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Myeloid Derived Suppressor Cells (MDSCs) are a heterogeneous population of 
immature myeloid cells that can suppress the function of multiple immune cells and in 
particular, T cells, through various mechanisms. MDSCs can be divided into two major 
subtypes based on their cell surface phenotype and morphology: polymorphonuclear 
MDSC (PMN-MDSC or G-MDSC) and monocytic MDSC (M-MDSC). Additional 
subtypes have been proposed, such as the early MDSC (e-MDSC) that lack both 
macrophage and granulocyte markers. There is still considerable ambiguity about the 
phenotype of these cells that corresponds to their immunosuppressive function and 
there are on-going challenges on how to identify, purify and/or potentially generate 
and expand these cells in vitro. MDSCs were first discovered in cancer patients where 
they have been most extensively studied as components of the immunosuppressive 
tumor microenvironment. In the last several years, however, the importance of their 
immunomodulatory role in many other disease and clinical settings has emerged.
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Editorial on the Research Topic

Myeloid Derived Suppressor Cells as Disease Modulators

Myeloid cells are a diverse family of innate immune cells with enormous functional plasticity
stemming in part from the lack of genetically encoded antigen-specific receptors. Monocytes,
dendritic cells and the various forms of polymorphonuclear granulocytes (eosinophils, basophils,
and neutrophils) play fundamental roles in our defense against infectious agents. However, in
chronic inflammatory conditions such as cancer, chronic infections, obesity, trauma and chronic
stress, myeloid cells become chronically activated, develop mechanisms that suppress T cell, B cell,
and even NK cell functions and have thus been named myeloid-derived suppressor cells (MDSC)
(1). Similar to their normal counterparts MDSC can be monocytic (M-MDSC) or granulocytic
(PMN or G-MDSC) and display a wide array of immunosuppressive mechanisms (2–4). In
cancer, where they have been most extensively studied, MDSC can be detected early on in the
malignant microenvironment (5) and increase in circulation as the tumors progress. Increases in
the numbers of circulating MDSC have been associated with a decreased response to check-point
immunotherapies and poor overall survival (6, 7).

The signals and mechanisms that activate and regulate normal myeloid cell function are
primarily pathogen-associated molecular patterns (PAMPs) from infectious agents and damage-
associated molecular patterns (DAMP’s) from damaged tissues. The elimination of the infectious
agent or the repair of tissues ends the response of myeloid cells which return to a quiescent stage.
In contrast, diseases characterized by chronic inflammation and/or persistent tissue damage such

as cancer, autoimmunity, or chronic infections, result in the prolonged release of DAMP’s and
PAMP’s and the production of cytokines such as G-CSF, GM-CSF, and IL6 that increase the release
ofmyeloid-cells from bonemarrow and promote the induction of immunosuppressivemechanisms
in MDSC. More recently new data show that increased concentrations of lipids such as found in
obese patients (8, 9), or increased levels of catecholamines as in chronic pain or stress also promote
the activation of immunosuppressive mechanisms by MDSC (10). MDSC suppress T and NK cell
function through multiple mechanisms. The depletion of amino-acids such as arginine and L-
tryptophan by Arginase I and Indoleamine 2,3-dioxygenase (IDO) induces T cell anergy, while an
increased uptake of cysteine by MDSC depletes this amino-acid that is essential for T cell function.
The production of reactive oxygen species (ROS) and reactive nitrogen species (nitric oxide—
NO) induces T cell apoptosis, while the release of immunosuppressive cytokines such as IL10
and TGFβ, or the production of adenosine inhibit T and NK cell functions. Finally the expression
of check-point molecules such as PD-L1 leads to T cell exhaustion, while Fas L and Galectin 9
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cause T cell apoptosis. The end result is the loss of protective
or therapeutic T cell responses and the escape of tumors
from the immune response or the therapeutic effect of
novel immunotherapies.

MDSC are therefore the focus of intense research aimed
at identifying signals that increase and activate MDSC,
understanding their role in different diseases, establishing unique
markers that allow us to track the number and fate of
these cells, and finding therapeutic approaches to block their
immunosuppressive activities. The publications that are part
of the series on Myeloid Derived Suppressor Cells as Disease
Modulators present original articles and reviews that update on
the recently acquired knowledge of the mechanisms involved in
the induction and function ofMDSC in cancer and other diseases
and discuss therapeutic approaches being tested for modulating
their function with the goal of allowing the development of a
protective T cell functions that resolve the disease process.

AUTHOR’S NOTE

The authors selected and invited the scientific contributors
to this collection based on their unique and pioneering
discoveries on the role of MDSC in a variety of diseases,
the biology of MDSC, their impact on the function of
other immune cells and their effect on disease outcomes.
We expect that the knowledge presented in these articles
provides information for other researchers in the field
and eventually helps develop novel therapeutic approaches
to regulate the function of MDSC for the benefit
of patients.
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Reactive Oxygen Species as
Regulators of MDSC-Mediated
Immune Suppression
Kim Ohl* and Klaus Tenbrock

Department of Pediatrics, Medical Faculty, RWTH Aachen, Aachen, Germany

Reactive oxygen species (ROS) molecules are implicated in signal transduction pathways

and thereby control a range of biological activities. Immune cells are constantly

confronted with ROS molecules under both physiologic and pathogenic conditions.

Myeloid-derived suppressor cells (MDSCs) are immunosuppressive, immature myeloid

cells and serve as major regulators of pathogenic and inflammatory immune responses.

In addition to their own release of ROS, MDSCs often arise in oxidative-stress prone

environments such as in tumors or during inflammation and infection. This evidently close

relationship between MDSCs and ROS prompted us to summarize what is currently

known about ROS signaling within MDSCs and to elucidate how MDSCs use ROS

to modulate other immune cells. ROS not only activate anti-oxidative pathways but

also induce transcriptional programs that regulate the fate and function of MDSCs.

Furthermore, MDSCs release ROS molecules as part of a major mechanism to suppress

T cell responses. Targeting redox-regulation of MDSCs thus presents a promising

approach to cancer therapy and the role of redox-signaling in MDSCs in other disease

states such as infection, inflammation and autoimmunity would appear to be well worth

investigating.

Keywords: ROS, MDSC, Nrf2, redox regulation, metabolism

INTRODUCTION

Reactive oxygen species (ROS) appear to have harmful as well as beneficial effects(1, 2).
Their harmful effects include oxidation-induced damage to cellular contents, such as lipids,
proteins, carbohydrates and nucleic acids, which subsequently induce cell pathologies and
cell death. Damaged and oxidized molecules contribute to a number of alterations including
atherosclerosis, neurodegenerative diseases and aging. Beyond this, ROS molecules are implicated
in signal transduction pathways and redox-dependent regulations controlling a range of biological
activities. In this regard, it is interesting to examine myeloid-derived suppressor cells (MDSCs).
These heterogenic myeloid cells are controlled by ROS but they also use ROS to fulfill
suppressive functions. Pathological conditions such as chronic inflammation, infection and
cancer, induce MDSCs, which consist of a heterogeneous population of immature myeloid
cells (3, 4). A hallmark of these immunosuppressive cells is their capability to suppress T cell
responses, which contributes to cancer immune evasion on the one hand but suppression of
exaggerated T cell responses during inflammation on the other. In mice, MDSCs are broadly
characterized by the surface expression of CD11b and Gr-1 and are further grouped into
monocytic (CD11b+Ly6ChighLy6G−) and polymorphonuclear (CD11b+Ly6ClowLy6G+) MDSCs
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(5). The polymorphonuclear (PMN-MDSC) subset displays
increased STAT3 and NADPH oxidase (Nox) activity, which
results in high release of ROS but low NO release. The monocytic
subset (M-MDSC) express high levels of STAT1 and iNOS and
enhanced level of NO but show low ROS production. Both of
them express arginase 1 (3). Although ROS have toxic effects on
most cells, MDSCs survive despite elevated levels and continuous
production of ROS (6). ROS production is not only central to
the immunosuppressive properties of MDSCs but also seems to
maintain them in an undifferentiated state. Furthermore, steady-
state production of ROS by MDSCs is upregulated in a variety
of murine tumor models and in human cancer, and also after
activation in inflammatory and autoimmune conditions (4, 7).
In addition to their own ROS release, MDSCs often arise in
oxidative-stress prone environments such as in tumors or during
inflammation and infection. This evidently close relationship
between MDSCs and ROS prompted us to summarize what is
currently known about ROS signaling in MDSCs itself and to
elucidate how MDSCs use ROS to modulate other immune cells.

MAIN TEXT

Regulation of MDSCs by ROS
A state of “oxidative stress” describes a situation where high
levels of ROS -derived from cellular metabolism, toxic insults,
or oxidative burst- outbalance the anti-oxidative system (8). This
breakdown of cellular homeostasis results from mitochondrial
dysfunction or increased metabolic activity, oncogene activity
or infiltrating immune cells (8) and induces damage to lipids,
proteins, carbohydrates and nucleic acids and can even lead
to cell death (9). Excessive production of ROS molecules is
associated with several inflammatory and pathologic conditions.
For example, oxidative stress within the intestinal epithelium
is thought to be involved in the pathogenesis of intestinal
inflammation (10) and oxidative stress is also associated with
neurodegenerative diseases (8). Furthermore, elevated rates of
ROS can be observed in almost all cancers and are involved in
tumor metastasis (11). On the other hand, emerging evidence
suggests that ROS molecules serve as signaling intermediates
that play central roles in several molecular pathways and also
serve as central mediators of immune cells (12). Low levels
of ROS are continuously generated under healthy cellular
conditions, and are neutralized by the endogenous antioxidant
machinery that is regulated by nuclear factor (erythroid-derived
2)-like 2 (Nrf2). Nrf2 is retained and degraded in the cytosol
by Kelch ECH associating protein 1 (Keap1) under basal
conditions (13). Cellular stimuli such as oxidative stress lead
to conformational changes in Keap1, which are followed by
the release of Nrf2 from Keap1. Afterwards, Nrf2 translocates

Abbreviations: ATRA, All-trans retinoic acid; CDDO-Me, C-28 methyl ester of

2-cyano-3,12-dioxooleana-1,9,-dien-28-oic acid; Cys, cysteine; GSH, Glutathione;

HCC, Hepatocellular carcinoma; HIF, Hypoxia-inducible factor; Keap1, Kelch

ECH associating protein 1; MDSC, Myeloid-derived suppressor cell; M-

MDSC, monocytic MDSC; NOX, NADPH oxidase; Nrf2, Nuclear factor

(erythroid-derived 2)-like 2; OXPHOS, oxidative phosphorylation; PMN-MDSC,

polymorphonuclear MDSC; PPP,pentose phosphate pathway; ROS, reactive

oxygen species.

into the nucleus, where transactivation of genes containing an
antioxidant response element (ARE) in their promoter regions
takes place (14). Thereby, Nrf2 up-regulates phase II detoxifying
enzymes and antioxidant proteins. These processes play a vital
role in maintaining cellular homeostasis and are of major
relevance upon exposure of cells to chemical or oxidative stress
and inflammation. Particulary enzymes mediating gluathione
(GSH) synthesis, the thioredoxin enzyme system, and detoxifying
enzymes such as heme oxygenases, or NAD(P)H: quinone
oxidoreductase 1 are part of the Nrf2 induced enzymatic
machinery.

The most prevalent intracellular sources of ROS are
mitochondria and NADPH oxidases (Nox) but beyond this, the
ER and also the peroxisome (organelle that metabolizes long
chain fatty acids) generate ROS molecules. Nox-mediated release
of ROS induces the so-called oxidative burst and eliminates
invading microorganisms (15). The relevance of Nox-derived
ROS in host immunity is best demonstrated by the disease
pattern of chronic granulomatous disease (GCD), which is caused
by NOX2 defects, and results in hypersensitivity to common
infections and accumulation of bacteria-containing phagocytes
with subsequent granulome development (15, 16).

Mitochondrial ROS are central regulators of the innate
immune system. They are indispensable for Toll-like receptor
(TLR)-initiated pathways (17). In detail TLR1, TLR2, and TLR4
signaling leads to recruitment of mitochondria to phagosomes
and enhances ROS production in macrophages, indicating
that mitochondrial ROS form an important component of
antibacterial responses and are necessary for activation of NLRP3
inflammasome (18). In addition to this, mitochondrial ROS are
involved in NLRP3 activation. Accumulation of damaged ROS-
generating mitochondria leads to NLRP3 activation (19), and
increased levels of mitochondrial ROS resulting from NLRP3
activation serve as a feedback mechanism to sustain activation
(20).

Furthermore, mitochondrial ROS and ROS derived from
other sources and cellular metabolism are intimately linked.
Oxidative phosphorylation (OXPHOS) is a major cellular source
of ROS and requires adequate availability of antioxidants to
prevent apoptosis. One advantage of glycolysis over OXPHOS
lies therefore in a better maintenance of the redox balance.
Lian et al. recently observed that MDSCs counteract OXPHOS-
derived ROS by upregulation of glycolysis, thereby protecting
MDSCs from apoptosis (Figure 1) (23). We observed high
OXPHOS in MDSCs of mice with a constitutive Nrf2 activation
and subsequently low levels of intracellular ROS (22). The
constitutive activation and availability of antioxidant enzymes
regulated by Nrf2 activation in these cells might be a central
mechanism enabling the cells to increase mitochondrial ATP
production by simultaneously counteracting subsequent high
ROS levels. High oxygen consumption rate (OCR) levels were
associated with a highly suppressive and tolerizing phenotype.
Recent studies have shown that aerobic glycolysis constitutes
the metabolic basis for trained immunity (24). The metabolism
of tolerant myeloid cells, particularly of MDSCs, is less clearly
understood and was one focus of our study (22). It is
generally assumed that naïve or tolerant cells primarily use
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FIGURE 1 | Model of how MDSCs maintain redox homeostasis. Activated MDSCs produce high amounts of ROS molecules by the action of NOX2 (4). This, in

addition to mitochondrial ROS and ROS derived from cancer cells, compromises redox homeostasis in MDSCs and most likely induces apoptosis in the absence of

Nrf2 (21). Another consequence of Nrf2 activation, besides expression of antioxidative genes, is a metabolic reprogramming of MDSCs. This leads to enhanced

expression of the PPP (22), which provides GSH. GSH not only serves as a major antioxidant, but is essential for MDSC differentiation (22). In addition, MDSCs

counteract OXPHOS-derived ROS by upregulation of glycolysis (23).

OXPHOS as an energy source, but activated cells, e.g., after
LPS stimulation, undergo a shift toward aerobic glycolysis (25).
However, metabolic characteristics of MDSCs seem to differ
within this quite heterogeneous cell population and might also
depend on disease context. In comparison to splenic MDSCs,
tumor-infiltrating MDSCs enhance fatty acid oxidation (26).
However, rapamycin, which specifically inhibis mTOR, reduces
M-MDSC in mice with allografts or tumors (27). Flux of glucose
down the pentose phosphate pathway (PPP) is essential for redox
buffering as PPP produces NADPH. This is required to maintain
GSH, the most important cellular antioxidant, in the reduced
state (Figure 1). Again, we observed a high expression of PPP
enzymes in Nrf2-activated MDSCs, which suggests that Nrf2 is
critically involved in redox and in the metabolic signaling of
MDSCs, and acts either by mediating ROS signaling or possibly
also by targeting other genes (22).

Redox signaling is moreover involved in several signal
transduction pathways. In most cases cystein (Cys) residues
serve as redox-dependent switches and the oxidation/reduction
of specific amino acids, that bear reactive Cys residues, induces
activation, or inactivation of target proteins such as phosphatases.

Moreover, ROS modulate antioxidant enzymes that not only
serve as scavengers but also transduce redox-dependent signals
(28). GSH is not only the most important antioxidant in cells
in general but also mediates specific effects in immune cells.
For instance, GSH is involved in reprogramming of effector
T cells during inflammation (29). With regard to MDSCs,
increased levels of GSH are especially important for MDSC
differentiation (30). Probably, GSH affectsMDSCs differentiation
by neutralization of ROS but other direct effects of GSH on
MDSCs are conceivable.

ROS molecules are essential for maintainance of MDSCs
in their undifferentiated state. Scavenging of H2O2 with
catalase induces differentiation of immature myeloid cells
into macrophages in mice bearing tumors (31), while in the
absence of Nox activity, MDSCs differentiate into macrophages
and DCs in tumor-bearing mice (4). Increased levels of
endogenous H202 might thereby present a mechanism by
which tumors prevent the differentiation of MDSCs. The
precise molecular mechanism maintaining MDSCs in their
undifferentiated state in the presence of ROS remains to be
elucidated.
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Regulation of Cellular Immune Responses
by MDSC-Derived ROS
Release of ROS molecules is one of the major mechanisms that
MDSCs use to suppress T cells in mice and humans (4, 32, 33).
Administration of ROS inhibitors was found to counteract the
suppressive effect of human MDSCs on T cells (34). And, at least
in tumor-bearing mice, suppression of T cells is dependent on
NOX2 activity (4). Superoxide released by MDSCs rapidly reacts
with a large number of molecules e.g., H2O2, hydroxyl radical,
hypochlorous acid, and peroxynitrite to form ROS, which then
damage proteins, lipids, and nucleic acids, enhance inflammation
and promote apoptosis. ROS are even thought to enable Ag-
specific suppression of T cell responses by MDSCs. Nagaraj et al.
showed that MDSC-derived ROS molecules and peroxynitrite,
which is the product of the reaction of ROS with NO, modify
TCR and CD8 molecules. Through these modifications, CD8+

T cells lose their ability to bind phosphorylated MHC and
induce antigen-specific tolerance of peripheral CD8+ T cells
(35).

H202, formed from MDSC-derived superoxide, decreases T
cellular CD3ζ expression, thereby limits the ability of the T cells to
become activated (36) and reduces their expression of IFN-γ (4).

While MDSCs suppress effector T cells, they induce the
expansion of regulatory T cells (Tregs) in cancer, and also in
inflammatory conditions (37–42). Induction of Tregs is therefore
one important mechanism of MDSC-mediated T cell inhibition.
The role of ROS molecules in the interaction of MDSCs and Tregs

is not clear. The induction of Treg cells by macrophages involves
production of ROS and therefore ROS deficiency might lead to
reduced Treg induction and might aggravate T-cell suppression
(43). In addition, Tregs, are less susceptible to oxidative stress-
induced cell death compared to other T cell populations (44).
This is most likely caused by a greater secretion of redox
proteins such as thioredoxin (44) or hemeoxygenase 1 (45). In
addition to this, human Tregs have been shown to express high
levels of cell surface thiols, that are important reducing agents,
and facilitate enhanced intracellular anti-oxidative abilities (44).
Nevertheless, a recent study claims that Treg cells are less
resistant to oxidative stress in the tumor microenvironment
compared to conventional T cells and even undergo ROS-
induced apoptosis due to a weak Nrf2-associated antioxidant
system (46). These apoptotic Treg cells suppress antitumor T
cell immunity even more efficiently via the adenosine and A2A

pathways. As a consequence, Tregs or at least Treg-mediated
suppression seems to benefit from oxidative stress conditions
and might therefore contribute to MDSC-mediated immune
suppression.

Beyond direct effects on T cells, ROS molecules also indirectly
modulate T cell responses. Peroxynitrite indirectly hinders T
cells activation by modifying the antigen presenting structure on
tumor cells. To this end, peroxynitrite reduces the binding of
antigens to tumor cell-associated MHC and thereby generates
tumor cells that are resistant to antigen-specific cytotoxic
T cell responses (47). Furthermore reactive nitrogen species
induce posttranslational modifications of T cell chemokines
and thereby hinder antigen-specific T cells invasion of tumors
(48).

Furthermore, not only T cell responses are targets of ROS
mediated suppression by MDSCs. PMN-MDSCs also suppress
NK cell responses to adenoviral vectors and to vaccinia virus
infection by ROS release (49, 50). In addition, MDSCs also
suppress NK cell toxicity in tumor bearing mice and might
critically contribute to the attenuated NK cell activity and
cytotoxicity in tumors (51), however the exact mechanism and
involvement of ROS are not fully determined.

Recent research demonstrates that MDSCs also negatively
regulate B cell- mediated immune responses using ROS. In
a murine AIDS model (LP-BM5 reotroviral infection) M-
MDSC suppressed B cell responses at least in part by ROS
mediated suppression (52, 53). Astudy with human PMN-
MDSCs demonstrates that MDSCs suppress B cell proliferation
and antibody production in a cell contact manner by means of
arginase, NO and ROS (54).

REDOX-DEPENDENT TRANSCRIPTIONAL
REPROGRAMMING OF MDSCS IN
CANCER AND INFLAMMATION

It is of note that HIF-1α and Nrf2, which are both involved in
redox-signaling and oxidative stress responses, emerge as critical
regulators of MDSCs. Beyond redox regulation; both factors
control other mechanisms and thereby regulate MDSC fate and
function.

A critical role of HIF-1α signaling in MDSCs is described
in murine cancer models, such as hepatocellular carcinoma
(HCC) (21, 55, 56) and in patients with non-small cell lung
cancer (57). Interestingly, HIF-1α controls themanner ofMDSC-
mediated suppression, depending on the hypoxic state of the
environment. The dominant mechanism in peripheral lymphoid
organs is mediated by ROS and results in antigen-specific T
cell non-responsiveness. However, within the hypoxic tumor
microenvironment, MDSCs bearing the same phenotype and
morphology revealed low levels of ROS levels but significantly
enhanced NO production as well as arginase activity and thereby
suppressed T cells (21). Several mechanisms have been analyzed
by which HIF-1α regulates the fate and function of MDSCs in
a hypoxic tumor environment. Some of these studies come to
contradictory conclusions, possibly due to the use of different
tumor models or the heterogeneity of MDSC populations. Liu
et al. showed that lineage differentiation of MDSCs to M1 cells
requires glycolytic activity induced by mTOR- and HIF-1α, as
brought about by SIRT1 in tumors (56), while Cocl2 (an HIF-
1α activator) effectively promotes M1-MDSC differentiation, and
potentiates tumor-killing and glycolytic activities. On the other
hand, HIF-1α was found to upregulate PD-L1 on MDSCs and
induce miR-210, both of which enhance MDSC-mediated T cell
suppression (58, 59). In conclusion, these studies reveal that by
regulating several pathways including metabolic reactions and
miRNA expression, HIF-1α critically regulates the function and
maintenance of MDSCs within the hypoxic tumor environment.

Nrf2 is involved in the regulation of various pathways
in MDSCs as well. Through an analysis of Nrf2-deficient
mice in mammary carcinoma and colon carcinoma models,
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Beury et al. initially showed that Nrf2 regulates numbers and
function of MDSCs (6). Nrf2 deficient mice had increased
survival rates and reduced tumor progression with reduced
numbers of MDSCs and MDSCs from Nrf2-deficient mice had a
reduced suppressive capacity and, surprisingly, a reduced H202
production. Intracellular oxidative stress and apoptosis were
enhanced in the absence of Nrf2. However, myeloid-lineage
specific Nrf2 deficiency enhances lung metastasis and has been
shown to lead to an aberrant ROS accumulation in myeloid
cells (60). Nrf2 is known to play dual roles in cancer prevention
and progression, which depends on the cellular context and
environment (61). However, the exact mechanisms involved
remain to be elucidated. It is also not clear whether Nrf2
expression—like HIF-1α expression—is different in peripheral
lymphoid organs and tumor MDSCs and whether it might
therefore also influence local MDSC maintenance. We observed
spontaneously enhanced numbers of MDSCs in mice with a
constitutive activation of Nrf2 with intact suppressive functions
in vitro. This was also found in a transfer colitis model and
in a sepsis model in vivo (22). MDSCs with constitutive Nrf2
activation displayed low levels of intracellular ROS, but a high
metabolic activity and high proliferation rates. This suggests that,
beyond its anti-oxidative action, Nrf2 has several other effects
that need to be taken into account and might contribute to a
context-dependent regulation of MDSCs.

CONCLUSION

ROS signaling is without doubt a central mediator of MDSC
function and fate. Furthermore, beyond their role in MDSC-
mediated immune-suppression, ROS molecules are intrinsically
involved in activation of transcription factors such as Nrf2
and HIF-1α, which can induce transcriptional and metabolic
reprogramming of MDSCs and influence their differentiation
and maintenance. Compounds that target ROS in MDSCs to
enhance the effects of cancer immune therapy are promising

therapeutic options. The synthetic triterpenoid C-28 methyl ester
of 2-cyano-3,12-dioxooleana-1,9,-dien-28-oic acid (CDDO-Me,
also referred to as bardoxolone methyl, RTA402, TP-155 and
NSC713200) is a potent Nrf2 activator and has been found to
reduce MDSC production of ROS and tumor growth in mouse

tumor models (62). CDDO-Me shows a promising anticancer
effect in a phase I trial (63). In addition, systemic treatment
with all-trans-retinoic acid (ATRA) promotes maturation of
human MDSCs and reverses their immune suppressor function.
Accumulation of GSH in MDSCs by ATRA decreases levels of
ROS and induces MDSC differentiation into mature myeloid
cells (30, 64). Until now, most studies have focused on cancer
models and suggest that inhibition of ROS production in
MDSCs helps to enhance anti-tumor immune responses. Beyond
their pathogenic role in cancer, expansion and activation of
MDSCs also occurs in autoimmunity, infection and chronic
inflammation, conditions that are associated with oxidative
stress and hypoxic states (10, 65, 66). Thus, redox-signaling
in MDSCs might be a promising therapeutic target in these
diseases as well. However, the role of MDSCs here seems to be
less clear here, and both positive and negative roles of MDSCs
have been revealed with regard to progression of autoimmune
diseases. Therefore, further studies are warranted to uncover the
specific role of redox signaling in MDSCs in autoimmunity and
infection.
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The emergence of disseminated metastases remains the primary cause of mortality

in cancer patients. Formation of the pre-metastatic niche (PMN), which precedes the

establishment of tumor lesions, is critical for metastases. Bone marrow-derived myeloid

cells (BMDCs) are indispensable for PMN formation. Myeloid-derived suppressor cells

(MDSCs) are a population of immature myeloid cells that accumulate in patients with

cancer and appear in the early PMN. The mechanisms by which MDSCs establish

the pre-metastatic microenvironment in distant organs are largely unknown, although

MDSCs play an essential role in metastasis. Here, we summarize the key factors

associated with the recruitment and activation of MDSCs in the PMN and review

the mechanisms by which MDSCs regulate PMN formation and evolution. Finally, we

predict the potential value of MDSCs in PMN detection and therapy.

Keywords: metastasis, pre-metastatic niche, myeloid-derived suppressor cells, formation, evolution, detection

INTRODUCTION

Metastasis remains the leading cause of cancer-related death. Decades of investigations into cancer
metastasis have focused largely on the causes of oncogenic transformation and the incipient
emergence of tumors, although Stephen Paget proposed the seed-and-soil hypothesis in 1889
(1). Metastasis-related high mortality has driven cancer biologists to renew their focus on the
problem of metastasis. The study of how tumor cells lead to metastasis, such as altering the
microenvironment, entering the circulation, and colonizing distant organs, has received more
attention. Tireless research efforts have revealed that metastasis results from the interplay of
wandering tumor cells with a supportive microenvironment in target tissues (2). The theory that a
preconditioned microenvironment that receives incoming cancer cells at secondary organs or sites,
termed the PMN, is the key determinant of cancer metastasis is widely accepted. Fidler et al. found
that although mouse B16 melanoma cells could be found in the vasculature of multiple organs
(3), only lung sites consistently developed metastatic tumor deposits, which provided support for
this theory. Kaplan’s research in 2005 first demonstrated the existence and stepwise progression
of the PMN in Lewis lung carcinoma cells (LLC) or B16 cell-bearing mice (4). However, the
complex processes and molecular mechanisms involved in PMN formation have remained among
the greatest mysteries surrounding cancer metastasis.

