated mostly by infiltrating
monocytes/M-MDSCs, tissue-resident macrophages are also involved in TAM generation. In
a few tumor models, it has been shown that TAMSs can originate from tissue-resident
macrophages proliferating /n situ [40,53]. The overall pro-tumor actions of TAMs (with their
immunosuppressive features, proangiogenic effect, etc.) were previously discussed in a
number of reviews[46,54,55].

Mechanisms of MDSC differentiation

A number of factors have been shown to drive M-MDSC differentiation into TAMs. Among
these factors, hypoxia, specifically HIF-1a., appears to be one of the most important [35,56].
Hypoxia was shown to be critical in M2-type TAM generation from Ly-6C" monocytes
inside the tumor [36], although later work from this group questions the role of hypoxia in
TAM polarization [57]. More recently, it was shown that the fate of M-MDSC in tissue
depended on the interplay between hypoxia and STAT3 transcription factor. Splenic M-
MDSC had increased expression of STAT3, which subsequently prevented them from
differentiation into macrophages or DCs. However, after migration to the hypoxic tumor
microenvironment, these cells upregulated CD45 tyrosine phosphatase activity. This resulted
in the selective decrease of STAT3 activity in myeloid cells, and M-MDSC quickly
differentiated into TAMs [8]. These findings emphasize the fact that the plasticity of MDSC
depends on the microenvironment. Evidently, hypoxia not only mediates the formation of
TAMs from M-MDSCs but also is able to guide later events in tumor progression. For
example, confining TAMs to normoxic regions by interrupting the Sema3A/Neuropilin-1
pathway reduced their pro-angiogenic and immunosuppressive functions and inhibited tumor
growth and metastasis [58]. The effects of hypoxia on the host immune response inside the
tumor were discussed in details elsewhere [59]. (Fig. 2)

Growth factors have also been implicated in regulation of M-MDSC fate inside the tumor
microenvironment. CSF1, CSF2, and VEGF are known to be secreted by many types of
tumors and are also known to be involved in the differentiation of myeloid cells inside the
tumor microenvironment [31]. It has also been demonstrated that CSF1 up-regulates PU.1
transcription factor, which is necessary for myeloid cell development and differentiation
[60]. Recently, it was shown that blockade of the CSF1/CSFR1 pathway significantly
decreases the numbers of tumor-infiltrating M-MDSC as well as TAMs [61,62].
Furthermore, the recent study by Van Overmeire ef a/. directly demonstrated the effect of
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CSF1 on M-MDSC migration and differentiation. The authors showed that the inhibition of
CSF1 signaling with anti-CSF1R antibody blocked the migration of Ly-6CM cells to tumor
site. This inhibition impeded the differentiation of M2-like MHC 11'© TAMs, which are
associated with tumor progression [63].

In a recent study, Strauss et a/. demonstrated that RAR-related orphan receptor C (RORC1)
is necessary for MDSC and TAM accumulation and survival. RORC1 guides myelopoiesis
by suppressing negative regulators (Socs3 and Bcl3) and promoting positive regulators (C/
EBPp) of “emergency” granulopoiesis, as well as promoting the key transcriptional
mediators of myeloid progenitor differentiation to the monocytic/macrophage lineage (IRF8
and PU.1). RORC1 supported TAM differentiation and M2 polarization, promoting tumor
growth [64]. In metastatic lung cancer, CCR2* M-MDSC were shown to differentiate into
pro-tumor fibrocytes in a KLF4-dependent manner [65]. In an experimental atherosclerosis
model, it was demonstrated that STAT®6 drives Ly-6CM polarization to M2-type macrophages
[66]. Inflammatory monocytes were unable to terminally differentiate into TAMs in the
absence of RBPJ, the key transcriptional regulator mediating the Notch signaling pathway
[37], demonstrating another potential regulatory mechanism of MDSC differentiation. In
addition, the recent study by Goudot et a/. demonstrated that the “decision” of monocyte
differentiation towards DC or macrophage depends on the balance of IRF4 and Mafb
transcription factors, and that this “switch” is controlled by another transcription factor, AhR
[67]. Another recent study has implicated monocyte heterogeneity and differential PU.1
expression in this process [68]. The relevance of these findings in cancer should be further
investigated (Fig. 2).

Conclusions

It is now apparent that M-MDSC and TAM represent a closely connected continuum of
myeloid cell differentiation in tumors, and the recent data has provided new insights into the
underlying mechanisms governing this observation. M-MDSC represents a potential
therapeutic target for cancer therapy, not only because of the ability to suppress immune
responses, but also because of high plasticity and differentiation potential. Therapeutic
targeting may not only include blockade of M-MDSC migration to the tumors, but it may
also provide inhibition of M-MDSC differentiation into TAMSs as well as TAM polarization.
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. Myeloid-derived suppressor cells (MDSC) are critically important for
regulation of immune responses in cancer;

. MDSC have distinct features separating them from neutrophils and
monocytes;

. Monocytic MDSC differentiate in tumor sites to macrophages and dendritic
cells;

. This process is shaped by tumor microenvironment;

. In recent years, specific mechanisms regulating M-MDSC differentiation start
to emerge
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Figure 1. Origin of MDSC
MDSC differentiate from common myeloid progenitors (CMP), and follow the pathway that

involves granulocyte-macrophage progenitor (not shown) and various intermediate
progenitors and precursors including common monocyte progenitors (cMOP). Figure shows
most common changes observed in MDSC as compared to monocytes and neutrophils.
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Figure 2. Differentiation of M-MDSC in tissues

M-MDSCs are generated in bone marrow and migrate to tumor site attracted by chemokines
(CCL2, CCL5) and growth factor CSF1. They differentiate to tumor associated macrophages

(TAM) and inflammatory dendritic cells (DC). This process is controlled by a number of
transcription factors (depicted in the figure). Among them HIF-1a is one of the most well

studied. Hypoxia triggers down-regulation of STAT3 and promotes M-MDSC differentiation

to TAM. Although TAM polarization towards M1 and M2 has been described in many
conditions, clear dissociation between these states is difficult. Importantly, it appears that
both populations can inhibit T-cell function using different mechanisms (NO for M1 and
arginasel for M2 TAM). The functional outcomes depend on the conditions of tumor

microenvironment.
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