This supportive PMN is prepared by resident cells (5), recruited bone marrow-derived cells
(BMDCs) (4), soluble factors (6), and extracellular vesicles (EVs) (7, 8). BMDCs are the main
cellular components of the PMN, which is initiated by many types of primary tumors, including
colorectal cancer (9, 10), breast cancer (11), and melanoma (12). The evidence of BMDCs in
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PMN formation is primarily drawn from mouse models and
largely focused on the lung and liver as a target organ, although
other organs and pathological samples from patients have also
been examined. Lewis lung carcinoma (LLC) cells and B16
melanoma cells possess a more widely disseminated metastatic
potential and tend to metastasize to the lungs and liver. LLC
or B16 tumors are more general models for the PMN related
research. Rosandra et al. confirmed the role of BMDCs in PMN
formation through LLC or B16 tumors (4). In this study, C57BL/6
mice were lethally irradiated and transplanted with GFP+ bone
marrow cells. Mice were injected intradermally with either LLC
or B16 cells. After irradiation, but before tumor implantation,
minimal BMDCs were observed in the lungs or liver. After
tumor implantation, but before the arrival of tumor cells, the
extravasation and cluster formation of BMDCs were detected
near distal alveoli and terminal bronchioles, both common sites
for future tumor metastasis. Until day 16, tumor cells were
detected and more than 95% of tumor cells co-clustered with
GFP+ BMDCs. Therefore, factors provided by the primary
tumor promote BMDCs to mobilize to pre-metastatic sites, and
this migration precedes the arrival of tumor cells. However,
the mechanisms by which BMDCs mediate the outgrowth of
metastatic cancer cells are not completely understood.

Neutrophils can be expanded, mobilized and recruited to the
PMN when the primary tumor occurs. However, the role of
neutrophils in PMN formation is not consistent. In colorectal
cancer model mice, tissue inhibitor of metalloproteinases
(TIMP)-1 creates a PMN in the liver through SDF-1/CXCR4-
dependent neutrophil recruitment (13). In mouse models
of breast cancer, G-CSF-mobilized Ly6G+Ly6C+ granulocytes
home to distant organs before the arrival of tumor cells
and produce the Bv8 protein, which stimulates tumor cell
migration through activation of prokineticin receptor (PKR)-
1 (14). This result is also observed during early breast cancer
progression, G-CSF directs the production of T cell-suppressive
neutrophils, which preferentially accumulate in peripheral tissues
but not in the primary tumor (15). Specifically, tumor-
secreted CCL2 stimulates neutrophils to accumulate in the lung
prior to the arrival of metastatic cells and inhibits metastatic
seeding by generating H2O2 in breast cancer mice (16). Thus,
neutrophils could promote PMN formation. However, another
study in breast cancer mice showed that neutrophils kill
tumor cells through ROS production and granzyme-B release
(17). Therefore, neutrophils can be a double-edged sword
in PMN formation. Currently, the markers used to define
neutrophils are oversimplified, and these neutrophils cannot
actually be distinguished from MDSCs. Therefore, phenotypic
analysis of these neutrophils is still a matter of study and
deeper immunophenotyping and functional assessment of PMN-
infiltrating immune cells are required.

MDSCs are a heterogeneous group of myeloid cells with
immunosuppressive properties that are derived from myeloid
progenitor cells and immature myeloid cells. MDSCs have been
detected in the lungs of mice bearing mammary adenocarcinoma
prior to metastatic spread (18). MDSCs have been shown
to play pleiotropic roles in cancer progression by shaping
the tumor microenvironment and metastatic niches through

immunosuppression and inflammation. Expanding experimental
evidence indicates that MDSCs are the key determinants of PMN
formation, although other immune cells, such as neutrophil,
macrophage and Tregs also involved in PMN formation (19).
S100A8/A9 imaging shows that MDSCs are abundant in the
pre-metastatic lung and correlate with the subsequent metastatic
breast cancer burden (20). In breast cancer model mice, MDSCs
accumulate in the PMN and suppress cytotoxic CD8+ T cells
and NK cells through the productions of reactive oxygen species
(ROS) and arginase 1 (Arg-1) (21). MDSCs are also involved in
an array of non-immunological functions that may be associated
with the PMN through secretion of cytokines, chemokine’s,
growth factors and exosomes. The roles of MDSCs in PMN
formation and evolution are diverse and may range from the
induction of vascular leakage and extracellular matrix (ECM)
remodeling to systemic effects on the immune system that
facilitate metastatic outgrowth (19, 22, 23).

In this review, we summarize the new phenotypic features of
MDSCs and the main factors that regulate MDSC recruitment
and expansion in the PMN. We mainly discuss the multi-
faceted superior capacity of MDSCs to establish a pre-metastatic
microenvironment in distant organs, and finally provide new
insights into how this process can be translated into clinical
applications.

MDSC PHENOTYPE AND FUNCTION

MDSCs are a heterogeneous population of immature myeloid
cells whose numbers are increased in states of cancer,
inflammation, or infection (24, 25). At present, most knowledge
about MDSCs comes from tumor immunity research. Tumor
cells mobilizeMDSC differentiation, proliferation, andmigration
toward tumor tissue by secreting vascular endothelial growth
factor (VEGF), granulocyte-macrophage colony stimulating
factor (GM-CSF), IL-6, IL-10, transforming growth factor-β
(TGF-β) and other factors (26). The heterogeneity of MDSCs is
derived from the complex expression patterns of their surface
markers and locations. MDSCs mainly include monocytic
MDSC (M-MDSC) and granulocytic MDSC (G-MDSC) (or
polymorphonuclear MDSC, PMN-MDSC) subpopulations.
Other subsets further characterized in human MDSC are the
immature MDSC [also known “early-stage MDSC” [eMDSC]]
and fibrocytic MDSCs (F-MDSCs). MDSC subsets have been
characterized (27), and play critical roles in tumor progression
through different mechanisms (Table 1) (32–37). It is worth
noting that the dynamic interplay between cancer and host
immune system often affects the process of myelopoiesis. The
difference of MDSCs locations have contributed to the complex
expression patterns of surface markers and effector molecules
(Table 1) (28–30). G-MDSCs and M-MDSCs use different
mechanisms for immunosuppression, which have been reviewed
elsewhere (31, 39, 40). Briefly, G-MDSCs mainly suppress T cell
responses by producing ROS (reactive oxygen species) via an
antigen-specific approach. M-MDSCs produce high amounts of
NO, Arg-1 and immunosuppressive cytokines, such as IL-10,
which suppress both antigen-specific and non-specific T cell
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responses. M-MDSCs have higher suppressive activity than
G-MDSCs. F-MDSCs suppress T cell proliferation through
IDO (indoleamine oxidase) production and promote Treg cell
expansion.

MDSCs are defined based on their phenotypic, functional,
and molecular features. Notably, the expression levels of the
molecules often change with environmental changes. Primary
tumor derived factors mobilize MDSCs from bloodstream into
the tissues where metastasis is about to occur. In pre-metastatic
lung tissue, MDSCs are indicative of the granulocytic nature
of CD11b+Ly6Clo/medLy6G+ cells which is referred to as G-
MDSC or PMN-MDSC. Compared to neutrophils, these cells
have fewer granules, diminished CD62L, and CD16 expression.
Moreover, these cells express a high level of ROS and Arg-
1(31). In mice bearing mammary adenocarcinoma, MDSCs have
been detected in the pre-metastatic lung. Phenotypic analysis
revealed that Ly6G+Ly6Clo cells constituted the major share
of such cells, which was indicative of G-MDSCs (18). MDSCs
in pre-metastatic tissue provide an microenvironment that is
suitable for the arrival and settlement of tumor cells through
promoting immunosuppression, leaky vasculature, and collagen
restructuring in the premetastatic tissue.

Researchers also define MDSC subpopulations using intrinsic
and extrinsic cell death pathway properties, which are involved
in myeloid lineage development and survival. The anti-
apoptotic molecule cellular Fas-associated death domain-like
interleukin-1 β converting enzyme inhibitory protein (c-FLIP)
is constitutively required for the development of M-MDSCs,
whereas G-MDSCs require a different anti-apoptotic molecule
[myeloid cell leukemia 1 (MCL-1)] for development (41). The
ability to suppress immune cells is an important standard
that is used to define MDSCs. Suppression of T cell activity,
including reduced proliferation and suppressed IFN-γ and IL-
2 production, is an important standard for the evaluation
of MDSC immunosuppressive function (33). The phenotypic
and functional characteristics of MDSCs in the PMN need to
be further investigated, although current studies have shown
that MDSCs in the PMN originate from the bone marrow.
In addition, the role of the PMN in MDSC functions and
phenotypes is unclear.

PMN FORMATION AND EVOLUTION

Previous studies investigating tumor metastasis focused largely
on identifying cancer cell intrinsic determinants, such as genes
and pathways that regulate colonization. Currently, promotion
of the spread of tumor cells to secondary organs by prior
formation of a supportive PMN at distant sites before the
arrival of metastatic cells is widely accepted. The PMN has
become a new paradigm for the initiation of metastasis, although
understanding the complexity of the PMN is daunting. Indeed,
a number of elements are involved in the formation and
evolution of the PMN, including cells from different lineages,
blood flow, soluble factors, EVs, extracellular matrix, and
signaling molecules that can provide niches for tumor settlement
and growth. The pathological processes that occur before the

development of macrometastases require better understanding.
Kaplan’s research in 2005 first demonstrated the existence
and stepwise progression of the PMN (4). Researchers have
uncovered the usual progression of PMN formation in diverse
tumors, including colorectal cancer (9, 10), breast cancer (11)
and melanoma (12, 42). First, tumor-secreted factors, the effects
of surgery, infection and aging not only change blood flow and
vascular leakage but also contribute to activation and recruitment
of BMDC populations (43, 44). Second, the biological behavior of
resident cells changes, and the ECM in the PMN is remodeled
(7, 42, 45). Third, a microenvironment with inflammation,
immunosuppression, and coagulation disorders is established,
which is beneficial for the ability of arriving tumor cells to settle
down and survive (19).

REGULATION OF MDSC RECRUITMENT
AND ACTIVATION IN THE PMN

Significant advancements have been made in understanding the
regulation of MDSC accumulation and expansion in primary
tumors. Currently, diverse factors, including GM-CSF (46),
interleukins (47),VEGF (48), tumor-derived molecules (49),
prostaglandin E2/cyclooxygenase-2 (PGE2/COX2) (50), EVs
(51), complement molecules (52), and IFN-γ (53), have been
determined to regulate MDSC accumulation and expansion in
the tumor microenvironment through the signal transducers and
activators of transcription 1 (STAT1) or STAT3 signaling pathway
(54). However, howMDSCs migrate into pre-metastatic sites and
become activated is unclear, although research results have shown
thatMDSCs can infiltrate into the PMN in the presence of soluble
factors, including GM-CSF, VEGF, IL-6, IL-1β, and CCL2 (55).
The main factors that affect the accumulation and activation of
MDSCs in PMN are summarized in Table 2.

Chemokines
Chemokines and other soluble factors secreted by tumors
and stromal cells are the main components that affect the
migration and activation of MDSCs in the PMN. Primary
tumor cells and stromal cells secreted factors and EVs
drive the expansion of MDSCs within the bone marrow
and enhance actin polymerization in MDSCs and vascular
leakiness in the bone marrow (BM) and PMN, which create
conditions conducive for the mobilization of MDSC from
BM to secondary sites (Figure 1). In colorectal cancer, VEGF
secretion by colorectal carcinoma cells stimulates tumor-
associated macrophages (TAMs) to produce chemokine (C-
X-C motif) ligand 1 (CXCL1), which recruits C-X-C motif
chemokine receptor 2 (CXCR2)+ MDSCs to the liver tissue. The
accumulated MDSCs promote PMN formation and ultimately
promote liver metastases (56). CCL2 is also referred to as
monocyte chemoattractant protein 1 (MCP1), was demonstrated
to be a functional contributor to PMNs. In a murine
liver tumor model, tumor-associated fibroblast-secreted CCL2
induces mobilization and migration of MDSCs to the PMN
through chemokine receptor 2 (CCR2) (66). In a mouse breast
cancer lung metastasis animal model, CCL2 also promotes
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TABLE 1 | Phenotype and function of MDSCs.

Subset Phenotype (Mouse) Phenotype (Human)

Total MDSC CD11b+Gr-1+CD11c−F4/80+/−CD124+ HLA-DR−CD11b+CD33+

G-MDSC CD11b+Gr-1hiLy6ClowLy6G+CD49d− CD33+CD14−CD11b+CD15+(or CD66b+)

M-MDSC CD11b+Gr-1midLy6ChiLy6G−CD49d+ CD11b+CD14+HLA-DRlow/−CD15−

e-MDSC – Lin−(CD3/14/15/19/56) HLA-DR−CD33+

F-MDSC – CD11blowCD11clowCD33+ IL-4Ra+

Category Surface molecule (Mouse) Effector molecule (Mouse)

BM derived progenitors CD133, CD34, CD117, VLA-4 ROS (28)

MDSCs in BM CD11b, Ly6G, Ly6C ROS, Bv8low (29)

MDSCs in blood CD11b, Ly6G, Ly6C ROS, Bv8 (29, 30)

Tumor-infiltrating MDSCs CD11b, Ly6G, Ly6C, CD115, F4/80, CD80 Arg-1, iNOS, NO2−, Bv8 (29, 30)

MDSCs in PMN CD11b, Ly6G, Ly6Clow, CD62Llow, CD16low ROS, Arg-1 (18, 31)

Function Description

Immune suppression Inhibit T-cell proliferation, NK cell and CTL activity, IL-2 production, and promote Treg induction and M2 macrophage reprogramming

through secreting Arg-1, ROS, NOS2, IDO, TGF-β, IL-10, and exosomes or membrane molecules (32, 33).

Tumor angiogenesis Promote blood vessel formation through upregulating MMP9, VEGF, and Bv8 expression (34, 35).

Tumor cell stemness Trigger miR-101 expression and target the CtBP2 (36).

Metastasis dissemination Support the epithelial-mesenchymal transition through secreting hepatocyte growth factor and TGF-β1 (37). Regulate resident cell

and angiogenesis through exosomal miRNA (38).

TABLE 2 | Factors associated with MDSC accumulation/activation in the PMN.

Molecules Source Receptors Phenotype Model Sites References

CXCL1 TAMs CXCR2 CXCR2+ MDSCs Colorectal carcinoma Liver (49)

CCL12 Lung – M-MDSCs Melanoma Lung (52)

MCP-1/CCL2 BMDCs CCR2 MDSCs Skin/Breast cancer Skin/Lung (21, 56)

CXCL12 HSCs CXCR4 MDSCs Pancreatic tumor Liver (57)

CCL15 Colorectal tumor cells CCR1 CCR1+ MDSCs Colorectal cancer Liver (55)

CCL9 G-MDSCs CCR1 G-MDSCs Melanoma/Breast cancer Lung (54)

Exosomal Hsp72 Tumor cells TLR2 MDSCs Colon carcinoma – (58)

Exosomal MET Melanoma – MDSCs Melanoma Lung (12)

S100A8/9 MDSCs TLR4 MDSCs Breast/ Gastric/ Lung cancer Lung (59)

Periostin MDSCs – M/G-MDSCs Breast tumor Lung (60)

ER stress Neutrophils – LOX-1+ PMN-MDSCs HNC NSCLC Lung (61)

LOX Breast tumor cell – CD11b+ myeloid cells Breast tumor Lung (62)

G-CSF – – MDSC Melanoma/Lung cancer/Lymphoma – (63)

FN Fibroblasts VLA-4 VEGFR1+ HPCs Lung cancer Lung (4)

VEGF Ovarian tumor cells VEGFR1 MDSCs Ovarian cancer PN (47)

TGF-β Melanoma cells Id1highMDSCs Melanoma – (64)

SAA ECs TLR4 CD11b+ myeloid cells Lung cancer Lung (65)

miRNA9 MDSCs – MDSCs Lung cancer – (24)

MDSC migration and triggers S100A8/A9 secretion (20). In
breast cancer, monocyte chemoattractant protein 1 (MCP-
1) recruits PMN-MDSCs to the pre-metastatic lung and
suppresses NK cell function, which promotes the formation
of an immunosuppressive PMN (21).BMDCs express CCL2 to
attract MDSCs via CCR2 in hedgehog-induced skin tumors
(67). Furthermore, CCL12 promotes M-MDSCs to migrate

to premetastatic lungs in melanoma cell-bearing mice and
increases IL-1β and E-selectin expression before the arrival
of tumor cells, which is beneficial for tumor cell arrest of
endothelial cells (68). In addition, CCL9 is an important factor
supporting MDSC recruitment to future PMNs. In colorectal
cancer, CCL9 from the tumor epithelium recruits immature
myeloid cells via the CCR1 receptor, which promotes tumor
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invasion (69). In melanoma and breast cancer-bearing mice,
TGF-β regulates CCL9 production in MDSCs through p38,
which shows a CCL9-CCR1 autocrine effect on MDSC survival
through decreasing cell apoptosis (70).Moreover, CCL9 increases
the levels of phosphorylated protein kinase B (p-PKB) and B-
cell lymphoma-2 (Bcl-2) in tumor cells, which promote the
survival of newly arriving tumor cells in the PMN (70). Last
but not least, serum CCL15 also promotes MDSC recruitment
through CCR1, which is beneficial for colorectal cancer cell
metastasis to the liver (71). It is worth noting that primary
tumor also enhance BM progenitors mobilization to the PMN
through factors or exosomes secretion and these progenitors
may further differentiate into MDSCs. Peinado et al. confirmed
that melanoma exosomes reprogrammed BM progenitors
toward a c-Kit+Tie2+Met+ pro-vasculogenic phenotype and
enhanced these progenitors mobilization to the prometastatic
lung through MET (7). In mouse models of metastatic
lung, during the angiogenic switch, bone marrow-derived
hematopoietic progenitor cells expressing VEGFR1 proliferate
and mobilize to the bloodstream. These cells home to LLC
cells -specific pre-metastatic lungs and form cellular clusters
before the arrival of tumor cells, which metastasize to the
lungs (72). Further characterization of cellular clusters revealed
that these cells expressed myelomonocytic marker CD11b and
secreted MMP9 (72). Overall, the role of these chemokines
in the formation and evolution of PMN must be taken. Such
chemokines may be the targets to block the formation of
PMN.

Integrins
Integrins are transmembrane receptors that facilitate cell-
extracellular matrix adhesion. The very late antigen-4 (VLA-4)
integrin is expressed by numerous cells of haematopoietic origin
and possesses a key function in the cellular immune response and
cancer metastasis (73). Bone marrow-derived VEGFR1+VLA-
4+ HPCs migrate to the PMN and interact with resident
fibroblasts through the fibronectin ligand of VLA-4, resulting in
the formation of cellular clusters. These expression patterns of
fibronectin and VEGFR1+VLA-4+ clusters foster a supportive
microenvironment for incoming LLC or melanoma B12 cells and
dictate organ-specific tumor spread (4). Blocking VLA-4 reduces
tissue infiltration of M-MDSCs through inhibiting adherence to
the apical side of the endothelium during the pathogenic process
underlying hepatic inflammation (74). These results suggest that
VLA-4 is a key molecule that regulates MDSC infiltration into
tissues and may serve as an important target for blocking PMN
formation. Future studies should focus on exploring strategies for
blocking PMN formation based VLA-4.

ECM Remodeling-Related Factors
The ECM remodeling-related factors contributes tomany aspects
of tumor progression by acting on both tumor and immune
cells. In particular, ECM remodeling-related factors-mediated
regulation of immunosuppression occurs through regulation
of the expansion, localization, and functional activities of
myeloid cells (75). The calcium binding protein S100A8/A9 is

a damage-associated molecular pattern which can activate Toll-
like receptor (TLR)-4 or receptor for advanced glycation end-
products (RAGE). Activation of these receptors is involved in the
recruitment of MDSCs. In LLC-bearing mice, S100A8 promotes
MDSC recruitment through p38 andNF-κB activation in a TLR4-
dependent manner (59). In mammary carcinoma cell-bearing
mice, S100A8/A9 from myeloid and tumor cells bind to RAGE
on MDSCs and promote MDSC migration and accumulation
through the NF-κB signaling pathways (76, 77). Periostin, which
is a non-structural ECM protein, is a limiting factor in the
metastatic colonization of disseminated tumor cells. Periostin
promotes the pulmonary accumulation of MDSCs during the
early stage of breast tumor metastasis (60). In periostin-deficient
MDSCs, the activation of extracellular regulated protein kinase
(ERK), PKB and STAT3 and immunosuppressive functions are
decreased, which accelerate breast tumor growth (60). These
results indicate that periostin from MDSCs participates in PMN
formation through promoting ECM remodeling and regulates
the activation and function of MDSCs. In addition, periostin
also elevate Lysyl oxidase (LOX) activity. LOX is an extracellular
matrix, copper-dependent amine oxidase that catalyzes a key
enzymatic step in the crosslinking of collagen (78). In PMN,
LOX promotes the crosslinking of collagen IV in the basement
membrane. Cross-linked collagen IV is essential for CD11b+

myeloid cell recruitment (60). CD11b+ cells adhere to cross-
linked collagen IV and produce matrix metalloproteinase-2
(MMP2). MMP2 cleaves collagen, enhancing the invasion and
recruitment of bone marrow-derived cells (62), which promote
PMN formation. PMN-MDSCs are important regulators of
immune responses in cancer and have been directly implicated
in promotion of PMN formation. Lectin-type oxidized LDL
receptor-1 (LOX-1) is a distinct surface marker for human
PMN-MDSC. Endoplasmic reticulum (ER) stress converts
neutrophils from healthy donors to suppressive G-MDSCs
through increasing LOX-1 expression (61). In patients with
hepatocellular carcinoma, ER stress promote LOX-1+CD15+ G-
MDSCs expansion and suppress T cell proliferation through
ROS/Arg-1(79). These results suggest that significant ER stress
in a tumor-bearing host might induce PMN formation mediated
by enhancement of LOX-1+CD15+ G-MDSCs -mediated
suppression. In tumor-bearing mice transplanted with B16F1,
Tib6, EL4, or LLC cells, tumor-secreted granulocyte colony-
stimulating factor (G-CSF) mobilizes peripheral CD11b+Gr1+

cells to the pre-metastatic lung (63). VEGFA from ovarian
cancer cells promotes MDSC migration and differentiation
through VEGFR1, which is expressed on MDSCs, and suppress
CD8+ T cell infiltration (48). In melanoma tumors, TGF-
β mediated inhibitor of differentiation 1 (Id1) upregulation
skews dendritic cell differentiation to MDSCs and mobilizes
VEGFR1+ haematopoietic progenitor cells (HPCs) during PMN
formation (64). In addition, serum amyloid A(SAA) 3, an acute
phase protein, stimulates proliferative, and proinflammatory
responses of keratinocytes, also participate in the formation
of PMN. In LLC or B16 cell-bearing mice, serum amyloid A
(SAA) 3 from endothelial cells and alveolar macrophages also
attracts CD11b+ myeloid cells into pre-metastatic lungs (65).
Therefore, extracellular matrix proteins play a major role in
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FIGURE 1 | Primary tumors promote the mobilization of MDSCs from bone marrow to secondary sites. (A) At primary tumor site, tumor or stromal cells secrete

numerous cytokines and EVs that are systemically distributed following the blood circulation. (B) In the bone marrow (BM), cytokines, such as macrophage-colony

stimulating factor (M-CSF), granulocyte macrophage-colony stimulating factor (GM-CSF), interleukin 6 (IL-6), interferon gamma (IFN-γ), vascular endothelial growth

factor (VEGF) from primary tumors promote MDSCs differentiation from granulocyte/monocyte precursor (GMP). Moreover, these cytokines mobilize MDSCs into the

bloodstream through enhancing actin polymerization and vascular leakiness. (C) Cytokines from primary tumors, such as chemokine (C-X-C motif) ligand 1 (CXCL1),

chemokine (CC motif) ligand 12 (CCL12), chemokine (CC motif) ligand 2 (CCL2), chemokine (CC motif) ligand 15 (CCL15), matrix metalloproteinases (MMPs),

S100A8/A9, and tumor necrosis factor α (TNF-α) guide the homing of MDSCs to in secondary sites through chemotaxis and enhancin vascular remodeling, which

create conditions conducive for MDSC mobilization to PMN. Moreover, factors or exosomes from primary tumor also enhance progenitors mobilization to the PMN

and these progenitors further differentiate into MDSCs.

MDSC expansion and PMN formation. Blocking PMN formation
through targeting ECM remodeling-related cytokines is an
outstanding opportunity that is awaiting further research.

PRIMARY MDSC-RELATED PRO-PMN
FACTORS AND MECHANISMS

Factors and cellular targets that mediate the steps of PMN
formation and evolution, such as vascular leakiness, stromal
education and reprogramming in organotropic sites, BMDC
education and recruitment, and angiogenesis, should be validated
in more detail. Dissecting PMN formation and evolution first
requires examination of the earliest changes occurring within
distant tissues. Current findings have identified EREG, COX2,
and MMPs, which reconstitute a multi-functional vascular
remodeling programme that leads to a large inflow of molecules
and cells (80, 81). MDSCs are significantly increased in the
lungs of mice bearing mammary adenocarcinomas before tumor
cell arrival (18). The mechanisms by which MDSCs mediate

PMN formation and evolution in original or distant organs
remain to be elucidated, although MDSCs clearly play an
immunosuppressive role through secreting Arg-1, NOS2, IL-
10, COX2, ROS, TGF-β, PGE2, and IDO, sequestrating active
site cysteine, decreasing L-selectin expression, and many other
pathways (32). Chemokines, cytokines, growth factors and EVs
from MDSCs participate in multiple stages of PMN formation
and evolution. Although the individual factors of these mediators
are insufficient to develop the PMN, their combined abilities
result in a profound increase in the sequential steps of PMN
development. In the 4T1 mammary and LLC lung carcinoma
models, enhanced expression of pro-metastatic proteins in
MDSCs, such as Bv8, MMP9, S100A8 and S100A9, facilitates
improved PMN formation, which supports more efficient
tumor cell extravasation and proliferation (44). In melanoma
cell-bearing mice, the interactions of MDSCs with epithelial
cells (ECs) involve an increase in vascular permeability and
degradation of tight junction proteins (82). Additionally, we
review the roles of MDSCs in promoting PMN formation and
evolution and the possible mechanisms (Figure 2).
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FIGURE 2 | Mechanisms of MDSC-dependent promotion of PMN formation and evolution. MDSC-derived factors participate in the stepwise evolution of the PMN

through regulating local resident cells, resulting in a microenvironment that encourages the settlement and outgrowth of incoming cancer cells. (A) MDSCs stimulate

lung fibroblasts to release tissue inhibitor of metalloproteinase 1 (TIMP1) by producing TGF-β, which promotes lung fibrosis. (B) VEGF-dependent induction of

endothelial focal adhesion kinase (FAK) promotes E-selectin upregulation, which facilitates the adhesion of circulating tumor cells. VEGF triggers FAK-dependent

vascular endothelial cadherin (VEC) phosphorylation in ECs and initiates paracellular permeability. (C) S100A8/9 and HMGB1 bind to RAGE on ECs and promote

capillary-like tube formation and production of pro-inflammatory factor through the NF-κB signaling pathway, which is beneficial for angiogenesis and inflammation. (D)

Exosomal S100A8/9 regulates SAA3 expression by ECs. SAA3 attracts macrophages to the pre-metastatic lungs through Toll-like receptor 4 (TLR4), which is

beneficial for the formation of inflammatory microenvironment. (E) MMP9 damages the endothelial barrier of blood vessel through damaging tight junction protein

claudin-5. (F) TGF-β induces fibronectin (FN) production and endogenous TIMP1 expression in hepatic stellate cells (HSCs) through phosphatidylinositol 3-kinase

(PI3K). FN is conducive to tissue remodeling in the liver and initiate PMN formation. Moreover, circulating TIMP1-activated HSCs express C-X-C motif chemokine 12

(CXCL12), which induces MDSC and neutrophil migration through CXCR4 and creates a microenvironment in the liver that increases its susceptibility to tumor cells.

(G) MDSCs suppress NK-and T-cell function by secreting immunosuppressive molecules and exosomes.

TGF-β
TGF-β is a secreted polypeptide that is a key element of cancer
progression toward metastasis. In colon and breast cancer mouse
models, TGF-β assists in the whole metastatic dissemination
process through crosstalk with cancer cells, cancer-associated
fibroblasts and immune cells, which contribute to the process
(83, 84). During PMN formation and evolution, MDSCs are
one important source of TGF-β, which induces a series of
pre-metastatic events. Exposure of pulmonary tissue to single-
walled carbon nanotubes leads to TGF-β production by MDSCs,
which favors the formation of a microenvironment that supports
ingrowth of lung carcinoma cells (85). However, the role of TGF-
β signaling in MDSC-mediated PMN formation and evolution
is unclear. In the lung, CCR2+ M-MDSCs stimulate lung
fibroblasts to release tissue inhibitor of metalloproteinase 1
(TIMP1) by producing TGF-β, which promotes lung fibrosis

(86). In the liver, high TIMP1 protein levels in premalignant
pancreatic lesions induce endogenous TIMP1 expression in
hepatic stellate cells (HSCs) through interaction with CD63
and a process that involves the phosphatidylinositol 3-kinase
(PI3K) molecule. Moreover, circulating TIMP1-activated HSCs
express C-X-C motif chemokine 12 (CXCL12), which induces
MDSC and neutrophil migration through CXCR4 and creates
a microenvironment in the liver that increases its susceptibility
to pancreatic tumor cells (57). Moreover, chronic inflammation
activates human HSCs also to convert mature peripheral blood
monocytes into MDSCs in a CD44-dependent fashion (87).In
addition, TGF-β secretion from Kupffer cells promotes the
upregulation of fibronectin production by HSCs in a pancreatic
cancer mouse model, which recruit macrophages into the
liver and initiate PMN formation (43). In patients with non-
small cell lung cancer, TGF-β stimulates CD39 and CD73
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expression on MDSCs in the PMN and inhibits T cell and
NK cell activity (88). These results indicate that MDSCs may
promote PMN formation through TGF-β protein secretion.
Therefore, TGF-β may be an effective target for suppression of
PMN formation.

VEGF
The study of PMN formation largely focused on the lung
as a target organ. In fact, the pre-metastatic lung contains
many hyperpermeable vessels, activated endothelial cells, and
abundant E-selectin (89, 90). The tumor microvasculature
tends to be malformed, more permeable, and more tortuous
than vessels in healthy tissue. These effects have been largely
attributed to upregulated VEGF expression (91). In esophageal
squamous cell carcinoma patients, endothelial cells within the
hyperpermeable area of the PMN have been proposed to
produce TGF-β in a paracrine manner, leading to fibroblast
activation and VEGF release (92). Interestingly, VEGF triggers
focal adhesion kinase (FAK)-dependent vascular endothelial
cadherin (VEC) tyrosine (Y) 658 (VEC-Y658) phosphorylation
in ECs and initiates paracellular permeability (82). Moreover,
VEGFA-dependent induction of endothelial FAK or injection
of recombinant VEGFA promotes E-selectin upregulation, and
inhibition of endothelial cell FAK hinders lung metastasis (82,
90). E-selectin facilitates the adhesion of circulating tumor cells
and lead to preferential homing of metastatic cancer cells to
these foci and outgrowth. In tumor-bearing mice transplanted
with B16F1, Tib6, EL4, or LLC cells, G-CSF secretion by
the tumor mobilizes CD11b+Gr1+ myeloid cells to secrete
VEGFA, which affects the tumor vasculature and promotes
the formation of a pre-metastatic lung microenvironment
(63). Overall, VEGF from MDSCs promotes PMN formation
directly or indirectly and therefore may be candidate for
blocking PMN.

S100A8/9
A common denominator of inflammatory responses within
the PMN is the S100 protein. The pro-inflammatory mediator
S100A8/A9 is abundant at inflammatory sites. S100A8/A9
is involved in processes such as enhancement of Ca2+

influx, cytokine production, immune cell recruitment and
inflammation (93). The exact mechanism of S100A8/S100A9
in PMN formation is unclear, although S100A8/S100A9 is
crucial for intercellular crosstalk between tumor and stromal
cells during PMN establishment. Extracellular S100A8/A9 from
MDSCs and tumor cells stimulates macrophage polarization
toward the tumor-promotingM2 phenotype, and this conversion
switches off IL-12 production, which drives the development
of NK cells and tumouricidal T lymphocytes (94). Moreover,
S100A8/S100A9 from mammary carcinoma cells bind to RAGE
on MDSCs and promote the migration and accumulation
of MDSCs through the NF-κB signaling pathways (77). In
addition, secretion of S100A8/S100A9 proteins by MDSCs
activates endothelial cells and MDSCs, resulting in myeloid
cell recruitment in the blood and secondary lymphoid
organs (77). S100 proteins and high mobility group box-1
protein (HMGB1) secreted by MDSCs are ligands of RAGE.

Downstream signaling pathways of RAGE are expressed in
endothelial cells and MDSCs. HMGB1 effectively promotes
human pulmonary microvascular endothelial cell migration
and capillary-like tube formation through the ERK/P38/Src
signaling pathway (95). Thus, S100A8/S100A9 may maintain an
autocrine feedback loop that leads to MDSC recruitment within
the PMN.

Interestingly, human breast cancer cell-derived exosomes
prepare the PMN by activating Src phosphorylation and pro-
inflammatory S100 gene expression in organ-specific cells (42).
Moreover, MDSC exosomes induce chemotaxis of MDSCs
themselves through their S100A8 and A9 content and promote
M2 macrophage polarization in breast cancer model mice (96).
In pancreatic cancer model mice, TGF-β signaling-induced
fibronectin (FN) upregulation induces macrophage recruitment
to the liver, which promotes liver PMN formation (43). Upon
CCL2 stimulation, exosomal S100A8/9 produced by primary
LLC or B16 cells are delivered systemically to the pre-metastatic
lung endothelium and regulate SAA3 expression by endothelial
cells and alveolar macrophages through stimulating the SAA3
promoter, which attracts CD11b+ myeloid cells to the pre-
metastatic lungs (65). Furthermore, SAA3 also binds to TLR4
on lung endothelial cells and macrophages (65). Pancreatic
cancer cell-derived exosomes initiate PMN formation in the liver
through macrophage migration inhibitory factor (MIF) (43).
This S100A8-SAA3-TLR4 cascade establishes the PMN. These
results suggest that exosomal S100A8/9 play an important role
in PMN formation, although the exact mechanism remains to
be clarified.

MMP9
MMPs from invasive endothelial cells or bone marrow derived-
progenitor cells govern degradation of the extracellular matrix,
basement membrane, and interstitial stroma, all of which
are essential events during the formation of new blood
vessels (91). MMP9 is a member of a family of zinc-
containing endopeptidases and is maintained at high levels
in the PMN (72, 97). Activation of endothelial MMP9 leads
to damage of the endothelial barrier (98). Inhibiting MMP9
activity can decrease vascular permeability and improve stroke
(99). Moreover, in a breast cancer mouse model, altered
vascular integrity is manifested through hyperpermeability in
the PMN, aberrant morphology of the vascular endothelium
and breakdown of the vascular basement membrane (89).
MMP9 also damaged vessel stability through sequestering
vascular VEGF and TGF-β in the ECM (100). In fact, vascular
permeability and neo-angiogenesis generation favor the initial
extravasation and subsequent metastatic growth of tumor cells
into pre-metastatic organs (101). MMP9 plays crucial roles
in ECM remodeling and the angiogenic switch that supports
formation of the PMN (102). MMP9 produced by MDSCs
causes abnormal and leaky vasculature as well as restructuring
of collagen in the basement membrane of blood vessels in
the pre-metastatic lung (103). In mammary adenocarcinoma-
bearing mice, CD11b+Gr-1+ myeloid progenitor cells are
significantly increased in the pre-metastatic lung before tumor
cell arrival and produce a large amount of MMP9, which
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promotes aberrant vasculature formation and leads to the
formation of a proliferative, immunosuppressive and inflamed
PMN in the lung (18). Moreover, ablation of MMP9 results
in aberrant vasculature normalization, improvement of host
immune surveillance, and diminished lung metastasis (18).
Therefore, MMP9 is a crucial regulator of mobilization of
bone marrow-derived endothelial cell and progenitor cell
recruitment, ECM remodeling, and the angiogenic switch, which
are intimately involved in regulating vascular integrity in the
PMN. These results suggest that MMP9 from MDSCs or tissue-
resident cells in the pre-metastatic lung destroys the vasculature
stability and immune balance, resulting in PMN formation
and evolution.

EXOSOMES IN MDSC RECRUITMENT AND
PMN FORMATION

Exosomes (30–150 nm) are one type of membrane vesicle of
endocytic origin and are secreted into the extracellular space by
most cell types. Exosomes perform many biological functions,
particularly intercellular communication through delivering
functional proteins, mRNAs, and miRNAs into target cells
following the internalization of exosomes. Cumulative evidence
has suggested that tumor exosomes fuse with resident cells in the
PMN and transfer their cargo, including genetic material (DNA,
mRNA and miRNA), metabolites (lipids and small metabolites)
and proteins, which are closely associated with the initiation,
formation, and evolution of the PMN (101, 104, 105).

Exosomes shed by tumor cells have been shown to
contribute to MDSC recruitment. For example, membrane-
associated Hsp72 from colon carcinoma CT26, lymphoma
EL4, and embryo fibroblast NIH/3T3 cells and human lung
adenocarcinoma-derived exosomes mediates the STAT3-
dependent immunosuppressive function of MDSCs (58).
Another study show that melanoma cell-derived exosomes
promote PMN formation by educating bone marrow progenitor
cells toward a pro-metastatic phenotype through the MET
protein (12) (Table 2). Pancreatic tumor-derived exosomes
expressing MIF promote TGF-β secretion from Kupffer cells,
which stimulates fibronectin secretion from hepatic stellate
cells and recruits myeloid CD11b+ cells to the PMN in the
liver (43). The pro-inflammatory proteins S100A8/S100A9 are
abundant in MDSC exosomes from breast cancer model mice
and is chemotactic for MDSCs in vitro (96). Therefore, exosomes
from primary tumors play important roles in MDSC recruitment
in secondary organ. The blockade of critical exosomes or their
cargo is beneficial for inhibiting the accumulation and activation
of MDSCs in the PMN.

Exosomes enhance the systematic entry of cancer cells
along the metastatic cascade. Therefore, understanding the
biology of MDSC exosomes in the PMN is important. Mass
spectrometry results show that MDSC exosomes from breast
cancer model mice carry biologically active components, such as
metabolic enzymes, transcription factors, and proteins relevant
for immunomodulation (96). MDSC exosomes also carry many
surface glycoproteins and several shared ligand receptor pairs,

indicating that MDSC exosomes are well equipped for binding
(106). In the following paragraphs, we will further examine
the possible roles of MDSC exosomes in diverse mechanisms
related to PMN formation and evolution, which are favorable
for inhibiting PMN establishment at secondary organs and
consequent metastatic outgrowth.

The integrin on the surface of breast cancer cell exosomes
promotes immature myeloid cell homing to the PMN and
increases activation of S100 genes and Src signaling in the PMN
in the lung and liver (7). LLC or B16/F10 cell-derived exosomal
RNA activates alveolar epithelial TLR3 and consequently induces
chemokine secretion in the lung and promotes neutrophil
recruitment, which also promotes lung PMN formation (104).
Therefore, the interactions of MDSC exosomes and cargo with
ECs need to be clarified further. In cancer patients, intratumoural
and peripheral MDSCs inevitably shed large exosomes, which
are involved in PMN formation and evolution, although the
exact mechanism needs to be further clarified. Breast cancer
cell exosomal miR-210 promotes angiogenesis and metastasis
by regulating EC behavior (107, 108). Interestingly, HIF-1α
can induce miR-210 overexpression in MDSCs and increase
arginase activity and nitric oxide production (108), although
miR-210 expression in MDSC exosomes needs to be further
clarified. A study showed that MDSC exosomal miR-126a
promoted lung metastasis by breast tumors (38) (Table 3).
Moreover, melanoma exosomal miR-9 activates the JAK-STAT
pathway through reducing the SOCS5 levels in ECs, which
promotes endothelial cell migration and tumor angiogenesis
(126). CREB regulates miR-9 expression and inhibits MDSC
differentiation by targeting runt-related transcription factor
1 (RUNX1) (24). The miR-9 expression profile in MDSC
exosomes needs to be identified, and the interactions between
miR-9 and ECs need to be further investigated. MDSCs express
the advanced glycosylation end-product-specific receptor
ligands S100A8/9, which can contribute to activation of
inflammatory/immunosuppressive genes. MDSC exosomes
polarize macrophages toward a tumor-promoting type 2
phenotype and possess S100A8/A9 chemotactic activity (96).
G-MDSC exosomal Arg-1 inhibits T cell proliferation (127).
Clearly, many cargoes within MDSC exosomes participate in
function modulation and metabolic reprogramming of immune
and stromal cells.

These results indicate that MDSC exosomes are favorable for
the establishment of an inflammatory and immunosuppressive
microenvironment that is a supportive niche for the arrival
of tumor cells. The potential impact of MDSC exosomes
on regulation of the PMN is definite, although the detailed
mechanism still needs further exploration.

POTENTIAL APPLICATION OF MDSCS IN
PMN DETECTION AND THERAPY

Clinical establishment of PMN detection technology could help
patients optimize the selection of monitoring and intervention
during therapy. Nevertheless, no effective clinical techniques
are available to detect the PMN at present. Early detection

Frontiers in Immunology | www.frontiersin.org 9 February 2019 | Volume 10 | Article 17222

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Wang et al. MDSCs Promote Pre-metastatic Niche Formation

TABLE 3 | Molecules associated with the blockade of MDSC expansion and recruitment.

Molecules Cancer type Phenotype Species References

VITAMIN DERIVATIVES

1α,25-hydroxy vitamin D3 HNSCC MDSCs Human (109)

ATRA Fibrosarcomas MDSCs Mouse (110)

Mammary adenocarcinomas MDSCs Mouse (110)

Renal cell carcinoma MDSCs Human (111)

Vitamin D CLL CD14+HLA-DRlow MDSCs Human (112)

AMINO-BISPHOSPHONATE

ZA Mesothelioma MDSCs Mouse (113)

Myeloma MDSCs Mouse (114)

Pancreatic cancer CD15+CD11b+ MDSCs Human (115)

Pancreatic cancer MDSCs Mouse (115)

Breast cancer MDSCs Mouse (116)

ANTIBODIES

Anti-VEGFR-2 Ab Melanoma and prostate tumor M-MDSCs Mouse (117)

Anti-Gr1 Ab Lung cancer MDSCs Mouse (118)

Myeloma MDSCs Mouse (119)

MD5-1 mAb Lymphoma MDSCs Mouse (120)

DS-8273a mAb Advanced cancers MDSCs Human (121)

Anti-CD33 Ab Myelodysplastic syndrome CD33+HLA-DR−Lin−MDSCs Human (122)

Anti-KIT mAb Colon cancer M-MDSCs Mouse (123)

Anti-ENO1 mAb Pancreatic ductal adenocarcinoma MDSCs Mouse (124)

Anti-DC-HIL mAb Colorectal cancer M-MDSCs Mouse (125)

of the PMN before radiographic evidence of the metastatic
niche remains a challenge. Following immune cells or related
molecules using a radiographic method provides an opportunity
to identify the PMN. For instance, whole body imaging of
lymphovascular niches is used to identify the premetastatic
roles of melanoma in mice (128). However, the lack of specific
tracking probes hinders the application of positron emission
tomography (PET) and nuclear magnetic resonance (NMR) for
PMN detection. Considering the crucial role of MDSCs in pre-
metastatic tissue priming and the abundance of S100A8/A9 in
MDSCs, initiation of the PMN canmost likely be predicted by the
MDSC abundance, which is reflected byMSDC surfacemolecules
or cytokines. Researchers have developed a method that uses
antibody-based single-photon emission computed tomography
(SPECT) for detection of S100A8/A9 in vivo as an imaging
marker for pre-metastatic tissue priming (20). However, because
MDSCs are not the only source of S100A8/A9, more MDSC-
relatedmolecules should be tested. Published studies have proven
the roles of exosome-mediated PMN formation with diverse
mechanisms.

Study showed that pancreatic cancer cell-derived exosomes
initiated PMN formation in the liver through MIF (43).
Moreover, human breast cancer cell-derived exosomal integrins
(ITGs) direct organ-specific colonization by fusing with resident
target cells in a tissue-specific fashion, thereby initiating PMN
formation (7). Those tumor exosomal cargoes in plasma
assist with the diagnosis and prognostic assessment of the
corresponding diseases. However, those tumor exosomal cargoes

play a limited role in PMN detection, because there is no effective
tracer for these molecules and their distribution profiles in the
pre-metastatic microenvironment are unclear. MDSC exosomes
package various molecules, including S100A8/9 (96), miR-126a
(38), and Arg-1 (127), which are involved in PMN formation and
evolution. Moreover, MDSC exosomes express CD11b molecules
(106), which provide the possibility for an exosome trace.
Therefore, MDSC exosomes have potential application value for
detection of the PMN.

Currently, no clinical agents are a specific target therapy
for the PMN, although targeted therapies directed against
establishment of the PMN can potentially inhibit metastasis
in mice. In the earliest PMN event, ECM remodeling and
the formation of blood clots lead to the loss of vascular
integrity, which causes increased vasculature permeability. In
turn, the increased vasculature permeability is beneficial for
the ability of macromolecules and cells to cross endothelial
barriers, which leads to ECM remodeling and destruction of
vascular integrity. On the other hand, vascular leakiness leads
to an abnormal microenvironment that is characterized by
interstitial hypertension (elevated hydrostatic pressure outside
the blood vessels). Therefore, targeting drugs to the PMN is
difficult due to the increased permeability of the vasculature
at the PMN (19). Encouragingly, specific targeting of PMN
components reduces metastasis in preclinical models. In breast
cancer, inhibition of LOX activity abrogates the formation
of tumor-driven focal pre-metastatic bone lesions (129). In
mice, the formation of pre-metastatic cellular clusters can be
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abrogated by preventing VEGFR1 function using antibodies
or by removing VEGFR1+ cells from the bone marrow
(4). Blocking SAA3-TLR4 function during the pre-metastatic
phase can prevent formation of the pulmonary PMN (65).
Abrogation of HPC clusters within pre-metastatic organs by
either a VEGFR1 antibody or depletion of VEGFR1+ BMDCs
reduces the metastasis of LLC or B16 cells to lung tissue
(4). MDSCs play a crucial role in PMN formation and
evolution and present strategic therapeutic potential. The use
of low doses of approved chemotherapeutic drugs, such as 5-
fluorouracil, gemcitabine, and fludarabine, represents the most
promising, and feasible strategy to reduce the intratumoural
numbers of MDSCs (130). In addition, small molecules, such
as vitamin derivatives (112), amino-bisphosphonate (113), and
antibodies (117), have been found to block MDSC expansion and
recruitment (Table 3). Therefore, strategies to eliminate MDSCs
and their related molecules and exosomes will help prevent
PMN formation.

Vitamin Derivatives
Vitamins A and D may aid in MDSC differentiation to more
mature cells through an unknown mechanism, which has been
reviewed (131, 132). The efficacy of 1α, 25-hydroxyvitamin
D3 was observed in mice with lung cancer and patients with
non-small cell lung and squamous cell carcinoma of the head
and neck (109, 133, 134). In addition, all-trans-retinoic acid
(ATRA) is a derivative of vitamin A with antiproliferative
properties. ATRA targets genes responsible for cell maturation
that are less likely to favor tumor growth by maturing MDSCs
into DCs, granulocytes, and monocytes (135). In mice with
fibrosarcomas and mammary adenocarcinomas, ATRA also
enhance antitumour T cell responses (110). Clinical trials have
shown that renal cell carcinoma patients with high serum
ATRA concentrations have fewer peripheral blood MDSCs and
improved T cell responses (111). Some new discoveries have
been made concerning the regulation of MDSCs by vitamin
derivatives. miR-155 induces MDSC expansion via targeting

SH2 domain-containing inositol 5
′

-phosphatase 1 (SHIP1),
leading to STAT3 activation (136). In B cell-derived chronic
lymphocytic leukemia (CLL), transfer of tumor cell exosomal
miR-155 contributes to CLL cell-mediated MDSC induction,
which can be disrupted by vitamin D (112). Last but not least,
in a model of lipopolysaccharide-induced immunosuppression,
ATRA decreases the generation of MDSCs by reducing CD34+

precursor cell proliferation (137). Therefore, vitamin derivatives
may be candidates for blocking PMN and need to be thoroughly
studied through clinical trials.

Amino-Bisphosphonate
Amino-bisphosphonate has been suggested to work as an
immune modulator and therefore may be applicable as an
antitumour agent that can prolong disease-free survival in
cancer patients. Zoledronic acid (ZA) is a potent amino-
bisphosphonate that targets the mevalonate pathway in myeloid
cells. Zoledronic acid was previously shown to target MDSCs. In
mesothelioma, ZA suppress TAM differentiation from MDSCs,
leading to a reduced level of TAM-associated cytokines in

the tumor microenvironment (113). In myeloma-challenged
mice, ZA inhibits the expansion of MDSCs and bone lesions
(114). In pancreatic cancer mice, ZA impairs intratumoural
MDSC accumulation, resulting in a delayed tumor growth rate,
prolonged median survival, and increased recruitment of T
cells to the tumor (115). Amino-bisphosphonates contribute
to specific MMP-9 inhibitory activity (116). In mammary
tumor model mice, amino-bisphosphonates significantly reduce
MDSC expansion in both the bone marrow and peripheral
blood by decreasing the serum pro-MMP-9 and VEGF levels
(116). These studies reinforce the importance of amino-
bisphosphonate t in preventing the PMN formation and
evolution.

Antibodies
Antibodies are widely used as efficient agents for eliminating
MDSCs, although their efficacies for each MDSC subtype (G-
MDSCs and M-MDSCs) are controversial. For example, in
melanoma and prostate tumor model mice, an anti-VEGFR-
2 antibody suppresses MDSC-mediated angiogenesis through
MMP-9 inhibition (117). Moreover, an anti-Gr1 antibody (RB6-
8C5) is widely used as an efficient agent to eliminate MDSCs
in mice. Zhang et al. (118) found that an anti-Gr1 antibody
reduced MDSCs by one-third in the tumors of 3LL cell-
bearing mice. Vincent Hurez used an anti-Gr1 monoclonal
antibody that reduced MDSCs by 50–75% in the spleens of
B16-bearing mice (119). In addition, MDSCs are sensitive to
TNF-related apoptosis–induced ligand receptor 2 (TRAIL-R2)
agonists. DR5, which is a TRAIL-R, plays an important role in
MDSC survival. The MD5-1 mAb, which is an agonistic DR5
antibody, dramatically improves immune responses in tumor-
bearing mice. In mice bearing large EL4 tumors, treatment with
the MD5-1 mAb strongly decreases the accumulation of both
MDSC subsets in the tumor, and this effect is quite specific for
MDSCs without affecting DCs and macrophages (120). In 16
patients with advanced cancers, the agonistic TRAIL-R2 antibody
DS-8273a selectively targeted MDSCs and resulted in reduction
of the elevated numbers of MDSCs in the peripheral blood of
most patients (121). In myelodysplastic syndrome, BI 836858,
which is a Fc-engineered monoclonal antibody against CD33,
also reduce MDSCs by antibody-dependent cellular cytotoxicity
and block CD33 downstream signaling, thereby preventing
immunosuppressive cytokine secretion (122). In colon 26 cell-
bearing mice, the anti-KIT IgG1 mAb KTN0158 promoted
immune responses by selectively reducing immunosuppressive
M-MDSCs (123). In pancreatic ductal adenocarcinoma-bearing
mice, a mAb targeting pancreatic ductal adenocarcinoma-
associated antigen α-enolase (ENO1) inhibited in vivo infiltration
of MDSCs into the tumor microenvironment and attenuated
their restraint of the effector T cell response (124). Last but
not least, in colorectal cancer with high blood DC-HIL+ MDSC
levels, an anti-DC-HIL mAb attenuated tumor progression
by reducing MDSCs in the tumor microenvironment (125).
These works provide a foundation for the development of
a novel group of therapies for the PMN aimed at MDSCs.
The combined use of these antibodies may more effectively
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prevent the formation and evolution of PMN through targeting
MDSCs.

CONCLUSIONS AND PERSPECTIVES

Taken together, the presented findings show that MDSC-
derived TGF-β, S100A8/A9, VEGF, and exosomes promote PMN
formation and metastasis through crosslinking with the immune
system, fibroblasts, endothelial cells, and hepatic stellate cells.
The main processes and mechanisms involve the induction
of vascular leakiness, ECM remodeling, immunosuppression,
and inflammation, although the exact mechanism remains to
be confirmed. Because MDSCs play pivotal roles in PMN
formation and evolution, developing strategies based on MDSCs
for detection of the PMN at its earliest stages is realistic.
Understanding the cross-talk between MDSCs and resident cells
in pre-metastatic organs is essential for PMN targeting. Most
of the work exploring PMN formation relies on mouse models
of metastasis, and our understanding of PMN biology is mostly
based on studies of lung or liver metastases. Some obstacles
remain for clarifying the clinical traits of PMN and obtaining
premetastatic tissues from patients. More clinical research is
needed, and better imaging techniques for PMN detection should
be developed.
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Myeloid-derived suppressor cells (MDSCs) contribute to the induction of an immune

suppressive/anergic, tumor permissive environment. MDSCs act as immunosuppression

orchestrators also by interacting with several components of both innate and adaptive

immunity. Natural killer (NK) cells are innate lymphoid cells functioning as primary

effector of immunity, against tumors and virus-infected cells. Apart from the previously

described anergy and hypo-functionality of NK cells in different tumors, NK cells in cancer

patients show pro-angiogenic phenotype and functions, similar to decidual NK cells. We

termed the pro-angiogenic NK cells in the tumor microenvironment “tumor infiltrating

NK” (TINKs), and peripheral blood NK cells in cancer patients “tumor associated NK”

(TANKs). The contribution of MDSCs in regulating NK cell functions in tumor-bearing

host, still represent a poorly explored topic, and even less is known on NK cell regulation

of MDSCs. Here, we review whether the crosstalk between MDSCs and NK cells

can impact on tumor onset, angiogenesis and progression, focusing on key cellular

and molecular interactions. We also propose that the similarity of the properties of

tumor associated/tumor infiltrating NK and MDSC with those of decidual NK and

decidual MDSCs during pregnancy could hint to a possible onco-fetal origin of these

pro-angiogenic leukocytes.

Keywords: myeloid derived suppressor cell (MDSC), natural killer cells (NK cells), angiogenesis, cytokines, tumor

microenvironment, decidua

INTRODUCTION

The tumormicroenvironment (TME) shapes the fate of tumor onset and progression, by regulating
cell growth, invasiveness, immune escape, dissemination and clinical outcome (1, 2). It is now
clear that the contribution of tissue-resident immune cells in supporting or limiting tumor
growth, metastasis and resistance to therapies has a master role (2, 3). The immune cell effector’s
capabilities of reaching, recognizing, and eliminating the tumor targets is conditioned by other
microenvironment cells and determinants, turning the immune system from early strategic line
of defense, into a pro-tumor weapon (1–3). TME employs multiple mechanisms to switch off the
anti-tumor functions of immune cells: it can destabilize and polarize the innate cell compartment
(macrophages, neutrophils and dendritic cells as well as innate lymphoid cells), the adaptive
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immunity (T and B lymphocytes), stromal cells (cancer-
associated fibroblasts) or endothelial cells (tumor associated
capillary or lymphatic vessels) to favor growth and dissemination
(1–4). Plasticity of immune cells, referred as the ability of
immune cells to be differentially polarized (for example,
acquisition of different or opposite phenotypes and functions)
within different (micro/macro) environments (1, 2, 4–6) can
represent a friend or a foe. Among the most interesting players in
the TME regulation of cancer andmetastases aremyeloid-derived
suppressor cells (MDSCs). MDSCs can directly or indirectly (by
interacting with several components of both innate and adaptive
immunity) contribute to the induction of an immune suppressive
environment (7, 8), and angiogenesis (4, 9–11). We will discuss
their crosstalk with Natural killer (NK) cells.

NK cells are innate lymphoid cells (ILC) and act as primary
effectors of innate immunity, against tumors and virus-infected
cells (12). In cancer, NK cells show anergy and hypo-functionality
(13–15). NK cells in different tumors have been described by us
(4, 16, 17) and other groups (18, 19) to acquire pro-angiogenic
phenotype and pro-tumor functions.

MDSCs are recruited and expanded in the TME, in different
types of mouse and human cancers (20–24). MDSCs can restrain
the CD8+ cytotoxic T and NK cells, both of which are anti-
cancer, directly influencing the pro-tumor TME. In this review,
we will address MDSC-associated angiogenesis and the crosstalk
between MDSCs and NK cells, an under-investigated field,
and we will focus on relevant cellular and molecular events
orchestrating NK-MDSC interactions within the TME, which can
impact on tumor insurgence, progression, and angiogenesis.

NK CELL PHENOTYPE AND FUNCTIONS
IN CANCER

NK cells are cytolytic and cytokine-producing effector innate
lymphoid cells (ILC), representing a first line of defense against
virally-infected and transformed cells (12). Spits et al. assigned
NK cells as a prototypical ILC family member and classified
NK cells as ILC1 subtype, as a consequence of their ability to
produce IFNγ, following T-bet and EOMES expression from the
ID2+ ILC precursor (25). Recently, Vivier et al. put forward that
NK cells originate from a separate cell lineage from ILC1. NK
cells and ILC1 share the ability to produce IFNγ, following T-
bet expression (26). NK cells and ILC1, however, are functionally
different: while NK cells are strongly cytotoxic and release
perforin, ILC1s cannot release perforin (26).

The field of NK cell biology has expanded well beyond their
cytotoxic functions, underlying new roles related to the vast array
of cytokines produced by these cells. NK cells are now known to
act in immune responses against bacterial (27) and fungal (28, 29)
organisms. They have also been shown to play a role in both
bone marrow rejection and bone marrow cell engraftment (30).
Further NK cell immune regulatory (31) and tissue-regenerative
properties (32) have been discovered in viral resistance models.

NK cell cytolytic functions are exerted by perforin and
granzyme production and cytokine release. These properties
are regulated by a balance between signals from inhibitory

receptors (killer Ig-like receptors [KIRs] and the heterodimeric
C-type lectin receptor [NKG2A]) as well as activating receptors
(the NCRs: NKp46, NKp30, NKp44, and the C-type lectin-
like activating immunoreceptor NKG2D), recognizing specific
ligands on their cellular targets (12). Peripheral NK cells are
predominantly (from 90 to 95%) CD56dimCD16+ cytotoxic NK
cells, that exert their effector functions by perforin/granzyme
release and antibody dependent cellular cytotoxicity (ADCC).
A minor NK subset, within total circulating NK cells (5–10%),
exhibits the CD56brightCD16− phenotype and is able to produce
high and constant levels of anti-tumor cytokines, such as IFNγ

and TNFα (12), CD56brightCD16− NK cells are abundant in
healthy and neoplastic solid tissues (33).

Pro-angiogenic NK cells have been found in wound healing
models (17), a pro-angiogenic NK subset has been also
characterized within the developing decidua: decidual (or
uterine) NK cells (dNK), that will be discussed later in this review.

Anergic NK cells have been characterized in several
tumors, where local immunosuppression resulted in NK cells
downregulating NKG2D surface antigen expression, impaired
degranulation capabilities, limited abilities to release perforin,
granzyme and anti-tumor cytokines (34–38).

We were the first in demonstrating that NK cells in
cancer patients (non-small cell lung cancer, NSCLC) (17, 39)
colorectal cancer (40) and in malignant pleural effusions (16),
show a pro-angiogenic phenotype and function, identified as
CD56brightCD16−VEGFhighCXCL8+IFNlow and share several
features with the highly pro-angiogenic dNK cells (17, 39, 40).
In cancer patients, NK cells mimic behavior of decidual NK, they
exhibit a dNK-like phenotype, release pro-angiogenic and pro-
metastatic factors and functionally support angiogenesis (4, 16–
19, 36, 39, 40). We termed the pro-angiogenic NK cells that are in
the TME: “tumor infiltrating NK” (TINKs) and peripheral blood
pro-angiogenic NK cells in cancer patients “tumor associated
NK” (TANKs) (17).

MYELOID-DERIVED SUPPRESSOR CELL
PHENOTYPE AND FUNCTIONS IN CANCER

MDSCs identify a heterogeneous immature and mature cell
population generated from common hematopoietic progenitor
cell. Two major MDSC subsets have been characterized based on
their ability a) to phenotypically resemble polymorphonuclear
(PMN) cells, termed PMN-MDSCs b) to resemble monocytes,
defined M-MDSCs, for their surface markers. Both cell subsets
are endowed with potent inhibitory functions against CD8+

cytotoxic T cells and NK cells, thus inducing a tolerogenic
state and acquiring pro-angiogenic properties (23). In mice,
PMN-MDSCs are characterized by CD11b+Ly6G+Ly6Clo

while M-MDSCs by CD11b+Ly6G−Ly6Chi surface
markers. In humans, PMN-MDSCs are identified as
CD11b+CD14−CD15+ or CD11b+CD14−CD66b+, and
M-MDSCs as CD11b+CD14+HLA-DR−/loCD15− (20, 41).
LOX 1 (Lectin type oxidized receptor-1) represents a more
recent marker that has been identified on human PMN-MDSCs,
however further confirmation is needed (42).
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The immature phenotype of MDSCs is related to the
constitutive activation of signal transducer and activator of
transcription (STAT)-3, that interferes with the completion of
functional cell maturation. The expansion of this subset in tumor
patients and tumor-bearing mice is driven also by different
factors, such as IRF8, C/EBPβ, Notch, adenosine receptors
A2b signaling, and NLRP3 (43). For their immunoregulatory
function, the MDSCs requires different pro-inflammatory
stimuli, like CSF3, IL-1β, IL-6, and prostaglandin E2 (PGE2),
through activation of the NF-κB pathway, as well as of STAT1,
STAT6, and cyclooxygenase 2 (COX2) signaling (43), as described
more in depth later. Immunosuppressive functions exerted by
MDSCs are also mediated through the inducible form of nitric
oxide synthase (NOS2) that produces nitric oxide (NO), arginase
1 (ARG1), TGFβ, IL-10, COX2, and indoleamine 2,3-dioxygenase
(IDO) (44). PGE2 and HMGB1 are also involved in immune
suppression (43). In cancer patients, MDSC expansion in the
peripheral blood is correlated with poor clinical outcome and
with advanced clinical stage (45–47). Tumors growing in mice
lead to the expansion and activation of myeloid cells (48, 49)
with similar activities than the human counterparts, resulting in
impairment of anti-tumor T cell responses (50).

It has been shown thatMDSCs are able to favor the conversion
of naive CD4+ T cells into Tregs. Retinoids and MDSC-derived
TGFβ can promote the trans-differentiation of Th17 cells into
Foxp3+ Tregs (51).

MDSC AND NK CELL CROSSTALK

Immunosuppressive activities by MDSCs have been largely
described to be directed toward T cells. Emerging evidence
suggests that MDSCs can also interact and regulate the function
of other immune cells, including macrophages, DCs and NK
cells (7, 8, 52–54). The contribution of MDSCs in regulating
NK cell function in tumor-bearing host, still represent a poorly
explored topic. MDSCs produce TGFβ which we and others
have shown to be a master regulator of NK cell functions in
tumors (4, 13, 17, 39, 55–58) (Figure 1). Studies in the literature
showed that co-culture of MDSCs with NK cells resulted in
impaired tumor cell cytotoxic activity by NK cells and induction
of immunotolerance (59, 60). These alterations derived both
by MDSC/NK direct interaction (e.g., PDL-1 checkpoint ligand
expression and reactive oxygen species production) and via
soluble factors (described later in the manuscript). MDSCs have
been observed to reduce NK cells tumor suppressive activity
(52), and chronic inflammation increases these effects. Several
pro-inflammatory cytokines have been reported to orchestrate
MDSC/NK crosstalk. Large number of CD11b+Gr-1+ cells
have been found to accumulate in the spleen of tumor-bearing
mice and, when adoptively transferred both into tumor-bearing
and naïve mice, were able to inhibit NK cell cytotoxicity, by
limiting the NK ability to produce perforin in vivo and in vitro
(53). MDSC-mediated NK cell anergy has been associated with
the ability of MDSCs to downregulate CD247 expression on
the NK cell surface (61). CD247 is a key subunit of natural
cytotoxicity receptors (NCRs) NKp46, NKp30, and Fcγ RIII

(CD16) (61). MDSCs can inhibit NK cell function by interacting
with the NKp30 receptor (62). MDSC/NK cells co-culture
results in down-regulation of NKG2D, impaired degranulation
capabilities and decreased secretion of IFNγ by NK cells (63).
The interaction between MDSCs CD11b+Ly6CmedLy6G+ and
NK cells (CD3−NK1.1+) in the murine pre-metastatic niche has
been reported to be critical formetastases establishment (64). The
cytotoxicity of NK cells in breast cancer is significantly decreased
in the presence of MDSCs, resulting in increased metastatic
potential (64). MDSCs inhibit the anti-tumor reactivity of NK
cells, promote angiogenesis (65), establish pre-metastatic niches
(66), and recruit other immunosuppressive cells (67). MDSC
accumulation has been demonstrated to occur, following surgery
both in human and mice, which results in dysfunctional NK
cells (68–70).

The immune suppressive TME leads to phenotype and
functional alterations of several players, including NK cells and
MDSCs. Most of soluble molecules within the TME include
factors able in shaping NK cell and MDSC response and
several of them are shared interactors regulating MDSC/NK
crosstalk. Here, we discussed selected soluble factors modulating
MDSC/NK cell crosstalk within the TME, as potential candidates
to target aberrant phenotype/function endowed with pro-tumor
and pro-angiogenic activities.

CYTOKINES AND OTHER MEDIATORS IN
NK AND MDSC REGULATION

The STAT family are transcription factors that are activated
in response to growth factors and cytokines and mediate
downstream signaling (71–74). STATs are dysregulated in a broad
range of cancer types. STATs have been shown to play diverse
roles in innate and adaptive immune cells in the TME (75–
77). While STAT2 and STAT4 promote the anti-tumor immune
response, STAT3 and STAT6 mediate immunosuppression in
the TME, and STAT1 and STAT5 have been implicated in
both activation and suppression of the anti-tumor immune
response (78). STAT3 activation in an immature MDSC subset,
has been found to be crucial for NF-κB activation, resulting
in enhanced release of IDO, that limit NK cell proliferation,
activation and effector functions (79) (Figure 2). Several studies
demonstrated a link between STAT3 blockade, TGFβ inhibition
and increased tumor surveillance by NK cells (80, 81). Peripheral
and tumor-associated NK cells from STAT3-targeted tumor-
bearing mice expressed elevated levels of NK activation markers
NKG2D, CD69, Fas ligand (FasL) granzyme B, perforin,
and IFNγ, resulting in reduced tumor growth and enhanced
survival (80, 81).

IL-2 induced activation of STAT5 leads to NK cell production
of perforin, granzyme and IFNγ (82). JAK3-mediated activation
of the transcription factor STAT5 is critical in IL-2–stimulated
NK cells in vitro and Jak3 inhibition has been found in NK
cells co-cultured with MDSC isolated from the spleen of tumor-
bearing mice associated with reduced STAT5 in NK cells (62).
STAT3/STAT5 activation was observed by us in TANKs from
colon cancer patients (40). We have shown that treatment with
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FIGURE 1 | MDSC and NK crosstalk within the tumor microenvironment (TME). Immunosuppressive activities of MDSCs on NK cells act by diverse molecular and

cellular mediators. MDSC affect NK cell functionality by several major released factors, among which TGFβ. TGFβ is produced by MDSC or by MDSC-like cells,

originated from PGE2 exposed monocytes. Another mediator is IDO produced directly from MDSCs or from a CD33+CD13+CD14−CD15− subset, derived from

CD33+ precursors. Adenosine from CD39highCD73high MDSCs is a further major NK suppressive factor. MDSC effectors decrease NKG2D, NCRs, IFNγ , TNFα,

perforin, granzyme levels and ADCC in NK cells.

pimozide, a STAT5 inhibitor, reduced endothelial cell capability
to form capillary-like networks, inhibiting VEGF and angiogenin
production without affecting the levels of TIMP1, TIMP2,
and MMP9, indicating that STAT5 is involved in cytokine
modulation but not invasion-associated molecules in colon
cancer TANKs (40).

MDSCs release TGFβ in the TME (23, 48, 83) (Figure 1).
TGFβ exerts anti-tumorigenic effects at early stages, while during
tumor progression it acts as crucial orchestrator of angiogenesis,
induction of immunosuppression and metastases (84–86). In
a murine model of liver cancer, tumor derived MDSCs have
been reported to induce NK cell anergy, exhibited as reduced
NKG2D expression, degranulation capability, cytotoxicity and
IFNγ release in vitro and in vivo, through membrane-bound
TGFβ1 (59). Blocking of membrane-bound TGFβ onMDSCs was
able to subvert the inhibitory effects on NK cells, demonstrating
that MDSC/NK cell-cell contact is necessary to induce MDSC-
mediated NK cell anergy.

Elkabets et al. have identified a novel subset of MDSC induced
by IL-1β, which lack Ly6C expression (52) (Figure 1). This
subset was present at low frequency in tumor-bearing mice
in the absence of IL-1β-induced inflammation; while under
inflammatory conditions Ly6Cneg MDSC were predominant.
Ly6Cneg MDSC impaired NK cell development and functions
in vitro and in vivo (52) by reduction of NKG2D activating
receptor (Figure 1). Another recently identified NK check-point

is the IL-1R8 receptor (also known as SIGIRR, or TIR8), which
is expressed on human and murine NK cells (87). IL-33, an
“alarmin” molecule released upon tissue stress or damage by
endothelial and epithelial cells (88, 89), is an IL-1 family member
which binds to the ST2 receptor, expressed on immune cells.
In murine models, IL-33, depending on the TME, can recruit
immune cells with pro-tumor effects, including MDSCs, TAMs,
and Tregs, or it can prevent tumor development by stimulating
activation and migration of NK and CD8+ T cells (88, 89).
In humans, IL-33 is associated with poor prognosis in glioma,
breast and ovarian cancers, clear-cell renal and hepatocellular
carcinoma, while it is correlated with good prognosis in colorectal
cancer and lung adenocarcinoma (88, 89).

Nitric Oxide (NO) molecule is a multifunctional gaseous
transmitter, playing a key role in inflammation. Paradoxical
effects of NO have been documented in cancer, since its
anti- or pro-tumor activities are finely tuned by timing,
location, and concentration (90, 91). NO production has been
largely demonstrated as a key mechanism in MDSC-mediated
immunosuppression (90, 92) (Figure 1). Some studies showed
that autocrine production of NO by NK cells results in positive
effect on NK cell function, and that human NK cells can express
endothelial nitric oxide synthase (eNOS) but not inducible nitric
oxide synthase (iNOS) (93, 94). In contrast, Stiff et al. recently
demonstrated that NO production by MDSCs limits NK cell
cytotoxicity by impairing Fc receptor-mediated NK cell function,
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FIGURE 2 | MDSC contribution to tumor angiogenesis. MDSCs can support angiogenesis by different mechanisms. Hypoxia within the TME induce VEGF release

directly from MDSCs or indirectly following exposure of MDSCs to TGFβ and adenosine. STAT3 activation in MDSCs also support angiogenesis, via IL1-β, CXCL2, and

CCL2 secretion. MDSCs contribute to tumor angiogenesis by ECM remodeling via MMP-2/8/9/13/14 release. Finally, given their cell plasticity, MDSCs can

transdifferentiate into endothelial-like cells.

resulting in altered ADCC (92). They also showed that co-culture
of MDSCs with NK cells results in inhibited secretion of IFNγ

and TNFα by NK cells (Figure 2).
Prostaglandin E2 (PGE2) is a prostanoid molecule generated

by the COX2 inflammatory cascade that have been largely
reported to be associated with pro-tumor activities, ranging

from induction of tumor cell growth, enhancement of tumor
cell migration, invasion, induction of immunosuppression and
angiogenesis (95–97). Exposure of monocytes to PGE2 results
in the generation of a MDSC-like phenotype, together with
induction of intracellular signaling pattern, which enables them
to suppress NK cell anti-tumor activity in a TGFβ dependent
manner (98) (Figure 1). The same effects were observed in NK
cells co-culture with freshly isolated CD14+HLA-DRlow/− M-
MDSC from patients with melanoma (98). Selective inhibition of
COX limited the accumulation of CD11b+Gr1+ MDSCs in the
spleen, providing improved in vivo clearance of NK-cell sensitive
YAC-1 cells in murine 4T-1 tumor cells (98). In a mouse model
of acute inflammation obtained using zymosan, infiltration of
NK cells was an early event with production of IFNγ, which
upregulated microsomal PGE synthase-1 (mPGES-1) and COX-
1, resulting in sustained PGE2 biosynthesis (99). PGE2 inhibited
lymphocyte function and generated myeloid-derived suppressor
cells (99).

Indoleamine 2,3-dioxygenase (IDO) is an intracellular
monomeric, heme-containing enzyme able to regulate the
tryptophan catabolism into kynurenine (100, 101). Kynurenine
production will result in inhibition of proliferation and effector
functions in NK and T cells (78, 102–105). MDSCs have been
reported as an IDO producer cells within the TME, in both

humans and mice. An immature subset of MDSCs, characterized
as CD33+CD13+CD14−CD15−, has been identified (79, 106).
This subset has been found to be induced from CD33+

precursor cells that, following co-culture with the human breast
cancer cell line MDA-MB-23, result in elevated production
of IDO (Figure 1). IDO synthesized by MDSCs blocked NK
cell development, proliferation, and activation, resulting in
dramatically decreased expression of NCR, NKG2D, and
DNAM-1 and by reducing IFNγ release (107, 108) (Figure 1).

As a consequence of hypoxia and inflammation, high levels of
adenosine, an immunosuppressive molecule, are released within
the TME, (109). Adenosine acts by engaging four subtypes of P1
purinergic or adenosine receptors, A1, A2A, A2B, A3, A2AR,
and A2BR, that have been found to be expressed in immune
cells (109, 110). A1, A2A, A2B, A3, A2AR, and A2BR mRNA
levels dramatically increase in inflammatory cells within the
TME (110). Adenosine/adenosine receptor interactions result in
subverted immune cell activities, leading to immunosuppression
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and angiogenesis driven by inflammatory cells (109). The enzyme
CD39 converts extracellular ATP to AMP, and CD73 converts
AMP to adenosine. MDSCs are able to express high levels of
CD39/CD73 in tumor lesions, resulting in higher secretion of
adenosine (111, 112) (Figure 2). Adenosine inhibits NK cell
anti-tumor activities by blocking granzyme exocytosis, impairing
perforin and Fas ligand-mediated cytotoxic activity and limiting
IFNγ/TNFα release (113) (Figure 1). CD56brightCD16− NK cells
produce adenosine through a CD38-mediated pathway, another
mechanism to generate extracellular AMP (114). Finally, it
has been demonstrated that adenosine signaling is involved
in limiting NK cell maturation and that engagement of A2A
adenosine receptor (A2AR) acts as a checkpoint in this
process (115).

DECIDUAL NK AND MDSCs DURING
PREGNANCY: A POSSIBLE ONCO-FETAL
ORIGIN OF PRO-ANGIOGENIC
LEUKOCYTES

During pregnancy, profound and complex changes occur in the
female organism in order to regulate and control the immune
response to the fetus, thus conferring tolerance from rejection.
This level of regulation in maternal immune system is achieved
through coordination and crosstalk of different immune cells,
including NK cells, MDSCs, DCs, and Tregs. The dNK cells
represent an NK cell subset that has been characterized within
the developing decidua and constitutes approximately 70% of
the lymphoid cells in the decidua (116, 117). dNK cells have
a CD56superbrightCD16−VEGFhighPlGFhigh phenotype (58, 116,
117) and are endowed with pro-angiogenic activities, necessary
for spiral artery formation. dNK are associated with induction
of a tolerogenic environment to host the fetus and permit the
correct embryo implantation, both in humans and mice (116,
117). Low levels of dNK cells is associated with miscarriage
(17, 116). We have described the expression of angiogenin, in NK
from patients with colon cancer (40). Angiogenin was previously
reported to be secreted by dNK (118, 119). The TANKs in patients
with colon cancer also express MMP2, MMP9, and TIMP, as
shared features with dNK cells (116, 120, 121) which could be
relevant to the invasive capabilities and proangiogenic functions
of colorectal cancer-NK cells (40). Maternal dNK KIR and HLA-
C interaction has an effect on birth weight (122), particularly
the paternal HLA-C, and correlates with pre-eclampsia and fetal
growth restriction (123, 124).

In healthy pregnant women, significant increase in numbers
of PMN-MDSCs are detected as compared to non-pregnant
controls (125). The raise of PMN-MDSCs mainly occurs in the
first trimester (126). Accordingly, reduced PMN-MDSCs are
associated with miscarriage (126). The mechanisms involved in
this regulation could be related to the release of ARG1, NO,
IDO, and indirectly by recruitment and activation of dNK cells
and Tregs (127, 128). Serum levels of ARG1, an important
effector molecule for PMN-MDSC are significantly reduced in
pre-eclampsia patients as compared to healthy pregnant women

(129). Behavior of immune cells in tumors might resemble the
one in the decidua (4).

MDSC AND TUMOR ANGIOGENESIS

MDSCs promote tumor progression also through non-immune
activities, by stimulating pre-metastatic niche formation,
invasion (130, 131) and inducing pro-tumor angiogenesis (132)
(Figure 2). In the TME, MDSCs, by production of VEGF,
FGF2, Bv8, and matrix metalloprotease (MMP) 9 (MMP9), can
trigger and sustain tumor angiogenesis (44, 133) (Figure 3).
Co-injection of murine tumors with CD11b+Gr1+ MDSCs
increased intra-tumor vascular density, reduced necrosis, and
augmented tumor growth (133, 134). CD11b+Gr1+ MDSCs cells
directly contribute to tumor angiogenesis by producing MMP9
or acquiring endothelial cell properties in TME (133). MDSCs
may directly take part in the formation of tumor vasculature by
being incorporated into the vessel wall (133, 135) (Figure 3).
Several studies have linkedMDSC accumulation with an increase
in intra-tumor VEGF concentration during disease progression
(136). Approaches aiming at reducing levels of circulating
MDSCs or in the tumor milieu were associated with decreased
angiogenesis and delayed tumor growth (132, 137).

MDSCs can boost angiogenesis and stimulate tumor
neovasculature by producing high levels of MMPs (Figure 2),
including MMP2, MMP8, MMP9, MMP13, and MMP14
(130, 133, 138). MDSCs from MMP9-knockout mice have a
significant reduction in their tumor promoting activity (133).
Previous research has indicated that MDSCs with high levels
of MMP9, trigger VEGF function by raising its bioavailability
(139). In a mouse melanoma model, MDSCs contributed to A2B
adenosine receptor-induced VEGF production, increased vessel
density and angiogenesis (140, 141).

VEGF in turn stimulates MDSC recruitment, creating a
positive feedforward loop. Promoting immunosuppression and
angiogenesis (142, 143). MDSCs stimulated by VEGF had
stronger immunosuppressive properties than non-stimulated
MDSCs (143). VEGF-induced MDSCs stimulate the expansion
of other immunosuppressive cells, including FOXP3+ Tregs,
through a TGFβ-dependent and/or independent pathway (143–
145). The relationship between development of resistance to anti-
angiogenic therapy with significant MDSC infiltration have been
widely demonstrated in several studies (146–148). In agreement
with these findings, MDSCs ablation has been reported to
have synergistic effects with anti-VEGF/VEGFR treatment in
refractory tumors (130, 143). It is now widely accepted that
MDSCs interfere with the efficacy of VEGF-targeted therapy,
either by secreting large quantities of VEGF that overcome VEGF
inhibition, or by activating VEGF-independent pro-angiogenic
signaling pathways (149).

The expression of VEGF, MDSCs can modify the TME in
a pro-angiogenic manner through the production of several
other angiogenic factors and also chemokines which can further
enhance MDSCs accumulation within tumors, creating a vicious
circle. CCL2, CXCL8, CXCL2, IL-1β, angiopoietin 1 and 2, and
GM-CSF have been shown to contribute to MDSC-mediated
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FIGURE 3 | Strategies for targeting MDSC and cross-talk with NK. The presented strategies act simultaneously on MDSC and MDSC-released factors dampening

NK cell immunosuppression and induction of angiogenesis. (A) MDSC depletion can be induced using low doses of chemotherapy, tyrosine kinase inhibitors, the

anti-DR5 monoclonal antibody DS-8273a. (B) Strategies blocking MDSC recruitments by CCL2 inhibitors and CCR5 antagonists. (C) Differentiation of MDSC into

non-immunosuppressive cells induced by all-trans-retinoic acid (ATRA), Vitamin D3, and Vitamin E. (D) Inhibition of MDSC immunosuppression can be induced by

STAT3 inhibitors, reduction of immunosuppressive agents such as Arginase and ROS, along with attenuation of the inflammatory state.

angiogenesis and require STAT3 for their expression (4, 150–
152) (Figure 2). Anti-CCL2 treatment decrease PMN-MDSC
and M-MDSC and reduce endothelial cell migration (150,
153, 154). MDSCs promote angiogenesis also via expression
of a prokineticin 2, known as Bv8, which plays an important
role in myeloid cell-mediated tumor angiogenesis (155). A
refractory behavior to anti-VEGF therapy was associated with
high number of CD11b+Gr1+ cells expressing Bv8 in peripheral
blood and tumor (156). Thus, it has been suggested that
combination of anti-Bv8 antibodies and anti-VEGF may better
inhibit angiogenesis and control the tumor growth in anti-
VEGF refractory tumors (156, 157). A close expression among
molecules associated with angiogenesis: p-STAT3, VEGFA, CK2,
and the MDSCs marker CD11b was found in head and neck
squamous cell carcinoma (HNSCC) patients (158). Inhibition
of JAK2/STAT3 in HNSCC transgenic mouse model reduced
MDSC number and suppressed angiogenesis by decreasing
VEGFA and hypoxia inducible factor (HIF-1α) both in vitro and
vivo (158) (Figure 2).

Hypoxia, which is a feature of tumor bearing TME, has
a crucial role in stimulating HIF-1α mediated signaling. HIF-
1 and/or HIF-2 create a proangiogenic TME by inducing the
expression of proangiogenic factors (VEGF, ANG-2, PlGF, bFGF,
and semaphorin 4D). It was shown that in myeloid cells, HIF-
1 activation promotes angiogenesis through VEGF and S100A8
(159) and lead to accumulation of MDSCs positive for the

expression of CX3CR1, a CCL26 receptor, in hypoxic tumor
regions (111, 160) (Figure 2).

ROS (radical oxygen species) also play an important role in the
expansion of MDSCs and augmented levels of these molecules
have been shown to stimulate the expression of VEGF receptors
on MDSCs and their recruitment in the TME (142, 161).

STRATEGIES TO TARGET MDSCs AND
INTERFERE WITH NK CROSSTALK

The main strategies to target MDSC and consequently their
crosstalk with NK cells include: (i) regulation of myelopoiesis and
MDSC depletion (tyrosine kinase inhibitors, cytotoxic agents),
(ii) enhancement of MDSC differentiation (ATRA, Vitamin A,
D3), (iii) inhibition of MDSC recruitment at the site of tumor
(CCR5 antagonist, CCL2 inhibitor) (132, 162), (iv) inhibition
of MDSC-mediated immunosuppression (STAT3 inhibitors,
PDE5, histone deacetylase, NO inhibitors, Arginase inhibitors,
ROS inhibitors, COX-2 inhibitors, phenformin, metformin,
Polyinosinic-polycytidylic acid) (Figure 3). Here, we will briefly
discuss strategies to target MDSC immunosuppression and the
effects on angiogenesis and NK cell.

Recent work has provided evidence that relatively low doses of
chemotherapy induce MDSC exhaustion (22, 163). Gemcitabine
(164), Lurbinectedin (PM01183) (165) 5-azacytidine (166),
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docetaxel (167), paclitaxel (168), 5-Fluorouracil (169), and
doxorubicin (170) exert beneficial effects by reducing MDSC
frequencies, increasing responsiveness to immune therapy and
enhancing the antitumor activity of activated NK cells (171–174).
Similarly, tyrosine kinase inhibitors such as Axitinib, sunitinib,
and brutinib, directly target VEGF and/or c-KIT signaling,
interfering with tumor-driven expansion MDSC factors such
as M-CSF and STAT3 (175–181). In addition to angiogenesis
inhibition, sunitinib treatment upregulates NKG2DLs and
induces higher cytotoxic sensitivity of tumor cells to NK
cells (182–184).

Several studies reported that vitamins D3, A, and E decrease
levels of immature MDSC leading to improved anti-tumor
activity in the context of immunotherapeutic interventions
(185, 186). Vitamin D insufficient and deficient patients had
lower NK-mediated cytotoxicity (187), whereas vitamin D
receptor (VDR) agonist inhibited selectively ocular hyaloid
vasculature angiogenesis in zebrafish models (188). Vitamin
E enhance immune responses via reducing ROS levels and
inhibition of PGE2, COX2, activity mediated through decreasing
NO production (189). MDSCs impair NK cell function via
production of NO (92), thus, its inhibition offers a strategy for
targeting MDSC-NK crosstalk. Promising results on reducing
MDSC frequency or increasing their differentiation, were
obtained in clinical trials using vitamin A metabolite, all
-trans-retinoic acid (ATRA), tested alone (190–192) or in
combination with IL-2 administration (191) or with a DC
vaccine against p53 (193). In preclinical breast cancer models,
ATRA improved antiangiogenic therapies by reverting the
anti-VEGFR2-induced accumulation of intratumoral MDSCs,
decreased hypoxia, and interfered with the disorganization of
tumor microvessels (194). Similarly, it was shown that ATRA,
suppresses the angiopoietin-Tie2 pathway, inhibits angiogenesis
and progression of esophageal squamous xenograft tumors (195).
ATRA increased the expression of MICA and MICB in tumor
cells, promoting NK cell activation (175, 196), although other
studies reported contrasting effects (197, 198).

Blockade of MDSC recruitment at the tumor site inhibits
the establishment of an immunosuppressive pre-metastatic
niche, via MDSC suppression of NK cells (64). Blocking
CCR5/CCR5 ligand interaction by using fusion protein
mCCR5–Ig-neutralizing CCR5 ligands, reduced migration,
and immunosuppressive potential of MDSCs in the TME and
significantly improved survival of tumor-bearing mice (199).
In addition, blocking CCL2, which is produced by MDSCs,
using specific antibodies can reduce angiogenesis by blocking
endothelial cell migration (153).

STAT3 pharmacological inhibition (by peptidomimetics,
small molecule inhibitors, platinum agents, curcumin, JAK
inhibitors, AG490, Cucurbitacin B) simultaneously blocks
angiogenesis and accumulation/suppressive function of MDSC,
neutralizing the induction of a tolerogenic/tumor permissive
TME, without MDSC depletion (158, 200–202).

JAK/STAT3 inhibitors suppress angiogenesis and reduce
MDSCs in the TME through VEGFA and CK2 inhibition (158).
Several studies demonstrated a link between STAT3 blockade,
TGFβ inhibition and increased tumor surveillance by NK cells

(80, 81). Peripheral and tumor-associated NK cells in STAT3-
targeted tumor-bearingmice, exhibit higher expression of the NK
activation markers NKG2D, CD69, Fas ligand (FasL), granzyme
B, perforin, and IFNγ, resulting in reduced tumor growth
and enhanced survival (80, 81). Given the STAT3 inhibitors
side effects, a STAT3siRNA or decoy STAT3 oligonucleotide
inhibitors, such as AZD9150 have been recently developed and
combined with immune checkpoint inhibitors, in phase I/II
clinical trials (203–205). In similar approach, STAT3 siRNA
or decoy oligonucleotides, coupled to CpG oligonucleotides,
have been employed to ensure a selective delivery of the
drugs to TLR9-expressing myeloid cells (in particular, PMN-
MDSC), displaying a decreased immunosuppressive activity
(203). Therefore, STAT3 inhibitors provide a potential strategy
to reduce immunosuppression activate NK cells and reduce
angiogenesis (4).

Class I histone deacetylase inhibitor, entinostat, has been
reported to inhibit the immunosuppressive function of MDSC
by reducing ARG1, iNOS, and COX2 levels in both M- and
PMN-MDSC subsets (206, 207). Vorinostat and entinostat
significantly enhanced the expression of multiple NK ligands
and death receptors, resulting in enhanced NK cell-mediated
cytotoxicity (208).

Several clinical and preclinical mouse model studies,
employing PDE-5 inhibitors, such as sildenafil and tadalafil,
have demonstrated decreased MDSC accumulation and their
immunosuppressive pattern functions by inhibiting iNOS,
ARG1, IL4Ra, ROS levels and enabling NK cell anti-tumor
cytotoxicity together with activation of anti-tumor response
resulting in improved clinical outcome of advanced cancer
patients (60, 209–215).

Arginase inhibitors are promising pharmacological agents to
treat NK suppression (216) and blocking Arg1 activity in the
TME could shift the balance of L-argininemetabolism, favoring T
cell and NK cell proliferation (217). In murine studies, injection
of the arginase inhibitor hydroxy-nor-arginine (nor-NOHA) or
Nω-hydroxy-arginine (NOHA) or genetic disruption of Arg1 in
the myeloid compartment resulted in reduced tumor growth
(218–220). In murine syngeneic tumor model, CB-1158, a potent
and orally-bioavailable small-molecule inhibitor of arginase,
shifted the tumor immune landscape blunting myeloid cell-
mediated immune evasion, increasing tumor-infiltrating CD8+ T
cells and NK cells (182). In colorectal cancer patients undergoing
tumor resection, supplementation of arginine prior to surgery
resulted in an increase in CD16+ and CD56+ NK cells infiltrating
the tumors (221).

Cyclooxygenase (COX)-2 inhibitors, celecoxib, or nimesulide
have been successfully tested in preclinical models for preventing
local and systemic expansion of all MDSC subtypes resulting
in reduced tumor progression (222–225). On the hand, COX-
2 inhibitors induce the expression of NKG2D ligands in cancer
cells and increase their susceptibility to NK cell-mediated cell
death (226, 227) together with blocking multiple angiogenic and
lymphangiogenic such as VEGF-A, VEGF-C/D) (228).

ROS production is one the mechanisms employed by
MDSC for immunosuppression (226, 229). In this context,
phytochemicals, via their antioxidant property, can activate Nrf2
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pathway, that is considered tumor-protective, in particular in
the early stages of tumorigenesis. The synthetic triterpenoid
C-28 methyl ester of 2-cyano-3,12-dioxooleana-1,9,-dien-28-
oic acid (CDDO-Me, also referred to as bardoxolone methyl,
RTA402, TP-155, and NSC713200) is a potent Nrf2 activator
and has been found to reduce MDSC production of ROS
and tumor growth in mouse tumor models (230) and showed
a promising anticancer effect in a phase I trial (231). In
addition, Nrf2 upregulation, regulates early anti-cancer immune
responses and induces the cytokine interleukin-17D (IL-17D),
that is overexpressed in highly immunogenic tumor cells and
play an important role in immune rejection mediated by
NK cells (232, 233). Inducing IL-17D using Nrf2 agonists
boost innate immunity and NK recruitment leading to tumor-
regression (234, 235). An increasing number of recent reports
suggest the abilities of the antidiabetic drugs, phenformin,
and metformin to selectively reduce the number -MDSCs
and the immunosuppressive functions of MDSC in the TME,
through the activation of AMPK (236–240). Phenformin and
metformin were able to inhibit immune suppressive activities
MDSCs and potentiated the anti-tumor activity of PD-1 blockade
immunotherapy (236, 240, 241).

In addition, metformin and phenformin have been widely
investigated for their properties in inhibiting angiogenesis and
blocking tumor progression (242–244). Several scientific
evidences revealed that metformin exerts also strong
immunomodulatory effects and contributes to the enhancement
of cytotoxic T lymphocyte (245–247) Polyinosinic-polycytidylic
acid [Poly (I: C) an agonist for pattern-recognition receptors
(PRRs), toll-like receptor 3 (TLR3) has been reported to
decrease MDSC frequencies in BM, blood, and tumor and
abrogate their immunosuppressive, concomitant with an NK cell
activation (248–251).

CONCLUSIONS

MDSC are major players in the immunosuppressive scenario
in cancer, thanks to their phenotype heterogeneity and

critical interaction with several innate immune cells, thus
representing a crucial target in oncology. Here we reviewed the
interactions of MDSCs with NK cells. The contribution of key
cytokines, chemokines and mediators active in this process have
been discussed.

We also described the contribution of MDSC on angiogenesis
directly or indirectly through interactions with NK and
immunosuppressive activities. A parallel of the cancer associated
to the decidual counterpart of these cells is discussed, as to
propose an onco-fetal origin of the polarization.

In addition to the well-characterized role in
immunosuppression, MDSC possess potent pro-angiogenic
capabilities, and actively participate in the resistance to VEGF-
targeted therapy. Considering the crucial role of MDSC
in inducing and regulating a permissive immune TME, in
directly contributing to angiogenesis and tumor invasion,
several strategies to therapeutically target these cells are
currently being tested in clinic. Several pre-clinical studies
show that targeting MDSC through multiple approaches helps
to increases NK cells tumor activity augment the efficacy of
anti-angiogenic therapy.

A better understanding of the link between MDSC-
NK immunosuppressive network in TME and their
influence on angiogenesis can be translated to new
therapeutic targets.
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Myeloid-derived suppressor cells (MDSC) are a heterogeneous group of immune

cells from the myeloid lineage. MDSCs expand in pathological situations, such as

chronic infection, cancer, autoimmunity, and allograft rejection. As chronic lung allograft

dysfunction (CLAD) limits long-term survival after lung transplantation (LTx), MDSCs may

play a role in its pathophysiology. We assessed phenotype and frequency of MDSCs in

peripheral blood from lung transplant recipients and its relationship to post-transplant

complications and immunosuppression. Granulocytic (G)-MDSC were identified and

quantified by flow cytometry of blood from 4 control subjects and 20 lung transplant

patients (stable n = 6, infection n = 5; CLAD n = 9). G-MDSC functionality was

assessed in vitro by their capability to block CD4 and CD8T cell proliferation. More

G-MDSC could be assessed using EDTA tubes compared to heparin tubes (p = 0.004).

G-MDSC were increased in stable lung transplant recipients vs. non-transplant controls

(52.1% vs. 9.4%; p = 0.0095). The infection or CLAD groups had lower G-MDSCs

vs. stable recipients (28.2%p = 0.041 and 33.0%; p = 0.088, respectively), but were

not different among CLAD phenotypes. G-MDSC tended to correlate with cyclosporine

A and tacrolimus levels (r² = 0.18; r² = 0.17). CD4 and CD8 cells proliferation

decreased by 50 and 80% if co-cultured with MDSCs (1:6 and 1:2 MDSC:T-cell

ratio, respectively). In conclusion, circulating MDSCs are measurable, functional and

have a G-MDSC phenotype in lung transplant patients. Their frequency is increased in

stable patients, decreased during post-transplant complications, and related to level of

immunosuppression. This study may pave the way for further investigations of MDSC in

the context of lung transplantation.

Keywords: myeloid-derived suppressor cells, blood, lung transplantation, allograft, chronic rejection,

immunosuppression, infection, phenotypes

INTRODUCTION

From a transplant immunological point of view, graft acceptance is the fundamental element
in allograft survival. Graft acceptance is realized by blocking the immune system with
immunosuppression preventing host immune cells to recognized and attack the “non-self ” donor
(lung) tissue. Immune regulatory cells are thought to play a major role in the balance between graft
acceptance and chronic rejection. Most attention has gone to natural and inducible FoxP3 positive
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regulatory T cells (Treg) (1). Immune regulation and graft
acceptance, however, encompasses many more cells including
regulatory B cells, regulatory dendritic cells and innate regulatory
cells like the myeloid-derived suppressor cells (MDSCs), which
were introduced 10 years ago by Gabrilovich et al., MDSCs
were initially described as a heterogeneous group of immune
cells from the myeloid lineage with a potent immune-regulatory
activity (2). In the last few years, more insights into the
nature and biological role of MDSCs have been reported and
consequently MDSCs have emerged as a universal regulator of
immune function in many pathologic conditions. MDSCs are
known to expand in pathological situations such as chronic
infection, cancer, transplant rejection and autoimmunity (3–5).
Within the MDSC population, two main subgroups of cells were
identified: granulocytic MDSCs (G-MDSCs) also nominated as
polymorphomononuclear (PMN-MDSCs) and monocytic (M)-
MDSCs. G-MDSCs are phenotypically and morphologically
similar to neutrophils, whereas M-MDSCs resemble monocytes
(6). Looking at the functionality of both M- and G-MDCS, the
suppressive activity has been mainly attributed to arginine 1
(ARG1) and nitric oxide (NO) for M-MDSC and upregulation of

FIGURE 1 | Gating Strategy to determine MDSC phenotype. (A) The low-density fraction of PBMC was stained with specific markers to differentiate between

G-MDSCs (CD66b/CD33) and M-MDSCs (HLA-DR/CD14). (B) Different coatings of blood tubes (EDTA vs. Heparin) affect the MDSC cell numbers. (C) Exemplary

FACS plots of the healthy controls and different LTx patient groups.

reactive oxygen species (ROS) for G-MDSC (7, 8). Upregulation
of ARG1, NO, and ROS are key mechanism to suppress

T cell proliferation (9) and the production of IFNγ (10).
Another hallmark is the upregulation of the transcription factor
signal transducer and activator of transcription 3 (STAT3).

STAT3, which functions as a signaling hub, integrating the
different cues of the immunologic micro-environment (11, 12)
regulates the expansion of MDSCs by stimulating myelopoiesis
and inhibiting myeloid-cell differentiation. Further, it promotes
MDSC survival by inducing the expression of cyclin D1, B-cell
lymphoma XL (BCL-XL) and MYC (4). Within transplantation,
MDSCs are involved in maintaining allogeneic acceptance
in bone marrow, kidney and liver transplantation (13–16).
Moreover, it has also been shown that commonly used
immunosuppressive drugs can affect MDSC differentiation and
functionality (17, 18). Our goal was to characterize phenotype
(M-MDSC or G-MDSC) and frequency of MDSCs in lung
transplant recipients. And consequently, to assess if MDSCs

can serve as a potential new research target in the field of
lung transplantation since chronic lung allograft dysfunction
(CLAD), considered to be driven by an overactive T cell response,
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remains the most important factor limiting long-term survival
after transplantation.

METHODS

Patient Characteristics
This study included 20 lung transplant recipients and 4 healthy
controls recruited at the University Hospitals Leuven (Belgium).
All lung transplant recipients gave informed consent at time
of listing for transplantation and routine blood sampling was
approved by the University hospital (S51577). Relevant patient
information retrieved from the clinical database included age,
gender, type of transplantation, underlying disease, allograft
ischemic time during transplantation, immunosuppressive dose,
and trough levels, time post-transplant of blood sampling,
time of death, infection information, and diagnostic criteria

for CLAD and its phenotypes. Lung transplant recipients were
selected according to their clinical status upon recruitment:
6 were considered stable, 5 recipients had an acute infection
(2 CMV; 1 Pseudomonas aeruginosa; 1 Influenza + E. coli;
1 Influenza + Aspergillus fumigatus) and 9 were affected by
different phenotypes of CLAD (5 BOS and 4 RAS cases). Blood
of 15 individuals was used to compare Heparin vs. EDTA coated
blood tubes (2 control, 3 Infection, 5 Stable, and 5 CLAD). The
clinical status was assessed by an expert clinician (RV) according
to current guidelines (19, 20).

MDSC Characterization
Peripheral blood was collected using EDTA and Heparin-coated
tubes and samples were shipped to the Universitätsklinik
für Kinder-und Jugendmedizin, Tübingen (Germany) at
room temperature and analyzed within 24 h. MDSCs were

FIGURE 2 | G-MDSC percentages measured in blood of lung transplant recipients and healthy controls. (A) the effect of LiHe vs. EDTA tubes on G-MDSC

percentages; (B) G-MDSC in healthy controls and lung transplant recipients who were stable, had an infection or were diagnosed with CLAD; (C) CLAD

sub-phenotypes in BOS and RAS. (D,E) G-MDSC correlated with CNI level of the patients.
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characterized as previously described (21, 22). In brief, peripheral
blood mononuclear cells (PBMCs) were isolated from whole
blood by Ficoll density gradient centrifugation (Lymphocyte
Separation Medium; Biochrom), washed with RPMI-1640 and
cell viability was confirmed by trypan blue staining. The isolated
PBMC, containing only low density granulocytes, were stained
with specific antibodies for G-MDSC (CD66b-FITC, CD33-PE)
and M-MDSC (CD14-FITC and HLADR-PerCP) (Miltenyi
Biotec) and quantified by flow cytometry using a FACSCalibur
(BD). G-MDSCs were phenotypically characterized as low-
density fraction granulocytes CD33+CD66b+ cells (Figure 1).
The percentage of G-MDSC was determined as ratio of
CD33+CD66b+ cells (P2 in Figure 1) over total PBMCs
containing the low density granulocyte fraction (P1 in Figure 1).
Calculations were performed with BD CellQuest Pro analysis
software and FlowJo V7.

T-Cell Suppression Assays
The MDSC functional assay assessed T-cell suppression (both
CD4 and CD8) by isolated MDSC (Figure 2) (23). MDSCs
were isolated from blood of 2 lung transplant recipients, 1
stable and 1 with CLAD (BOS), using anti-CD66b and anti-
FITC magnetic microbeads with the autoMACS R©Pro Separator
(Miltenyi Biotec) according to manufacturer’s instructions.
CD4+ and CD8+ T cells were isolated using CD4 and CD8
antibody (BD Pharmingen) combined with anti-FITC magnetic
microbeads and autoMACS R©Pro Separator (Miltenyi Biotec).
Isolated CD4 or CD8 cells were labeled with CFSE dissolved
in RPMI-1640, supplemented with 10% heat-inactivated human
serum, 2mM glutamine, 100 IU/ml penicillin, and 100 mg/ml
streptomycin and 60,000 cells were plated per well in a 96-well
microtiter plate. Cells were further stimulated with 100 U/ml IL-
2 (R&D Systems) and 1µg/ml OKT3 (Janssen Cilag). Different
numbers of G-MDSCs were added to obtain an MDSC:T-cell
ratio 1:6 and 1:2 and incubated for 3 days in a humidified
chamber at 37◦C and 5% CO2. After incubation, cells were
harvested and CFSE-fluorescence intensity analyzed by flow
cytometry to determine T-cell proliferation. Proliferation was
calculated as the ratio of the divided cells (P1 to P5) over all cells
(P0 to P5) with control T cells as reference value.

Statistical Analysis
Qualitative variables are expressed as absolute numbers and
percentages. Normally distributed quantitative variables are
expressed as mean and standard deviation; non-normally
distributed variables are expressed as median and interquartile
range (25–75 percentile). Demographic and clinical variables of
patients were compared using the chi-square test for qualitative
variables or Fisher’s exact test when one of the expected
effects was <5. Normally distributed quantitative variables were
compared using one-way ANOVA test; non-normally distributed
quantitative variables were compared using the Kruskal-Wallis
test. One-way ANOVA Test was used to compare MDSCs counts
between groups. Linear regression was used for investigating the
interaction of MDSC% and immunosuppressive trough levels.
Data were analyzed using Graph Pad prism 7.0 software (San
Diego, CA, USA).

TABLE 1 | Characteristics of lung transplant patients.

All Stable Infection CLAD p

n = 20 n = 6 n = 5 n = 9

Age, median (IQR) 55

(32–60)

51.5

(20–60)

58 (36–62) 54 (39–57) 0.65

Gender: Male, n (%) 9 (42.9) 2 (33.3) 2 (40.0) 4 (44.4) 0.17

Diagnosis, n (%)

COPD 10 (50.0) 3 (50.0) 3 (60.0) 4 (44.4) 0.86

ILD 2 (10.0) 0 (0.0) 0 (0.0) 2 (22.2) 0.47

CF 5 (25.0) 2 (33.3) 1 (20.0) 2 (22.2) 1.00

Other 3 (15.0) 1 (16.7) 1 (20.0) 1 (11.1) 1.00

Immunosupressive treatment, n (%)

CsA+AZA+P 2 (10.0) 1 (16.7) 0 (0.0) 1 (11.1) 1.00

CsA+MMF+P 2 (10.0) 0 (0.0) 2 (40.0) 0(0.0) 0.05

CsA+P 1 (5.0) 0 (0.0) 1 (20.0) 0 (0.0) 0.25

FK+AZA+P 5 (25.0) 1 (16.7) 1 (20.0) 3 (33.3) 0.82

FK+MMF+P 5 (25.0) 3 (50.0) 1 (20.0) 1 (11.1) 0.35

FK+P 4 (20.0) 1 (16.7) 0 (0.0) 3 (33.3) 0.41

FK 1 (5.0) 0 (0.0) 0 (0.0) 1 (11.1) 1.00

Type of LTx

SSLT 18 (90.0) 6 (100.0) 5 (100.0) 7 (77.8) 0.48

SLT 2 (10.0) 0 (0.0) 0 (0.0) 2 (22.2)

Survival post LTx

(years), median (IQR)

7.0

(4.1–9.7)

5.6

(3.8–8.7)

4.3

(3.0–7.4)

7.5

(5.9–11.9)

0.18

Sampling time post LTx

(months), median (IQR)

3.9

(0.9–6.6)

1.9

(0.7–5.1)

0.9

(0.5–4.7)

6.6

(4.8–9.3)

0.02

IQR, interquartile range; COPD, chronic obstructive pulmonary disease; ILD, interstitial

lung disease; CF, cystic fibrosis; CsA, Cyclosporine; FK, Tacrolimus; P, Prednisolone; LTx,

Lung Transplantation.

RESULTS

Clinical characteristics of study participants are included
in Table 1.

G-MDSC were present in the low-density fraction of PBMCs,
based on physical (FSC/SSC) and flow cytometric characteristics
(CD33+CD66b+ cells) (Figure 1A). M-MDSC, on the other
hand, were not observed in the low-density fraction of
PBMCs, based on physical (FSC/SSC) and cell surface marker
characteristics (CD14−HLA-DR−) (Figure 1A).

Percentages of G-MDSC were increased when using EDTA
tubes compared to using LiHe tubes (mean: 33.38% [range:
18.32–50.36] vs. 6.24% [4.02–20.53], p= 0.004) (Figures 1B, 2A).
EDTA and LiHe tubes were equally (statistically not significantly
different) distributed across the control and patient groups. G-
MDSC were increased in stable lung transplant recipients vs.
healthy control subjects (52.1% [33.3–61.9] vs. 9.4% [7.6–16.4],
p= 0.0095) (Figures 1C, 2B). Lung transplant recipients with an
infection or CLAD tended to have lower percentage of G-MDSC
compared to stable recipients (28.2% [17.2–36.6], p = 0.041 and
33.0% [25.6-38.1], p = 0.088, respectively) (Figure 2B). Within
CLAD patients, the proportion of G-MDSC were comparable in
BOS (5 cases) and RAS (4 cases) (p= 0.99) (Figure 2C). G-MDSC
percentages seemed to increase with increasing blood levels
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FIGURE 3 | G-MDSCs isolated from lung transplant patients functionally supress T cell proliferation. The suppressive effect of CD66b+-MACS-isolated MDSCs

(isolated from lung transplant recipients; 1 with CLAD and 1 stable) on CFSE labeled T cell CD4+ (green) and CD8+ (purple) proliferation. (A) Different ratios of MDSC

vs. T cells (1:6 and 1:2) were assessed and compared with T cell proliferation without MDSCs. P0 represents undivided cells, P1 cells divided 1 time; P2 cells divided

twice and so on. T cell proliferation ratio is portion of divided cells over all cells. The bar graphs represent the proliferation index compared to control conditions (n = 2).

of the calcineurin inhibitors (Tacrolimus r² = 0.17, p = 0.12;
Cyclosporine r² = 0.18, p = 0.39) used as immunosuppressive
therapy, which however was not significant most probably due to
the small sample size (Figures 2D,E).

G-MDSCs isolated from lung transplant patients effectively
suppressed T-cell proliferation in a CFSE based polyclonal
proliferation assay. The T-cell suppression assay was used
as a proof-of-concept assay to demonstrate that G-MDSCs
expanded in transplant recipient patients indeed represent a
suppressive G-MDSC cell type and do not reflect myeloid cell
populations with G-MDSC-like markers, but without T cell
suppressive activities. Isolated patient G-MDSCs exhibited a
strong suppressive function on T cell proliferation of about 50
and 80% with a 1:6 and 1:2 ratio of MDSC, vs. CD4+ or CD8+ T
cells, respectively (Figure 3).

DISCUSSION

MDSCs were evaluated in lung transplant recipients and
G-MDSC (CD33+/CD66b+) could be identified in the low-
density fraction of PBMCs. G-MDSC (CD33+/CD66b+)

cells also expressed CD11b, CXCR4 and HLA-DRlow. The
absence of CD14 expression confirmed their G-MDSC
phenotype (Figure S1).

MDSCs are known for their role in immune regulation

and allograft acceptance, and are involved in delayed graft
rejection (17, 24, 25). Our data showed an expansion of G-

MDSCs (not M-MDSCs) in stable lung transplant recipients and
a decrease of G-MDSCs in patients with CLAD. Lung transplant
recipients suffering from an infection also demonstrated a
reduction in G-MDSCs, pointing to the fact that infection
interferes with immune regulation and allograft acceptance. For
example, it has been shown in mice that CMV infection impairs
MDSC differentiation (26). CMV is a clinically relevant post-
transplant pathogen, which is considered as a risk factor for later
development of CLAD (27) Also in our study population, we
found that recipients with diagnosed CMV within the infection
group showed a lower G-MDSC percentage compared to the
other patient groups (data not shown).

Furthermore, we evaluated the effect of immunosuppression
on G-MDSCs: G-MDSCs showed a modest correlation with
increasing CNI trough levels, a previously reported phenomenon
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(17, 28). Calcineurin inhibitors are indispensable in lung
transplantation as efficient immunosuppressive drugs to block
the immune response toward the allograft; hence, induction
of MDSCs and their immunosuppressive function might be a
part of their mechanism of action. It has been shown in a
mouse skin transplantmodel that mechanistically, CsA treatment
enhances the expression of indoleamine 2,3-dioxygenase (IDO)
and thereby induces the suppressive activities of MDSCs in
allograft recipients (29). Since the myeloid compartment consists
of many different cell types with often overlapping phenotypic
markers, we wanted to assess if the G-MDSCs, isolated from our
lung transplant population, demonstrated suppressive effector
properties. We confirmed that G-MDSCs did exert CD4+ and
CD8+ T cell suppression in two independent patient samples.
Due to the low number of replications, we can only speculate
that in the setting of transplant immunology, G-MDSCs would
act upstream of T cells to induce a cascade of peripheral tolerance
toward the graft tissue. Challenging from a technical standpoint
was the difference observed between the Lithium-Heparin and
EDTA coated blood-drawing tubes used for PBMC isolations and
the resulting differences in G-MDSC. At this point, we speculate
that EDTA, as an iron chelator, inhibits cell degranulation, and
may be the reason why more G-MDSC can be measured when
using EDTA coating compared to Lithium-Heparin, at least in
our experimental settings. However, it is important to mention
that in a study by Pallet et al., the opposite effect, increased G-
MDSC counts in Heparin vs. EDTA tubes, has been observed
(30), which thus needs further investigation.

There are several limitations to our study. As a
pilot study, the number of studied patients is limited.
Furthermore, there are several confounding factors such as
the heterogeneity of patient characteristics, differences in
immunosuppressive therapy, use of azithromycin, different
blood sampling tubes and different timings of sampling after
lung transplantation.

However, our findings remain interesting, and may
warrant more in-depth research on the role of G-MDSCs
in lung transplantation. In our opinion, elucidating
the functional hierarchy of immune regulatory cells
in the context of transplant tolerance/rejection is of
importance to understand graft acceptance. We believe
that the up-stream suppressive activity of G-MDSC
may be an intriguing starting point to dissect this
highly complex interconnected immune regulatory
system consisting of Treg, Bregs, Mregs, and other
cell types.
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Figure S1 | Representative dot plots and histograms of surface marker profiling of

G-MDSCs isolated from lung transplant patients. MDSCs were analyzed in
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whole blood after Ficoll density centrifugation. Lung transplant MDSCs exhibited
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Figure 1) and also expressed CXCR4 (right panel). Histograms show individual

surface marker staining (red) in comparison to unstained control (black)
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Myeloid cells are crucial for the host control of a Mycobacterium tuberculosis (M.tb)

infection, however the adverse role of specific myeloid subsets has increasingly

been appreciated. The relevance of such cells in therapeutic strategies and

predictive/prognostic algorithms is to promote interest in regulatory myeloid cells

in tuberculosis (TB). Myeloid-derived suppressor cells (MDSC) are a heterogeneous

collection of phagocytes comprised of monocytic- and polymorphonuclear cells that

exhibit a potent suppression of innate- and adaptive immune responses. Accumulation of

MDSC under pathological conditions associated with chronic inflammation, most notably

cancer, has been well-described. Evidence supporting the involvement of MDSC in TB is

increasing, yet their significance in this infection continues to be viewed with skepticism,

primarily due to their complex nature and the lack of genetic evidence unequivocally

discriminating these cells from other terminally differentiated myeloid populations. Here

we highlight recent advances in MDSC characterization and summarize findings on

the TB-induced hematopoietic shift associated with MDSC expansion. Lastly, the

mechanisms of MDSC-mediated disease progression and future research avenues in

the context of TB therapy and prophylaxis are discussed.

Keywords: myeloid-derived suppressor cells, Mycobacterium tuberculosis, infectious disease,

immunosuppression, innate immunity

INTRODUCTION

Tuberculosis (TB) remains a leading cause of global mortality (1, 2). Insufficient understanding
of TB disease mechanisms represents a major factor impeding its elimination (3). A recent
paradigm describes TB as a continuous spectrum of processes, rather than a binary distribution
between asymptomatic latent infection and active disease (3–6). This underscores the complex
pathophysiology of TB, including multiple cellular effectors, regulators, and checkpoints. Myeloid
cells, including neutrophils and monocytes, function both as initial effectors and during the lag
phase of T-cell responses to restrict M.tb burden and limit disease progression by activating
pro-inflammatory signaling pathways, recruiting additional phagocytes, ingesting bacilli, up-
regulating bactericidal mechanisms and inducing antigen-specific adaptive immunity (7–9). Even
so, myeloid cells can switch from facilitating protective immunity, to aiding pathological processes,
by enhancing TB progression via immunosuppression and dysregulated inflammation (8). Chronic
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mycobacterial infection triggers the generation of
immunosuppressive/tolerogenic myeloid cells, which were
initially referred to as “innate natural suppressor cells” (10–
12). Subsequent studies have coined these as myeloid-derived
suppressor cells (MDSC) (13, 14).

MYCOBACTERIA-INDUCED NATURAL
SUPPRESSOR CELLS

Early reports on regulatory myeloid cells in mycobacterial
infection came from in vivo and in vitro studies with
Mycobacterium bovis Bacillus Calmette-Guerin (BCG) (11, 15–
17).In these studies it was indicated that, systemic delivery
of mycobacteria induce expansion of hematopoietic progenitor
cells in the bone marrow, with the subsequent migration of
these cells to the peritoneal cavity and their activation in
the spleen (11, 18). It was further reported that BCG could
induce the expansion of bone-marrow derived and splenic
natural suppressor cells and that these cells could inhibit
cell-mediated immunity, notably by suppressing the migratory
capacity and proliferation of helper and cytotoxic T-cells (15, 16).
T-cell immunosuppression was attributed to the presence of
macrophage-like natural suppressor cells, the production of high
levels of IL-1 and soluble suppressive factors (16, 19). Natural
suppressor cells were later linked to MDSC. Natural suppressor
cells from mice exposed to mycobacterial products in Complete
Freud’s adjuvant (CFA), shared similar phenotypic and functional
features with MDSC (10). These cells highly expressed the
markers of myeloid origin and differentiation, Gr-1 and CD11b,
and inhibition of T-cell proliferation and IFN-γ production was
linked to NO production in splenocytes (10). Subsequent studies
validated the presence of MDSC during BCG infection (13) and
in patients with active TB (14). Thus, initial observations of
natural suppressor cells were during mycobacterial insult and
established that the generation of these cells was driven by the
mycobacterial products.

MDSC CHARACTERIZATION IN
MYCOBACTERIAL INFECTIONS

Identification of MDSC requires a combination of assays
comprising of immunophenotyping, enzyme measurements,
and suppressive tests (20). Markers employed for detection
of human MDSC allow, to some extent, their differentiation
from monocytes and neutrophils, although this is cumbersome
in mice (21). At present, three commonly reported MDSC
subsets identified in human TB include early stage MDSC
(e-MDSC), polymorphonuclear-MDSC (PMN-MDSC), and
monocytic-MDSC (M-MDSC) (14, 22, 23). Immunosuppressive
eosinophilic MDSC have recently been described during
chronic Staphylococcus aureus infection in vivo but require
validation in other diseases (24). MDSC enriched in TB
patients, according to recent recommendations using a
ficoll density-gradient (22, 23), have been classified as e-
MDSC (LIN1−HLA-DR−/loCD11b+CD33+), PMN-MDSC

(HLA-DR−/loCD11b+CD14−CD15+CD33+/dim) and M-
MDSC (HLA-DR−/lowCD11b+CD14+CD15−CD33+) (20).
Instead of a specific subset, M-MDSC population has been
described as a heterogenous population of cells, in different
maturation stages (20). Since there are no specific markers for
MDSC, ambiguity with other myeloid cells that have similar
phenotypic characteristics and functional properties exists,
especially after pathogen exposure. For instance, infection of
monocytes with Candida albicans fungal cells and exposure
to fungal components subverts monocyte differentiation to
immunosuppressive dendritic cells. The phenotype of the
subverted DC is characterized by the expression of CD14 with
a lack of CD1a molecule, presence of CD83 and CD86 but a
relatively low expression of MHC class II and CD80. These cells
produce IL-12 but are associated with the release of IL-10 and
IL-6 (25). Similarly our group has demonstrated that CD14+
M-MDSC production of IL-10 and IL-6 is associated with
either absent, or relatively low levels of HLA-DR and CD80
(14, 26). Thus, an unequivocal marker that is able to distinguish
myeloid cell population and subsets in biological samples such
as whole blood culture and tissue is required. Whilst there is
no specific marker for M-MDSC yet, utilization of LOX-1 as a
unique PMN-MDSCmarker has been proposed but (27) requires
validation in TB patients.

In murine TB, PMN-MDSC are phenotypically
Gr-1+CD11b+Ly6G+Ly6Clo/int and M-MDSC Gr-
1+CD11b+Ly6G−/l0Ly6Chi, yet functional assays are essential
for their classification (28–30).

Morphological characterization has been used as a
confirmatory tool to distinguish MDSC from other myeloid
cells in TB samples (22, 28). Immature myeloid cells identified
as PMN-MDSC share similar morphological characteristics
with neutrophils, as they show ring-shaped or band nuclei.
This nuclear shape can, however, be present in neutrophil
progenitors and young neutrophils. Utilization of CD10 for
human specimens (21) along with suppressive assays may
help distinguish PMN-MDSC from non-suppressive immature
neutrophils. MDSC likely encompass cells at different maturation
stages with a distinct activation status and functional role. For
instance, expansion of MDSC with the phenotype Lin−/l0HLA-
DR−/loCD11b+CD14+CD33+CD80+, was described in patients
with active TB and their frequency correlated with disease
progression (14). CD80 up-regulation upon successful TB
chemotherapy was associated with MDSC differentiation into
macrophages and dendritic cells (14). In mice, accumulation
of an immature, heterogeneous population of Gr1dimCD11b+

cells with un-segmented nuclei, which also expresses progenitor
markers (CD117+CD135+), was observed during the advanced
disease in TB prone animals (28).

TISSUE COMPARTMENTALIZATION AND
DYNAMICS OF MDSC IN TB

In murine models MDSC were detected in the blood during
BCG vaccination (13). In adults and children suffering from
TB, MDSC frequencies in the periphery were comparable to
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those found in cancer patients (14). All MDSC subsets have
been identified in the blood of TB patients, yet relative ratios,
within different biological samples/fluids, differ in various studies
(14, 22, 23). For instance, PMN-MDSC are enriched in the
lung, specifically in bronchoalveolar lavage (BAL) samples of
pulmonary TB patients (22) whilst the prevalence of a M-
MDSC subset has been described in pleural effusions (14).
Compartmentalization of the different MDSC subsets during
TB in humans may be site-specific and likely dependent on
the disease stage. Such an assumption is supported by findings
from experimental TB. In naïve mice, MDSC can be detected
at very low frequencies primarily in bone marrow. During
acute TB, MDSC mildly accumulates in the lung and upon
disease progression their numbers dramatically increase in all
aforementioned organs and are also detected in the blood
(28). High levels of MDSC in bone-marrow suggests that their
genesis occurs primarily via medullary hematopoiesis. A pro-
inflammatory environment, abundant in IL-6/G-CSF/PROK-2
may promote myelo- and granulopoiesis, whereas recruitment
of MDSC to the lung could be directed by abundant S100-
proteins/MMP-9/G-CSF (20, 29). Accumulation of MDSC in
the lung parenchyma parallels TB progression in susceptible
mice (29, 30). In M.tb-infected-necrosis prone mice, M-MDSC
accumulate at the edges of necrotic granulomas (30). A recent
study further strengthened the case for MDSC as regulators of
granuloma biology. Human ex vivo generatedM-MDSC promote
mycobacterial replication in in vitro established granulomas, in a
process dependent on abundant release of IL-10 (26).

Dynamics of MDSC subsets through-out the course of the TB
disease spectrum (31) are relevant for disease pathophysiology.
In TB patients, MDSC abundances have not yet been clearly
linked with the extent of disease, e.g., by establishing a correlation
between their frequencies and lung radiological involvement,
smear grading or bacterial burden. Community controls from a
high-exposure region and also individuals with remote exposure
to M.tb, display very low levels of circulating MDSC, yet
frequencies of MDSC increase in recently exposed house hold
contacts (HHC) of TB patients (19). MDSC presumably emerge
in incipient TB with their increased frequency associated with
disease progression. TB-resistant mice that are devoid of necrotic
granulomas have minimal levels of MDSC, whilst necrotic
prone mouse strains NOS2−/− (knock-out), C3HeB/FeJ, 129S2
(immunocompetent) exhibit higher frequencies with the highest
levels observed in immunodeficient (RAG2−/−) animals (29,
30). The accumulation of MDSC in necrotic granulomas has
been associated with the inability to control M.tb infection
and lung pathology (28, 29). Pulmonary tuberculosis manifests
differently than pleural tuberculosis andMDSC biology in pleural
cavities still needs further characterization. In TB patients,
MDSC are present in pleural effusions and blood and the
immunosuppressive potential of MDSC from individuals with a
long term infection exceeds the suppression of cells isolated from
people with recent M.tb exposure, which also affects CD8 T-cell
responsiveness (14). Upon a successful cure, MDSC frequencies
decrease to levels observed in healthy controls (14). In children,
completion of standard TB treatment was not accompanied by
a MDSC decline, likely reflecting the more complex disease

presentation of pediatric TB and possibly the polarization of
the immune response which may be different to adult immune
response (32).

MDSC DIRECTLY INTERACT WITH
MYCOBACTERIA

Lung-residing M-MDSC harbor M.tb and promote bacterial
growth through mechanisms involving IL-4/IL4Rα signaling
(29). Despite the production of nitric oxide (NO), a potent
anti-mycobacterial molecule, MDSC are inefficient at controlling
mycobacterial growth (13). Although ex vivo generated human
MDSC are not able to provide a niche for fast replication ofM.tb
when compared to macrophages, they do however exert a potent
suppressive activity against T-cells upon infection (26).Recent
reports indicate that myeloid cell ontogeny affects their capacity
to support mycobacterial growth. Interstitial macrophages,
supposedly originating from circulating monocytes, allow lower
M.tb. replication rates as compared to fetal germline derived
alveolar macrophages (AM). This phenomenon has been linked
to the dramatically different metabolic states of AM and
interstitial macrophages, with highly up-regulated fatty acid
uptake and β-oxidation vs. high glycolytic activity, respectively
(33). Pre-existing metabolic bias of myeloid cells controls M.tb
growth (33). Of note, tumor-infiltrating MDSC preferentially
use fatty acid-β-oxidation (FAO) as a primary energy source,
display up-regulation in FAO genes and increases the oxygen
consumption rate (34). We, and others have previously
shown that MDSC are capable of mycobacterial internalization,
however, they display poor microbicidal activity (13, 26).
Considering that M.tb uses host fatty acids and cholesterol,
the metabolic status of MDSC likely offers a nutritional niche
supportingM.tbmaintenance (35, 36).Whether FAO affectsM.tb
survival within MDSC remains to be validated. In the same vein,
the metabolic state of M.tb as well as its subcellular localization
within MDSC are largely unknown and should be defined.

MEDIATORS OF MDSC EXPANSION AND
ACTIVATION IN TB

Expansion and activation of MDSC is mediated by chronic,
low-grade inflammation, resulting in the pathological activation
of myeloid cells (37). Currently, it is difficult to discriminate
signals mediating MDSC expansion from those mediating
MDSC activation. Recent findings support a two-step process
involving cellular expansion, licensing, and activation (37,
38). First, chronic exposure to GM-CSF, IL-6, prostaglandins,
and alarmins such as S100A8/9 (38, 39) promote “emergency
myelopoiesis,” impede on terminal maturation of myeloid
progenitors. The second phase involves activation of these
“licensed” myeloid cells, through the panoply of inflammatory
cytokines (e.g., IFN-γ, IL-1β, IL- 6, TNF-α, IL-4), DAMPs
(e.g., HMGB1), and likely also PAMPs (e.g., LPS) to obtain
suppressive functions (37–39). Such factors are produced during
TB and enriched in TB-susceptible mice accumulating MDSC
(Figure 1A) (29). Additional molecules detected in TB lesions,

Frontiers in Immunology | www.frontiersin.org 3 April 2019 | Volume 10 | Article 91755

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Magcwebeba et al. Myeloid-Derived Suppressor Cells in Tuberculosis

FIGURE 1 | (A) Mediators of MDSC expansion and activation in a

mycobacterial environment. A schematic depicting mediators associated with

the proposed “two-signal” MDSC expansion and activation process, in a

mycobacterial environment. These include cytokines, chemokines,

calcium-binding proteins, and matrix metalloproteinases. (B) MDSC cellular

interaction and mediators of immunosuppression in a mycobacterial

environment. Examples of the known and suggested interactions of MDSC

with other immune cells in the mycobacterial setting, including the soluble

mediators associated with their immunosuppressive activity.

including prokineticin 2 (PROK 2) and MMP9, which promote
MDSC accumulation in target organs, may also regulate MDSC
expansion (29). Recent reports indicate that transmembrane
TNF-alpha regulates the activation and expansion of PMN-
MDSC and M-MDSC in the pleural cavity of BCG infected
mice (40). In mycobacterial infections, M-MDSC are induced
regardless of key virulence factors, as M.tb, M.smeg, and BCG
have proven to induce MDSC (13). Consequently, due their

immunosuppressive activity and high frequency during disease
progression, MDSC have been identified as one of the factors that
may contribute to a low BCG vaccine efficacy (41). Other factors
may include geographical location, helminthic co-infection,
route of BCG administration and mycobacterial strain (42). It
is important to note that the robust cytokine response often
observed following BCG vaccination, contradicts the MDSC
functions described above. We suspect that this perceived
discrepancy, could be ascribed to the requirement of a 2nd
activation signal or the mycobacterial strain-specific differences
on MDSC function. Alternatively, the MDSC suppressive
function might stretch beyond T-cell immunity and affect
other cell subsets which are rarely evaluated following BCG
vaccination, with the route of the vaccination and the age of the
vaccine, also contributing to the outcome. The role of live bacteria
in regions from which MDSC originate, such as immature bone
marrow cells, still need to be investigated.

Mycobacterial glycolipids contained in CFA promote the
expansion of the MDSC (10). A comprehensive comparison
of “licensed” monocytes, M-MDSC and additional monocytic
subsets present in the M.tb infected lung is necessary to
distinguish pathways driving MDSC genesis. Advanced
techniques such as quantitative shotgun proteomics, RNASeq
and chromatin ATAC mapping should provide insights into
potentially discriminating markers and differentiation pathways.

MDSC IMMUNOSUPPRESSIVE
MECHANISMS DURING TB INFECTION

MDSC exert their immunosuppressive activity through
mechanisms that involve soluble factors, cell membrane
molecules and the modulation of local concentrations off of
metabolites and amino acid (20, 43). Most studies focus on
T-cell suppression (ref), however MDSC also interact with
macrophages and dendritic cells, and induce regulatory B- and
T-cells (44–46). Such interactions have not yet been considered
in TB (Figure 1B). The interaction of MDSC with T-cells
has been established in TB patients, though the effects on
antigen-specific responder lymphocytes still await clarification.
Suppression of polyclonal stimulated CD4 and CD8 T-cells
involves the inhibition of cytokine production, T-cell activation
and modulation of T-cell trafficking (14). Whereas, PMN-
MDSC expansion correlates with abundant plasma NO (22),
phenotypically resemblingMDSC present abundant indoleamine
2,3-dioxygenase (IDO) and arginase-1 (ARG-1) (32). In BCG
vaccinated mice, iNOS-mediated tendency of MDSC to dampen
T-cell priming, suppress polyclonal T-cell proliferation and IFN-
γ release (13). iNOS mediates the suppression of lymphocytes
also in murine TB, though in situ co-expression of ARG1
and iNOS has been detected in lung lesions (29).Cell surface
molecules involved in the regulation of MDSC functions
have been identified in experimental TB studies. In mice with
mycobacterial pleurisy, tmTNF-α regulates MDSC activity
through the cell-to-cell interaction between tmTNF-α expressing
MDSC and TNFR2 expressing CD4 T-cells (40). Human MDSC
up-regulate PD-L1 upon in vitromycobacterial infection (26) and
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employ this check-point molecule to restrict T-cell proliferation
(26, 47). IFN-γ counteracts PD-L1 induced suppression (47)
and this may explain the profound immunosuppression in end
stage TB patients. Relevance of additional enzymes enriched
in MDSC purified from cancer patients, such as NADPH and
COX2 (20), as well as roles of autophagy molecules (48), remain
to be established in TB. Of paramount importance will be the
deciphering of interactions between MDSC and macrophages,
as those cells harbor and aid restricting bacillary replication.
The capacity of MDSC to modulate Treg dynamics, induce Breg
and alter NK activity in TB is also unknown. High dimensional
analyses, e.g., mass cytometry and histo-cytometry could
establish effects on MDSC on various immune cells and facilitate
the in-depth functional characterization of these cells. MDSC
may further contribute to TB reactivation by exacerbating the
immunosuppressive effects of immunotherapy such as anti-TNF
agents, absence of TNF-alpha has been associated with an
increased bacterial load and T-cell immunosuppression (49, 50).

MDSC AND TB CO-MORBIDITIES

Diseases promoting TB development are typically linked
to immunosuppression or dysregulation of immunity and
encompass HIV (51, 52) and diabetes (53, 54). In addition,
undernourishment, alcoholism, and smoking are considered risk
factors for TB. Currently, the precise role of MDSC in these
conditions and subsequent implications for TB are not clear.
MDSC have been reported in HIV infection, but a prevalence
of distinct subsets during co-infection has not been unanimously
established. Some studies report high frequencies of the PMN-
MDSC subset (52, 55–57) whilst others describe increased M-
MDSC populations in AIDS patients (58–61). MDSC frequencies
correlate with AIDS progression and viral load (51, 59),
while anti-retroviral therapy (ART) reduces systemic MDSC
frequencies (44, 62, 63). Even HIV exposed uninfected children
display abundant circulating MDSC (32). MDSC activity in
an HIV environment involves enhanced IL-10 production,
induction of CD4+CD25+FoxP3+Tregs and suppression of
T-cell responses, notably inhibition of IFN-gamma release by
autologous T-cells (52, 60). Such effects may contribute to
development of TB in LTBI people infected with HIV, however
further studies are required to elucidate the precise role of HIV-
induced MDSC in TB reactivation. Very few reports focus on
MDSC in diabetes. Recent trials suggest a beneficial effect with
MDSC protecting against the development of type-2 diabetes
(T2DM) in humans (64). Interestingly, the anti-diabetic drug
metformin, showing efficacy as an adjunct therapy in TB (65),
causes reduction of MDSC in cancer patients (66). Metformin’s
effect on MDSC in TB patients has not been evaluated. Smoking
is regarded as a predisposing factor that can accelerate TB
progression. Although smoking has been associated with MDSC
expansion and generation in COPD patients (67, 68), the role of
these cells in TB is not clear and should be clarified. Obesity-
driven chronic, low-grade inflammation and leptin interaction
has also shown to induce MDSC that, although protective against
some metabolic dysfunctions, appear to be detrimental to tumor
progression (69). At the other end of the spectrum, malnutrition
has also been correlated to MDSC induction, suggesting a link

with diseases characterized by wasting and malnutrition, such as
TB (70). It is tempting to speculate that enhancedMDSC levels in
diseases and conditions causing alterations in immune reactivity
may contribute to TB reactivation, however this remains to
be tested.

THERAPEUTIC STRATEGIES TARGETING
MDSC IN TB

Shortly after identification of MDSC in TB patients and murine
models, these cells emerged as promising targets for adjunct host-
directed therapy (HDT) approaches (8, 41, 71). The focus of such
strategies has been to reverse the impact of MDSC on T-cell
immunity in TB by implementing host modulating therapeutic
strategies such as those blocking MDSC induction or activation,
inhibiting MDSC function or reversing their suppressive
function. These strategies have been recently reviewed elsewhere
(71). More recently, denileukin diftitox, an anti-neoplastic agent
comprised of IL-2 and Diphtheria toxin, potentiates standard
TB treatment in a mouse model through the elimination of
MDSC and Treg (72). Similarly, combined immunotherapy
consisting of ATRA and alpha galactosylceramide as an adjunct
immunotherapy improved standard TB treatment (73). Other
studies on ATRA have reported the reduction of MDSC and
increase in T-cell number with an impact on bacillary loads
and lung pathology (13, 29). Tasquinimod (TSQ), a quinoline-
3-carboxyamide analog, targets S100A9, a molecule which
has been implicated in MDSC accumulation and function.
TSQ is in clinical development for the treatment of various
cancers and has recently shown to significantly enhance the
antitumor effects of immunotherapeutics in cancer mouse
models, by inhibiting the suppressive function of MDSC and
tumor-associated macrophages (TAM) (74). More recently, TSQ
treatment in an acute mouse model of TB, enhanced M.tb
clearance, reduced Treg and MDSC frequencies and enhanced
the efficacy of the standard treatment regimen (75).

Cytokines indirectly affect MDSC accumulation/function and
a recent study has shown that IFN-γ decreases the suppressive
function of MDSC by reducing the arginase activity suppressing
PD-1/PD-L1 (47). Although not yet tested in TB, a combination
treatment of IL-17R and IFN-γ has shown potential in cancer,
by reducing the levels of MDSC and increasing T-cells (76).
Other MDSC targeting agents tested in cancer, which have
shown potential in TB, but with unknown effects on MDSC,
include metformin, tyrosine kinase inhibitors (imatinib), PDE-
5 inhibitors, and arginase inhibitors (71). The COX-2 inhibitor,
etoricoxib, is currently evaluated as HDT for TB and its effect on
MDSC levels will be considered in the trial (NCT02503839).

CONCLUSION

The MDSC arena has experienced several research advances
in the context of infectious diseases. Nonetheless, the complex
and protracted nature of M.tb infection along with challenges
in biology of MDSC research have delayed comprehensive
investigations on MDSC in the TB field. Ultimately, MDSC
research in TB would be insignificant without an eventual
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tangible contribution to the clinical benefit of patients.
Development of immunotherapies targeting MDSC is
undergoing a slow but steady progress, however many TB
HDT trials fail to consider the impact of these treatments
on MDSC function and frequency. The lack of compounds
targeting MDSC specifically, contributes to this problem. The
safety, efficacy, dose, and timing of interventions targeting
MDSC in TB, will also require careful evaluation, and so too will
the effect of novel neonatal vaccines and adult re-vaccination
strategies on MDSC genesis. Greater focus on these and other
MDSC knowledge gaps is expected to accelerate the discovery
of effective TB immunotherapies, thereby contributing to an
increased TB cure rate, more durable clinical responses and
superior control of drug-resistantM.tb strains.
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Myeloid-derived suppressor cells (MDSCs) represent a heterogeneous population of

immature myeloid cells with major regulatory functions and rise during pathological

conditions, including cancer, infections and autoimmune conditions. MDSC expansion

is generally linked to inflammatory processes that emerge in response to stable

immunological stress, which alter both magnitude and quality of the myelopoietic

output. Inability to reinstate physiological myelopoiesis would fall in an “emergency

state” that perpetually reprograms myeloid cells toward suppressive functions. While

differentiation and reprogramming of myeloid cells toward an immunosuppressive

phenotype can be considered the result of a multistep process that originates in the

bone marrow and culminates in the tumor microenvironment, the identification of its

driving eventsmay offer potential therapeutic approaches in different pathologies. Indeed,

whereas expansion of MDSCs, in both murine and human tumor bearers, results in

reduced immune surveillance and antitumor cytotoxicity, placing an obstacle to the

effectiveness of anticancer therapies, adoptive transfer of MDSCs has shown therapeutic

benefits in autoimmune disorders. Here, we describe relevant mechanisms of myeloid

cell reprogramming leading to generation of suppressive MDSCs and discuss their

therapeutic ductility in disease.

Keywords: emergency myelopoiesis, myeloid-derived suppressor cells (MDSCs), immunosuppression, cancer,

autoimmune diseases

INTRODUCTION

Immunologic stress, such as infection and cancer, modifies the magnitude and composition of
the hematopoietic output, a feature of immune regulation defined as “emergency” hematopoiesis,
to guarantee proper supply of both lymphoid and myeloid cells to increased demand (1). Under
steady-state conditions, myelopoiesis is a strictly regulated process that consists of a series of cell
lineage commitments, encompassing sequential steps of differentiation that govern the transition
of hematopoietic stem cells (HSCs) to myeloid precursors and then to mature immune cells,
which is necessary to maintain the physiological levels of circulating neutrophils and monocytes
(2). This highly coordinated process is orchestrated by cytokines and growth factors, which act
through activation of specific transcription factors that differentially drive terminal differentiation
of myeloid cells. In particular, whereas C/EBPα appears to be a major regulator of “steady-state”
granulopoiesis (3), C/EBPβ (4) and Signal Transducer and Activator of Transcription 3 (STAT3)
(5) promote expansion and maturation of neutrophils in emergency conditions. Moreover,
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interleukin-17A (IL-17A) promotes both granulocyte-colony
stimulating factor (G-CSF)- and stem-cell-factor-mediated
neutrophilia (6) and supports G-CSF-driven “emergency”
myelopoiesis (7). Terminal macrophage differentiation is instead
induced by macrophage-CSF (M-CSF) through activation of the
transcription factors PU.1 and IRF8 (8). We recently showed
that the retinoic acid-related orphan receptor (RORC1/RORγ)
orchestrates emergency myelopoiesis by suppressing negative
(Socs3 and Bcl3) and promoting positive (C/EBPβ) regulators
of granulopoiesis, as well as the key transcriptional mediators
of myeloid progenitor commitment and differentiation to
the monocytic/macrophage lineage (IRF8 and PU.1) (9). Of
note, expansion of circulating RORC1+ myeloid cells marked
advanced cancer-related inflammation and the expansion of
immature suppressive cells (9).

In acute inflammation, notably during acute infections,
myeloid progenitors expand and differentiate into activated
pro-inflammatory monocytes, which eventually migrate into
tissues where they differentiate into macrophages and dendritic
cells (10, 11). On the other hand, in chronic inflammatory states
(e.g., cancer, chronic infection and autoimmune disease) the
differentiation of myeloid progenitors into mature immune
cells is impaired, a condition that leads to the expansion and
accumulation of a population of immature myeloid cells named
myeloid-derived suppressor cells (MDSCs) (12). MDSCs consist
of a heterogeneous population characterized by high plasticity
and strong capacity to reduce cytotoxic functions of T and NK
cells (13). MDSCs are conventionally divided into 2 subsets,
monocytic (M-MDSCs) and granulocytic (PMN-MDSCs), based
on the expression of specific markers that differ among human
and mouse cells. In humans, the M-MDSC and PMN-MDCS
subsets are defined as CD11b+CD14+HLA-DR−/lowCD15−

and CD11b+CD14−CD15+HLA-DRlow/−, respectively,
while their corresponding murine subsets are indicated as
CD11b+Ly6ChighLy6G− and CD11b+Ly6ClowLy6G+ cells (11).

From a biochemical and functional perspective, suppressive
PMN-MDSCs are characterized by the production of reactive
oxygen species (ROS) and arginase 1 (Arg1), whereas M-MDSCs
predominantly express the inducible nitric oxide synthase (iNOS)
gene and produce nitric oxide (NO). Both pathways promote
depletion of the amino acid l-arginine and down-regulation of
T cell receptor (TCR) ζ-chain expression, consequently leading
to cell cycle arrest (14). Combined production of ROS and NO
results in peroxynitration of TCR and promotes T cell apoptosis
(15). Additionally, expression of indoleamine 2,3 dioxygenase
(IDO) (16), cyclooxygenase (COX1) (17) and the programmed
death-ligand 1 (PD-L1) (18) by activated MDSCs concur to
immune suppression. MDSCs further promote T regulatory
(Treg) cell expansion to prevent anti-tumor T cell effector
functions (11, 19–21). A recent meta-analysis performed on a
cohort of 1864 patients evaluated the prognostic value of MDSCs
in various types of cancers and concluded that their elevated
frequency is associated with shorter overall survival (OS) and
poor disease-free survival/recurrence-free survival (DFS/RFS)
(22). Based on their critical pro-tumor role, efforts are underway
to define strategies that can reprogram or functionally deplete
MDSCs in order to evaluate their antitumor efficacy alone

or in combination with anti-checkpoint inhibitors (ICIs) (23).
Since persistent immunological stress promotes the pathological
differentiation of myeloid cells, MDSC expansion has been
reported also in autoimmune diseases (AD) (12). Similarly, in
some infections, caused either by bacteria (e.g., M. tuberculosis,
Staphylococcus aureus) or viruses (e.g., hepatitis B virus/HBV,
hepatitis C virus/HCV, human immunodeficiency viruses/HIV),
the host’s immune response is not able to remove the pathogen,
which instead persists and leads to a chronic inflammatory
state. In these pathological conditions, the accumulation of M-
MDSCs is stimulated to restrict T cell effector functions and
to recruit Treg cells in order to resolve inflammation and re-
establish immune homeostasis (24, 25). In infections, pathogen
recognition by innate immune receptors (e.g., Toll-like receptor),
other than cytokines and growth factors, is the key event
responsible for M-MDSCs expansion (25).

Targeting MDSCs appears to provide a specular perspective
in cancer vs. autoimmune conditions. Here we discuss
the role of MDSCs in cancer and autoimmune diseases,
highlighting their main suppressor mechanisms and possible
therapeutic interventions.

THE IMMUNOSUPPRESSIVE ARMAMENT

OF MDSCS AND ITS IMPACT IN CANCER

Beyond being highly heterogeneous, MDSCs are also highly
plastic (26), therefore the surrounding microenvironment
shapes MDSCs’ functions to suppress immune responses
through multiple mechanisms (Figure 1), including depletion
of metabolites critical for T cell functions, expression of
immune checkpoint inhibitors, secretion of immunosuppressive
molecules, production of reactive oxygen and nitrogen species
and regulation of lymphocyte homing.

Depletion of Metabolites Critical for T

Cell Functions
A metabolic feature of MDSCs is the up-regulation of
enzymes/transporters that pauperize essential amino acids from
the extracellular space. This results in both microenvironmental
depletion of essential nutrients for T cells and in the generation
of molecules endowed with immunomodulatory activities (e.g.,
nitric oxide, polyamines and kynurenines). Cysteine is an
example of an amino acid that T cells cannot produce either
by intracellular conversion of methionine or by import of
extracellular oxidized cysteine (27). Usually, antigen-presenting
cells couple the import of extracellular oxidized cysteine with
the export of cysteine, thereby creating a circuit of symbiotic
nutrients sharing that feeds T cell activation. In contrast, MDSCs
up-take cystine through the xc- transporter but do not export
cysteine, thus limiting the extracellular pool of cysteine required
for T cell activation (28). MDSCs express copious amount of
IDO1 that converts tryptophan in kinurenines inducing Treg
cells expansion (29), dampening dendritic cell immunogenicity
(30) and concomitantly depriving T cells of an essential
nutrient (31). Several preclinical studies have demonstrated the
therapeutic potential of IDO inhibition in combination with both
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FIGURE 1 | MDSCs inhibit immune responses by multiple mechanisms. (A) MDSCs deplete the extracellular microenvironment of essential nutrients for T cells.

Through the up-regulation of metabolic enzymes (e.g. ARG1, NOS2, IDO1) and ectoenzymes (e.g. CD38) MDSCs consume copious amounts of amino acids (L-Arg,

L-Trp) and NAD, and concomitantly produce molecules endowed with immunomodulatory activities (e.g. nitric oxide/NO, polyamines and kinurenines). Further,

MDSCs internalize cystine without releasing the oxidized L-Cys and up-take of FFA, which fuels FAO and expression of immunosuppressive activities. (B) MDSCs

up-regulate PD-L1 in response to multiple microenvironmental signals, including hypoxia via HIF1α, IFNγ via STAT1/IRF1, MCSF and VEGF via unknown mechanisms.

Up-regulation of COX2 and PGE2 are also found associated with PD-L1 expression. (C) MDSCs release a range of immunosuppressive soluble molecules. They

produce ROS and RNS through NOX-2 and NOS2, adenosine via CD39 and CD73, kinurenines via IDO1, polyamines via ARG1, anti-inflammatory cytokines (IL-10,

TGFβ) and PGE2. Both TGFβ (blue lines) and PGE2 (red lines) also create autocrine loops that sustain the production of additional suppressive molecules. TGFβ

induces the ectoenzymes CD39 and CD73 via HIF-1 α and PGE2 promotes expression of immunosuppressive molecules (IDO1, IL-10, ARG1 and VEGF) as well as

repression of immunogenic-associated genes via DNMT3A. MDSCs also secrete exosomes which contain different molecules, such as immunosuppressive ARG1,

inflammatory S100A8/9 and the oncogenic miR-126a. (D) MDSCs modulate T cell trafficking. They limit homing of naïve T cells to LNs by TACE-mediated cleavage of

CD62L on T cells and they impair extravasation of effector T cells through NO-mediated down-regulation of adhesion molecules CD162 and CD44. In contrast

MDSCs support the recruitment of CCR5+ Treg cells by production of CCL3, CCL4, CCL5.
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chemotherapy and immune checkpoint blockers. Accordingly,
phase II/III human trials will evaluate two small molecule enzyme
inhibitors of IDO1 (epacadostat and GDC-0919/navoximod) in
human cancer patients (32).

Metabolic conversion of L-arginine (L-Arg) through either
iNOS or Arg1 is the first and the main mechanism associated
with the immunosuppressive activities of MDSCs. In addition,
Arg1 supports tumor cell proliferation by producing ornithine
and polyamines, whereas iNOS promotes T cell death through
NO generation and consequent tyrosine nitration and S-cysteine
nitrosation of various proteins (33, 34). Strikingly, a recent paper
reported that bone marrow (BM)-derived MDSCs require direct
cell-cell contact rather than Arg1 expression or production of
soluble factors tomediate immunosuppression in different tumor
models (e. g. melanoma, colon carcinoma and lymphoma) (35).

The expression of Arg1 and iNOS differs among mouse and
human myeloid cells, with the former predominantly expressed
by the granulocytic subset and the latter by the monocytic
counterpart (36). Preclinical studies and clinical trials with
inhibitors of phosphodiesterase-5, (e.g., sildenafil and tadalafil)
pointed out that a reduction of both iNOS and Arg1 activities in
MDSC reactivates antitumor immunity (37–39).

Nicotinamide adenine dinucleotide (NAD) is one of the
most important coenzymes in mammalian metabolic pathways
(40). CD38 is an ectoenzyme that, by consuming extracellular
NAD, leads to mitochondrial dysfunction of surrounding cells,
as observed in metabolic diseases and cancer (41). CD38
was found up-regulated in MDSCs from various preclinical
tumor models and cancer patients (neck cancer and non-
small cell lung cancer). Along with the detrimental effects
associated with depletion of microenvironmental NAD, CD38
generates second messengers associated with calcium signaling
(42), resulting in an increased amount of NO that favors
tumor growth (43). Treatment of multiple myeloma patients
with daratumumab (an antibody directed toward CD38) was
associated with reduction of PMN-MDSCs, suggesting that this
event might contribute to the therapeutic effect of anti-CD38
(44). Beyond being a key regulator of energy metabolism and
ATP production, NAD is the substrate for numerous NAD-
consuming enzymes that participate in cell signaling, including
mono- and poly-(ADP-ribose) polymerases, sirtuins (SIRT) and
CD38/CD157 (45).

Interestingly, in different tumor models (i.e., thymoma and
melanoma) the lack of SIRT1 in MDSCs fuels the glycolytic
pathway through the mTOR-HIF-1α pathway. This metabolic
reprogramming is associated with a functional switch of
immunosuppressive MDSCs toward a pro-inflammatory
(NO, TNF, IL-12) and anti-tumor phenotype (46). Additional
studies confirmed the importance of metabolic pathways
on MDSC activity. In both tumor bearing mice and
humans, tumor-derived cytokines induce expression of cell
surface lipid transport receptors on MDSCs via STAT3
and STAT5 (47). This results in increased fatty acid uptake
and oxidative metabolism in association with activation
of MDSCs’ immunosuppressive mechanisms. Therefore,
hampering the intracellular accumulation of lipids (47) as
well as pharmacological inhibition of FAO (48) blocks the

immunosuppressive functions of MDSCs, improving the efficacy
of either immunotherapy or low-dose chemotherapy.

Expression of Immune

Checkpoint Inhibitors
It is not surprising that several pre-clinical and clinical studies
have found an association between PD-L1 expression by MDSCs
and immunosuppression (49). Mechanistically, the expression
of PD-L1 on MDSCs can be triggered through different
pathways whose relative importance may depend on different
microenvironmental features of tumor regions as well as on
the type of tumor. For example, hypoxia induces PD-L1
expression on MDSCs via HIF-1α (18). In line with this, the
blockade of PD-L1 expression under hypoxia enables MDSCs
to support T cell activation; therefore, the combination of
PD-L1 neutralization with HIF-1α inhibitors could improve
the clinical response of patients with advanced disease. In a
preclinical model of colitis-associated colorectal cancer, PD-L1
emerged to be mainly expressed by tumor-infiltrating M-MDSCs
(CD11b+Ly6C+ cells) in response to IFNγ via STAT1-IRF1 axis
(49). M-CSF and VEGFA produced by human liver cancer cell
lines can induce PD-L1 expression on immature myeloid cells
(CD33DimHLA-DR− cells) isolated from peripheral blood of
healthy donors. Accordingly, circulating PD-L1+MDSCs were
detected in HCC patients and their frequency increased with
disease progression, although it did not correlate with serum
concentration of M-CSF or VEGF (50).

In mouse bladder cancers, PD-L1 expression on tumor-
associated myeloid cells is associated with the expression
of cyclooxygenase-2 (COX2), microsomal prostaglandin E
synthase-1 (mPGES1), prostaglandin E2 (PGE2) and the capacity
to induce apoptosis of CD8+ T cells (51). Either genetic or
pharmacological inhibition of PGE2 restrained tumor-induced
PD-L1 expression on myeloid cells. PGE2 can also directly
and indirectly blunt the activation of CD8T cells (52). Further,
PGE2 has been shown to promote MDSCs activity by inducing
up-regulation of additional immunosuppressive molecules (e.g.,
IDO, IL-10, ARG-1, and VEGF) (53–55), as well as by repressing
immunogenic-associated genes via DNA methyltransferase 3A
(DNMT3A) (56). In agreement, human MDSCs from ovarian
cancer patients display a similar hypermethylation signature
in connection with PGE2-dependent DNMT3A overexpression
(56). Recently, in a pre-clinical model of colorectal cancer there
has emerged a circuit based on down-regulation of receptor-
interacting serine/threonine-protein kinase 3 (RIPK3) in MDSCs
linked to the production of PGE2. This autocrine loop is
crucial for MDSC accumulation and immunosuppressive activity
and the consequent promotion of colon carcinogenesis (57).
Therefore, PGE2 represents a very attractive drugable target
that can be exploited to modulate MDSCs’ immunosuppressive
functions in multiple contexts.

Interestingly, not only are high levels of circulating MDSCs
(CD33+CD11b+HLA-DR−cells) predictive of a poor response
of advanced melanoma patients to ipilimumab (anti-CTLA4)
therapy (58), but circulating MDSCs of non-responders showed
higher expression of PD-L1 by PMN-MDSCs and copious
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production of NO byM-MDSCs (59). In line with this, in models
of lung and renal cell carcinoma, entinostat, a class I histone
deacetylase inhibitor, improved the anti-tumor effect of anti-
PD-1 antibodies by reducing the expression of Arg1, iNOS, and
COX2 in MDSCs (60). Therefore, different clinical trials are
studying the combination of entinostat with immune checkpoint
blockade (ICB) in patients with renal cell carcinoma and other
advanced solid tumors (61).

Production of

Immunosuppressive Molecules
MDSCs express high levels of Ectonucleoside triphosphate
diphosphohydrolase 1 (E-NTPDase1, CD39) and the ecto-5’-
nucleotidase, which convert the extracellular ATP released by
dying cells in adenosine. Extracellular adenosine is a powerful
immunosuppressive factor that impairs differentiation of naïve
CD8+ T cells in effector cells (62), inhibits cytolitic activity
of NK and activated T cells (63), and it promotes the
immunosuppressive functions of tumor-associated macrophages
(TAM) and expansion of PMN-MDSCs (64). MDSCs also
produce copious amounts of immunosuppressive cytokines, such
as TGF-β and IL-10, which induce the generation of Treg
cells, differentiation of pro-tumoral IL-12low TAM and direct
suppressive effects on T effector cells (65, 66). TGF-β can
also exert either promoting or inhibiting effects on MDSCs
themselves (67, 68). Exposure of murine BM-derived MDSC
or healthy human PBMCs to TGF-β, along with conditioned
medium of either MEER (murine pharyngeal epithelial cells
expressingHPV16 E6 and E7, and hRas) or human head and neck
squamous cell carcinoma cells (SCC-47), triggered CD11b+Gr1+

MDSCs to acquire antigen-presenting capability and Fas-
dependent tumor cells killing activity (68). Consequently, in
mice transplanted with MEER tumor, the combination of
radiotherapy with intra-tumoral adoptive transfer of TGF-β-
conditioned MDSCs resulted in a durable tumor clearance (68).
In apparent contrast, ex vivo studies indicate that TGF-β skews
differentiation of human peripheral blood CD14+ monocytes
toward immunosuppressive M-MDSCs (67). Accordingly, in
mouse models of lung and mammary carcinoma, disruption
of TGF-β signaling in myeloid cells resulted in decreased
expression of CD39 and CD73, in association with increased
infiltration of T lymphocytes, reduced density of blood vessels
and diminished tumor progression (69). A recent study
highlighted that the frequency of CD39+CD73+ MDSCs in the
NSCLC patients is closely correlated with disease progression
and chemotherapeutic resistance (70). Mechanistically, it was
confirmed that tumor-derived TGF-β triggers CD39 and CD73
expression on circulating and tumor-infiltrating MDSCs via
activation of mTOR/HIF-1α-signaling (70). Along with these
findings, diabetic patients with ovarian carcinoma gain beneficial
anti-tumor effects by metformin treatment. Indeed, this anti-
diabetes drug down-regulates HIF-1α via the activation of the
AMP-activated protein kinase α (AMPKα) and consequently
decreases expression of CD39 and CD73 on both M- and PMN-
MDSCs. Therefore, metformin treatment leads to the reduction

of circulating CD39+CD73+ MDSCs and enhances the anti-
tumor activities of circulating CD8+ T cells, promoting longer
overall survival of ovarian cancer patients (71). New evidence
indicates that MDSCs can secrete exosomes which contain
molecules, such as immunosuppressive Arg-1 (72), inflammatory
S100A8/9 (73) and the oncogenic miR-126a (74). Interestingly,
in vivo administration of PMN-MDSCs derived exosomes
to DSS-treated mice ameliorates colitis, thereby confirming
the immunosuppressive activity of molecules included in the
extracellular vesicles (EV) (72). In cancer bearers, tumor cells are
the major source of circulating EV. Recently a set of microRNAs
(miR-146a, miR-155, miR-125b, miR-100, let-7e, miR-125a, miR-
146b, miR-99b) has been identified that are transferred via EV
from melanoma cells to circulating monocytes, driving their
conversion intoMDSCs. Therefore, high levels of plasmaMDSC-
miRs emerged as valuable predictive peripheral blood biomarkers
of resistance to ICB in cancer (75).

Production of ROS
A major mechanism used by PMN-MDSCs to suppress antigen-
specific T cells is the secretion of copious amounts of
reactive oxygen species (ROS), including superoxide anions,
hydroxyl radicals, hydrogen peroxide and singlet oxygen (34).
Accordingly, in a MDSCs/T cells co-culture system, the addition
of ROS inhibitor catalase blunts the immunosuppressive effects
of MDSCs (76). ROS production by MDSCs is driven by the up-
regulation of NADPH oxidase activity, in particular the NOX2
subunits 47 (phox) and gp91 (phox). Indeed, the lack of NOX2
impaired both generation of ROS by MDSCs and their ability to
suppress antigen-specific CD8+ T cells (77). In addition, NOX2-
dependent ROS production supports MDSC expansion (77)
and recruitment in tumors through the up-regulation of VEGF
receptors (78). Myeloperoxidase is another ROS-producing
enzyme that, along with ARG-1, is more abundantly expressed
by PMN-MDSCs than neutrophils, contributing to suppression
of antigen-specific T cell responses in tumor bearers (79).

MDSCs survive despite elevated levels and continuous
production of ROS through the expression of the Nrf2
transcription factor, an important mediator of the cellular
antioxidant response (80). Indeed, genetic ablation of Nrf2
impaired generation, survival and suppressive potency ofMDSCs
in models of mammary and colon tumor (80). To counteract
the detrimental effects of oxidative stress, MDSCs up-regulate
their anaerobic metabolism (i.e., glycolysis), which leads to the
intracellular accumulation of the anti-oxidative intermediate
phosphoenolpyruvate (81). Overall, targeting redox-regulation of
MDSCs is emerging as a promising therapeutic opportunity in
multiple diseases, such as cancer, infection, inflammation, and
autoimmune disorders (82).

Regulation of Lymphocyte Homing
MDSCs impair T cell activation also by inhibiting the homing
of naïve CD4+ and CD8+ T cells to lymph node (83). This
effect is dependent on down-regulation of CD62L on naïve
T cells through the expression of TNF-α-converting enzyme
(TACE/ADAM17) by MDSCs (84). Growing evidence suggests
that this ability of MDSCs to hinder T cell activation plays a
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crucial role in establishing maternal–fetal tolerance in pregnant
mice and women (85). An expansion of MDSCs in maternal
peripheral blood occurs during human pregnancy, and higher
frequency of circulating PMN-MDSCs has recently emerged as
a favorable predictor of the success rate of in vitro fertilization
treatment (86). In addition, MDSCs can hamper the recruitment
of circulating effector T cells into tissues by inhibiting the
expression of CD162, a ligand of P-selectin and CD44, the
receptor for the extracellular matrix component hyaluronic acid
(HA) (87). The block of effector T cell homing is paralleled
with the recruitment of immunosuppressive T cells. For example,
in two mouse models of melanoma, tumor M-MDSCs produce
CCL3, CCL4 and CCL5 which drive the recruitment of CCR5+

Treg cells (88).

MDSCS IN AUTOIMMUNITY

Autoimmunity is defined as an immune response against self-
antigen. The tolerance against self-antigens is a tightly regulated
process that involves both innate and adaptive immunity and
implies the possibility to eliminate or inhibit self-reactive
lymphocytes. In autoimmune diseases (AD), both genetic and
environmental factors contribute to the breakdown of tolerance
(89), which results in the generation of auto-reactive B and T
cells. Clinical manifestation of AD derives from tissue damage
caused by self-reactive T cells. In contrast to their deleterious role
in tumors, MDSCs have been studied in various models of AD to
evaluate potential beneficial role (90).

Due to their prevalent immunoregulatory phenotype MDSCs
represent an important cell population that can be therapeutically
used to suppress T cell functions. On this line, newwork indicates
their accumulation in secondary lymphoid organs of patients
with autoimmune disorders, including type 1 diabetes, multiple
sclerosis, rheumatoid arthritis, systemic lupus erythematosus,
inflammatory bowel disease and autoimmune hepatitis (91), and
a number of studies have provided insight into the use of MDSCs
for treatment of AD (12).

Autoimmune Diabetes
Type 1 diabetes (T1D) is among the most prevalent autoimmune
diseases worldwide, affecting∼10–20 million people. The disease
occurs as a consequence of a disruption in immune-regulation,
resulting in the expansion of autoreactive CD4 and CD8T cells
and autoantibody-producing B lymphocytes (92), which leads
to the destruction of pancreatic insulin-producing β-cells in the
pancreas (93). Both CD4+ helper T cells and CD8+ cytotoxic T
cells can transfer autoimmune diabetes to immunodeficient hosts
in mouse models (94, 95), and T cells are found in inflammatory
infiltrates surrounding pancreatic islets in T1D patients (96).

Rising evidence of MDSCs’ involvement in the pathogenesis
of T1D opens new potential therapeutic strategies for T1D.
In two different murine models, Yin et al. provided evidence
that adoptive transfer of MDSCs against autoreactive T cells
prevented pancreatic islets damage (97). Furthermore, it was
shown in NOD/SCID mice that temporary B cell depletion
induced expansion of regulatory CD11b+Gr1+ cells, which

directly suppress diabetogenic splenocytic T cell functions in an
IL-10-, NO-, cell contact-dependent manner (98).

It has also been shown that the contribution of the C3
complement factor to the development of autoimmune diabetes
depends directly on MDSCs. In fact, the C3 deficiency in
the Streptozotocin-induced diabetes (STZ) model produces an
increase in the frequency of MDSCs and enhances their ability
to suppress the proliferation of diabetogenic T cells through
arginase/iNOS activity (99).

A paradoxical increase in the frequency of MDSCs was
reported in the peripheral blood of T1D patients, as well as in
the peripheral blood and secondary lymphoid organs of diabetic
NOD mice (100). Of note, this increased frequency of MDSC
was counterbalanced by the decreased MDSC number within the
pancreatic microenvironment of diabetic NOD mice, suggesting
that the lack of islet MDSCs may favor autoimmune diabetes
development (100).

A strong association has been demonstrated between
polymorphisms of NOD-like receptor family-pyrin domain
containing 3 (NLRP3) and predisposition to the T1D. Carlos et al.
showed that the ablation of NLR3P in bothNOD and STZ-treated
diabetic mice, as a consequence of elevated IL-6 expression,
produced an expansion of MDSCs in pancreatic lymph nodes
(PNLs), which inhibits the inflammatory T cells response in
the pancreatic islets and prevents the onset of T1D (101). This
evidence proposes the expansion of MDSCs as strategy for
dampening the autoimmune T cell response and preventing T1D.

Multiple Sclerosis (MS)
MS is an autoimmune inflammatory demyelinating disease
and a prime cause of neurological disability in young adults
(102). Clinically, MS manifests itself as neurological deficits that
frequently exhibit a relapsing and remitting pattern (RRMS)
reflecting the characteristic recurrent bouts of T cell-mediated
attack upon antigens in neuronal myelin sheaths. MS can resolve
completely or leave residual deficits of any grade (102).

Experimental Autoimmune Encephalomyelitis (EAE) is the
most used animal model of autoimmune inflammatory diseases
of the central nervous system (CNS), and it resembles MS. Active
EAE is induced by immunization with CNS tissue or myelin
peptides, such as myelin basic protein (MBP) and proteolipid
protein (PLP) emulsified in various adjuvants, usually containing
bacterial components highly capable of activating the innate
immune system via pattern recognition receptors (i.e., complete
Freund’s adjuvant, CFA) (103). This leads to the peripheral
activation of myelin-specific T cells which are subsequently
recruited together with myeloid cells in the CNS. These
provoke the release of inflammatory cytokines and chemokines,
producing demyelination and CNS damage (103, 104).

In the last decade, the presence and the activation state of
MDSC subsets in MS have been objects of intense investigation.
In a model of experimental autoimmune encephalomyelitis
(EAE), Zhu et al. first characterized the subsets of accumulating
myeloid cells in blood, spleen and CNS. They showed that a small
population of CD11b+Ly6Chi immature monocytic cells could
exert the potent suppression of both CD4+ T cells and CD8+
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T cells ex vivo, inducing their apoptosis through nitric oxide
production (105).

In contrast, two different and independent works highlighted
a more pro-inflammatory and pathogenetic role of the
CD11b+Ly6Chi cell subset. Mildner et al. proposed that
CCR2-expressing CD11b+Ly6Chi monocytes are indispensable
for the pathogenesis of MS due their capability to express
MHC class II molecules and inflammatory cytokines, which
would support local autoimmune encephalitogenic T cell
activation (106).

King et al. instead proposed a dynamic interpretation of
the role of CD11b+Ly6Chi cells in MS. CD11b+Ly6Chi cells
that accumulate in the blood and CNS of mice immunized by
myelin, before the onset of clinical episodes, would behave like
inflammatory monocytes rather than MDSCs. Next, the CNS
microenvironment would evolve during the course of the disease,
inducing a more suppressive and anti-inflammatory phenotype
of CD11b+Ly6Chi immediately before the onset of the remission
phase (107). In line with this, the distribution of protective Arg1-
expressing MDSCs within the spinal cord of EAE mice was
confirmed during the remitting phase (108).

A pivotal role in the regulation of CNS autoimmune
inflammation was provided also for PMN-MDSCs, which
accumulate in the peripheral draining lymph nodes (LNs) and in
the spinal cord of EAE-immunized mice, prior to the remission
phase of the disease (109).Moreover, granulocytic CD33+CD15+

MDSCs were significantly enriched in the peripheral blood of
subjects with active MS (109). Noteworthily, in EAE mice,
adoptively transferred PMN-MDSCs ameliorated the disease and
delayed its onset through the significantly reduced expansion of
autoreactive T cells in the draining of LNs (109).

The initiation and severity of the chronic disease phase in MS
is associated with the accumulation of these B cell aggregates.
Knier et al. showed that the frequency of CD138+ B cells in
the cerebrospinal fluid (CSF) of human patients with MS was
negatively correlated with the frequency of PMN-MDSCs in the
CSF (110).

Analyses of the dynamic of immune cell populations in
the CSF and CNS parenchyma of mice during EAE revealed
a persistent population of Ly6G+ cells recruited to the CSF
space at the beginning of the recovery stage. Cantoni et al.
have recently identified that the decreased number of blood M-
MDSCs in relapsing MS patients is associated with increased
MDSC expression of miR-223 compared to healthy subjects, and
it is accompanied by a reduced expression of STAT3 and Arg1
(111, 112). These data are corroborated by the evidence that miR-
223 deficient mice showed reduced EAE severity and pathology
progression as result of an increase in MDSC number in the
spleen and CNS (112).

Rheumatoid Arthritis (RA)
RA is a systemic AD characterized by a chronic synovitis that
results from the sustained influx of various leukocyte populations
into the synovial space, thereby leading to destruction of the
joint cartilage and erosion of bone (113). CD4+ T cells, and the
cytokinemilieu within the affected joints, are critically implicated
in the pathogenesis of RA, as they promote differentiation toward

pro- and anti-inflammatory T cell subpopulations, including
Th1, Th2, Th17, and Treg cells (114). Elevated levels of pro-
inflammatory Th17 cells as well as defects in anti-inflammatory
Treg cells have been reported in RA patients (115, 116) and in
experimental arthritis in mice (117, 118), but the mechanisms
governing the imbalance of Th17/Treg cells resulting in RA
remain unclear. Discordant results regarding the effect ofMDSCs
on RA have been reported in both preclinical mouse models and
patients (119). Jiao et al. reported that both the prevalence of
circulating MDSCs and plasma Arg1 increased significantly in
RA patients compared to healthy controls and were negatively
correlated with peripheral Th17 cells (116). Unfortunately,
these MDSC-like cells were defined only by phenotypic marker
expression, and the suppressive properties of these cells toward
T cells were not tested in that study. A beneficial accumulation
of MDSCs, mainly PMN-MDSCs, was reported in the spleens
of arthritic DAB/1 mice with collagen-induced arthritis (CIA) at
the peak of the disease (35 days after CIA induction), and these
cells prevented both the proliferation of CD4+ T cells and their
differentiation into Th17 cells in vitro, via an Arg1-dependent
mechanism (120). Moreover, in vivo depletion of PMN-MDSCs
with anti-Gr1 mAb delayed the spontaneous resolution of joint
inflammation in mice with CIA, while adoptive transfer of
CD11b+Gr1+ MDSCs reduced the severity of CIA in vivo and
decreased the number of total CD4+ T cells and Th17 cells
in the dLN (120). It has also been demonstrated that PMN-
MDSCs in synovial fluid (SF) frommice with proteoglycan (PG)-
induced arthritis (PGIA) could potently suppress autoreactive T
cell proliferation and dendritic cell maturation (121). Recently,
the adoptive transfer using three types of splenic MDSCs (total
MDSCs, M-MDSCs and PMN-MDSCs) obtained from CIA
mice demonstrated that all these kinds of MDSCs markedly
ameliorated inflammatory arthritis and profoundly inhibited T
cell proliferation (122). All the aforementioned studies revealed
promising therapeutic effects of MDSCs in an animal model
of RA (120–122). However, a few recent papers have shown
that MDSCs can aggravate inflammatory arthritis in mice
(123–125). Such a discrepancy in the results could be due to
the heterogeneity of MDSCs, inflammatory context-dependent
interaction betweenMDSCs and different subsets of CD4+ T cells
and different states of disease.

Systemic Lupus Erythematosus (SLE)
Lately, the possible involvement of MDSCs in SLE, a systemic
AD characterized by elevated levels of autoantibodies against
nuclear materials (ANAs) and cellular infiltration of various
organs (126), has also been addressed. Administration of
laquinimod, an immunomodulatory drug currently in clinical
trials for MS and lupus nephritis, in a (NZB × NZW)F1
murine model of SLE, delayed lupus manifestation by inducing
expansion of M-MDSCs and PMN-MDSCs in the spleen and
kidney (127). In addition, IL-33 blockade in MRL/Faslpr

mice could significantly ameliorate the severity of SLE
disease, and this therapeutic effect was closely associated
with expansion of MDSCs and Treg cells, accompanied by
reduced Th17 cells and inflammatory cytokines in the serum
and kidneys (128). Another study reported that deletion of
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CD24 in a lupus-like disease model (tm24KO mice) led to the
expansion of MDSCs and Treg cells that augmented immune
tolerance, accompanied with the alleviation of lupus-like
pathology (129).

However, the protective role of MDSCs in lupus is
challenged by much evidence. A significant increase in HLA-
DR−CD11b+CD33+ MDSCs, including both CD14+CD66b−

monocytic and CD14−CD66b+ granulocytic MDSCs, was
reported in the peripheral blood of patients with active
SLE, and the frequency of these populations positively
correlated with serum Arg1 activity, Th17 responses and
lupus severity. Moreover, adoptive transfer of non-MDSC-
depleted PBMCs from SLE patients in NOD/SCID mice,
induced lupus nephritis-like symptoms via Th17 response in
an Arg1-dependent manner (130). A critical pathogenic role
of MDSCs was recently documented also in lupus nephritis
(LN), one of the most severe manifestations of SLE. In
particular, in a TLR-7 agonist imiquimod-induced lupus
mice model, MDSCs induced severe podocyte injury in the
glomeruli of kidneys through increasing ROS, activating p-
38MAPK and NF-κB signaling (131). These data infer that
changes in both percentage and function of MDSCs could
be crucial during SLE development; however, it is still not
clarified which factors influence the behavior of MDSCs in the
lupus microenvironment.

Inflammatory Bowel Disease (IBD)
In IBD an aberrant homeostasis between intraluminal bacterial
antigens and the mucosal immune system leads to chronic
inflammatory pathology. IBD encompasses both Crohn’s disease
(affects any part of the gastrointestinal part) and ulcerative
colitis (affects colon and/or rectum) (132, 133). IBD is widely
considered to result from an overlay aggressive Th1 immune
response and excessive IL-23/Th17 pathway activation, as
well as decreased Treg responses (134). Interestingly, an
increase in the frequency of human CD14+HLA-DR−/low

MDSCs with suppressive properties was observed in the
peripheral blood from IBD patients (135, 136). In agreement,
hyperactivation of STAT3, a known regulator of MDSC
expansion, has been associated recently with protection
from experimental colitis (137, 138), while another study
reported that the resistance to colitis in gp130757F/F mice
occurred via myeloid-specific STAT3 activation, expansion
of PMN-MDSCs in the colon and increased production of
suppressive cytokines (138). In contrast with these observations,
another study showed that adoptively transferred BM Ly6Chigh

cells are recruited into the colon and differentiate into
inflammatory DCs and macrophages (139), contributing to
intestinal inflammation in a TNFα-dependent manner (140)
and triggering proliferation of antigen-specific T cells (141).
In addition, a recent paper reported that IBD patients had
high peripheral blood levels of CD14+HLA-DR−/low MDSCs,
associated with exacerbated IBD (142). Hence, the intrinsic
plasticity of MDSCs renders them prone to conversion into
effector cells; it is very important to evaluate how their
suppressive potential can be harnessed therapeutically to benefit
IBD patients.

Others (Myastenia, Psoriasis,

Uveitis, Trombocytopenia)
Additional evidence supporting the immune regulation
capabilities of myeloid cells in ADs came from a mouse model of
myasthenia gravis, by which McIntosh and Drachman showed
a population of “large suppressive macrophages” (LSM) capable
of suppressing T cell proliferation (143). A counterintuitive role
of MDSCs is emerging in psoriasis. Psoriatic patients display
an increased frequency of granulocytic and monocytic MDSC
subtypes in blood and skin compared to healthy subjects (144–
146). Lauren et al. highlighted a high heterogeneity of MDSCs in
this pathology in terms of a diverse capability to inhibit allogeneic
T cells through the use of either the IL-17/Arg-1 or IFNγ/iNOS
axis as suppressor mechanisms (144). Furthermore, these cells
are capable of producing various molecules, including matrix
metalloproteinase-9 and−1, interleukin-8, growth-related
oncogene, and monocyte chemoattractant protein 1, which
could contribute to further establishing a pro-inflammatory
immune response and confer less immunosuppressive attitudes
to MDSCs (145). Soler et al. showed that psoriatic M-MDSCs
directly suppressed CD8+ T-cell proliferation less efficiently
than healthy control M-MDSCs (146). Kerr et al. have also
described a dynamic presence of MDSCs in the inflamed eye
of autoimmune uveoretinitis (EAU) subjects. In this model,
MDSCs isolated from the inflamed eye were able to profoundly
suppress T cell proliferation (147). In another study, this group
showed an infiltrating subset of CD11b+Gr1+Ly6C+ cells which
suppressed the T cell mediated pro-inflammatory response in
a TNF receptor 1-dependent manner (148). Finally, Hou et al.
have described impaired numbers and suppressive functions
of MDSCs in the blood and spleens of adult patients with
primary immune thrombocytopenia (ITP), where cell-mediated
immune responses are involved in platelet destruction (149). The
overall scenario indicates that MDSC manipulation may provide
therapeutic benefit during the course of autoimmune disorders.

Perspectives of MDSC Reprogramming

in Therapy
The gold-standard treatment for autoimmune diseases relies on
immunosuppressive drugs because of their high effectiveness
in ameliorating symptoms in many patients. However, long-
term and high-dose administration of such drugs can lead
to life-threatening, opportunistic infections and long-term
risk of malignancy (150). Furthermore, the generation of
new therapeutic approaches exploiting the CTLA-4-mediated
costimulatory blockade (151–154) or the neutralization of pro-
inflammatory cytokines (155) frequently result in increased side
effects and lack of responsiveness in long-term administration.
In this scenario, cell-based therapy that exploits the ex vivo
generation of MDSCs represents an interesting perspective for
the treatment of ADs. Indeed, compelling evidence from animal
models has provided insights into the potential therapeutic effects
of MDSCs adoptive transfer in ADs.

In a murine model of arthritis, BM progenitor cells of healthy
mice cultured with a combination of IL-6, G-CSF and GM-
CSF became enriched in MDSC-like cells that potently inhibited
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antigen-specific and polyclonal T-cells proliferation in vitro via
the production of nitric oxide. The injection of BM-MDSCs into
mice with PGIA ameliorated arthritis and reduced PG-specific
T cell responses and serum antibody levels (156). Moreover,
addition of tofacitinib (a small-molecule JAK inhibitor currently
considered as novel therapy of RA) facilitated the in vitro
expansion of MDSCs inhibiting their differentiation to DCs,
and their adoptive transfer in SKG arthritic mice reduced the
severity of the disease (157). A therapeutic effect of BM-derived
MDSCs was demonstrated also in a model of SLE. Intravenous
injection of MDSCs, differentiated from BM cells of C57BL/6
mice upon stimulation with M-CSF and GM-CSF, induced
expansion of Breg cells via iNOS and ameliorated autoimmunity
in Roquinsan/san lupus mice (158). In another study, BM cells
were isolated from wt mice and cultured in the presence of GM-
CSF and HSCs, resulting in the generation of MDSCs. Adoptive
transfer of these MDSCs in mice with colitis, induced by
2,4,6-trinitrobenzenesulfonic acid (TNBS), decreased intestinal
inflammation as well as the levels of IFNγ, IL-17 and TNFα (159).
Likewise, in the study by Su et al., which investigated the role of
MDSCs in the model of TNBS-induced colitis, transplantation of
GM-CSF-induced MDSCs ameliorated intestinal inflammation
and downregulated the levels of proinflammatory cytokines
(160). In the STZ-treated diabetic mice, Hsieh et al. provided
proof that the adoptive transfer of MDSCs, obtained from BM
cells cultured in vitro with GM-CSF, IL-1β, and IL-6 under

normoglycemic conditions, substantially reduced fibronectin
accumulation in the renal glomerulus, ameliorating diabetic
nephropathy (161). In a mouse model of alopecia areata (AA), it
was recently demonstrated that MDSCs can efficiently exert their
activity not only through cell-cell contacts or soluble factors, but
also by their capability to secret exosomes (Exo) (162). Indeed,
Zöller et al. showed that treatment with MDSC-derived Exo
from naïve mice prevented the progression of the disease and
induced partial hair growth as a result of the inactivation of
pro-inflammatory T cells and promotion of T regulatory cell
differentiation (163).

Other potential opportunities of MDSC-mediated cell therapy
apply to allogeneic transplantation. In this regard, Highfill et
al. showed that addition of IL-13 in BM cells cultured with
GM-CSF and G-CSF resulted in the production of suppressive
MDSCs that efficiently inhibited allo-immune rejection (164).
In pancreatic islet transplantation, Chou et al. observed that
the presence of small amounts of Hepatic stellate cells (HpSC)
into DC culture (BM-cells stimulated for 5 days with GM-CSF)
produced a large number of MDSCs that efficiently protected
islet allografts (165). Importantly, in this model of allograft
transplantation, as well as in transplantation of male skin onto
female recipients, it was found that only long-term and multiple
injections of MDSCs significantly improved the acceptance of the
graft (166). This may be due to the observation that in absence
of chronic inflammation MDSCs may terminally differentiate

FIGURE 2 | Schematic role of MDSCs in pathology. Immunological stress induces the expansion of MDSCs that play different roles depending on distinct pathological

and microenvironmental contexts. MDSCs are characterized by the strong ability to suppress T cell functions. Much clinical and preclinical evidence demonstrates

their ability to promote tumor growth and metastasis formation. Given the immunosuppressive phenotype, MDSCs can also play a beneficial role in autoimmune

diseases. As shown in the figure, the expansion of MDSCs is protective in some autoimmune diseases, such as type 1 diabetes, multiple sclerosis, myastenia gravis,

uveitis and trombocytopenia. Their role in systemic lupus erythematosus, inflammatory bowel disease psoriasis and rheumatoid arthritis remains to be further clarified.

The types of tumor and autoimmune diseases in which an expansion of MSDCs have been reported are summarized in the figure. MDSCs, myeloid-derived

suppressor cells; BM, bone marrow.
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toward a pro-inflammatory phenotype (167, 168). This evidence
highlights the need to identify new strategies that stabilize the
suppressive phenotype of MDSCs. In this regard, Greifenberg
et al. showed that BM-MDSCs differentiated in the presence of
LPS and IFN-γ expressed a stable suppressive phenotype (169).
Therefore, although many open questions on the therapeutic
use of MDSCs remain to be clarified, an increasing number of
observations indicate that these cells can potentially be used to
control autoimmune diseases and allograft rejection.

DISCUSSION

MDSCs violently emerge in pathological conditions in an
attempt to limit potentially harmful immune and inflammatory
responses. Mechanisms supporting their expansion and survival
are deeply investigated in cancer, in the perspective to reactivate
specific antitumor responses and prevent their contribution
to disease evolution. These findings will likely contribute to
improve the targeting of MDSCs in anticancer immunotherapies,
either alone or in combination with immune checkpoint
inhibitors. New evidence indicates that the expansion of myeloid
cell differentiation in pathology is subject to fine-tuning,

as its alterations may support either immunosuppression or
autoimmunity. This pathological plasticity is supported by

evidence indicating that common MDSC-associated targets
may be specularly targeted in autoimmunity vs. cancer (12),
and there is now hope that understanding autoimmune
mechanisms might serve as a lesson for the development
of new anticancer therapies. The functional plasticity and
therapeutic ductility of these cells (Figure 2) suggest that
while MDSC inhibition might succeed as anticancer treatment,
their induction is expected to provide therapeutic benefit in
autoimmune diseases.
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Since the realization that immature myeloid cells are powerful modulators of the

immune response, many studies on “myeloid-derived suppressor cells” (MDSCs) have

documented their ability to promote tumor progression in melanoma and other cancers.

Whether MDSCs are induced solely pathologically in tumorigenesis, or whether they

also represent physiological immune control mechanisms, is not well-understood, but

is particularly important in the light of ongoing attempts to block their activities in order

to enhance anti-tumor immunity. Here, we briefly review studies which explore (1) how

best to identify MDSCs in the context of cancer and how this compares to other

conditions in humans; (2) what the suppressive mechanisms of MDSCs are and how

to target them pharmacologically; (3) whether levels of MDSCs with various phenotypes

are informative for clinical outcome not only in cancer but also other diseases, and

(4) whether MDSCs are only found under pathological conditions or whether they also

represent a physiological regulatory mechanism for the feedback control of immunity.

Studies unequivocally document that MDSCs strongly influence cancer outcomes, but

are less informative regarding their relevance to infection, autoimmunity, transplantation

and aging, especially in humans. So far, the results of clinical interventions to reverse

their negative effects in cancer have been disappointing; thus, developing differential

approaches tomodulate MSDCs in cancer and other diseases without unduly comprising

any normal physiological function requires further exploration.

Keywords: MDSC, cancer immunity, obesity, autoimmunity, aging, transplantation, infectious disease

INTRODUCTION

Myeloid cells encompassing monocytes, macrophages, dendritic cells, polymorphonuclear
granulocytic cells and others are continuously generated from hematopoietic stem cells
through multi-step differentiation processes. The presence of cancer can skew hematopoiesis
toward myelopoiesis, probably mediated by pro-inflammatory factors (1). Interestingly, similar
phenomena occur in overtly cancer-free aging, presumably for the same reasons (2). Immature
myeloid cells at certain stages of differentiation may act in an immunosuppressive manner
and are therefore designated “myeloid-derived suppressor cells” (MDSCs). MDSCs have been
most intensively studied in the context of cancer (3). They are a very heterogeneous group of
mononuclear and polymorphonuclear myeloid cells, normally present at very low numbers in
healthy individuals, but may accumulate under disease conditions (4)—or potentially during
natural aging (5, 6) or with psychological stress (7). These influences, in addition to heterogeneity
in the differentiation trajectory for myeloid lineage cells, means that there are no validated unique
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phenotypic markers for MDSCs and they can only be
unequivocally identified using functional assays (8).
Unfortunately, these biological assays have many drawbacks
in terms of reproducibility, standardization, requirements for
large amounts of cells, etc. Therefore, despite the lack of robust
associations between phenotypes and function, many studies
rely on the former as a surrogate for the latter. The field is
further complicated by inherent differences between humans
and animal models, mostly mice, which make preclinical studies
challenging (9, 10). Hence, in this article, we will attempt to
briefly review (1) how best to identify MDSCs in humans; (2)
what are their suppressive mechanisms and how to target them
pharmacologically; (3) if their levels of MDSCs informative for
clinical outcomes; and (4) whether MDSCs are only important
in pathology or whether they also represent physiological
regulatory mechanisms for the feedback control of immunity.
In this latter section, relying mostly on studies in mouse models
which can be experimentally manipulated, a basis is established
for translating animal data to areas less well-documented than
cancer in humans. Because the role of MDSCs in cancer has been
subject to considerable recent scrutiny [reviewed in (11, 12)],
we will only very briefly cover this issue and focus more on the
importance of MDSCs in other conditions.

IDENTIFICATION OF MDSCS

Characteristics of MDSCs
MDSCs were first phenotypically identified in tumor-
bearing mice by their expression of CD11b and Gr-1 (13, 14).
This is not possible in humans because there is no Gr-1
homolog. As a simplification, in humans, functional MDSCs are
generally recognized to be either mononuclear and monocytic
(M-MDSCs, expressing surface CD14), or polymorphonuclear
and granulocytic (PMN-MDSCs, expressing CD15) (8). Accurate
phenotypic characterization requiring functional studies is
challenging in humans, not least because healthy people possess
very few MDSCs and accessing sufficient amounts of blood
from patients, especially those with cancer, is not trivial. For
multi-center studies there is the additional limitation that the
requirement for cryopreservation of samples means that only
M-MDSCs can be readily analyzed because PMN-MDSC do
not readily survive freezing (15). Furthermore, as the source
of this material is mostly peripheral blood, the method of
cell isolation, freezing and storage adds further variation.
Perhaps because of this, and the lack of the human CD11b-
Gr-1 murine standard, it is commonly the experience that
individual laboratories are using very different approaches to
phenotyping and functional testing. In the context of applying
MDSC data for use as biomarkers for clinical prognosis and
prediction, this raises concerns about routine applicability of
any MDSC methodology. Many efforts have been addressed
toward attempting to resolve this issue. Recommendations
based on multi-center collaborative studies are beginning to
make some inroads into solving this problem, for example, by
paralleling subtypes of MDSCs defined phenotypically with
their suppressive activity in functional assays (8). However, the
problem is compounded by the fact that sorting MDSCs for

use in functional tests is itself problematic and while several
different approaches remain in use, a great deal of heterogeneity
persists in the literature. Separating cells by magnetic bead
sorting is limited by the small number of markers that can be
used but multi-parametric fluorescence-activated cell sorting
(FACS) is expensive, slow and can alter cell characteristics. It
seems safe to conclude that there is no optimal approach to
isolate MDSCs and attempts to increase the sophistication of
phenotyping and biological assays of suppression will remain
challenging. Knowledge of the mechanisms employed by MDSCs
to suppress immune responses may allow biochemical and/or
genetic analyses to circumvent cumbersome phenotyping and
functional assays in the future (see following sections).

Efforts to better characterize the surface phenotype of MDSCs
have included the use of CyTOF to increase the number
of possible subsets detectable. Unfortunately, CyTOF cannot
sort viable cells for functional testing, although this may not
be necessary when the desire is only to establish biomarkers
relevant to cancer patient survival. Few data were available at
the time of writing. A pilot study used CyTOF to examine
extended phenotypes in 5 melanoma patients (16), and in
our own pilot study of 27 stage IV melanoma patients we
were unable to identify an extended phenotype that correlated
with overall survival better than the basic M-MDSC phenotype
CD14+CD11c+HLA-DR−/lo, despite including over 30 markers
(17). However, this pilot study still included only very few
patients and work is ongoing. Considering that monocytes
could themselves be viewed as immature macrophages, it is
not surprising that phenotypes close to the classical monocyte
phenotype delineate populations of cells with regulatory activities
(18). Multi-parametric FACS has also increased in sophistication
since its introduction, as illustrated for example in the report of
the CIMT multi-center phenotyping harmonization study (19),
but these more extended phenotypes may also not prove any
better than the simple monocyte phenotype. Thus far, the type
of transcriptomics approach so widely used for analyzing T and B
cell populations yielded relatively sparse information on potential
gene expression patterns in the different populations of MDSCs
(20), so progress might be possible at this level in the future. The
increasing availability of databases and analytical algorithms to
assess the presence of immune cells within tumors encourage the
belief that this approach will soon yield valuable insights (21).

Induction of MDSCs
What is clear from both animal and human studies is the
strong influence of an inflammatory or anti-inflammatory
microenvironment on the differentiation of myeloid precursors
into functional cells (11, 14, 22). Much of what we know about
the induction of M-MDSCs in humans derives from in vitro
experiments sequentially culturing monocytes with different
cytokines and chemokines to mimic the inflammatory/anti-
inflammatory microenvironment, and then analyzing the
phenotypes and functions of the derived cells (23). Modifications
of these approaches include cultures containing tumor cells to
induce MDSCs (24, 25), which also provide an opportunity to
investigate how to prevent their induction, as for example in
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Janssen et al. (26). These properties can then be compared with
cells from patients or healthy controls.

Such monocyte-derived cells can be made to differentiate
into immune stimulatory cells (predominantly dendritic cells,
DCs) or tolerogenic cells reminiscent of MDSCs, depending on
the culture protocol. Many experiments expose monocytes to a
mixture of GM-CSF and IL-4 for a few days to generate activated
immature cells which can then be caused to mature into DCs by
adding inflammatory cytokines. However, if IL-10 is present from
the beginning of culture, resulting cells maintain high levels of
CD14 but downregulate HLA-DR, a classic MDSC phenotype,
and also express characteristic molecules like glucocorticoid-
induced-tumor-necrosis-factor-receptor-related-protein (GITR)
(27). Thus, at least some of the anti-inflammatory and
immunosuppressive effects of IL-10 may be mediated in this
manner. It is the balance of soluble factors and other stimuli
during the differentiation of the precursors that clearly affects
the final outcome, complex to examine in vitro, near impossible
in vivo in humans. Nonetheless, in vitro studies can point
to targets addressable in patients, for example altering the
PGE2:COX2 ratio (28), as further discussed below.

MEASUREMENT AND MECHANISMS OF
SUPPRESSION

Assays and Mechanisms of Suppression
By separating candidate M-MDSCs on the basis of their
phenotype and testing each subset for suppressive activity, it
was hoped to identify the most biologically relevant phenotype
(with the caveat that in vitro suppressor assays will still only
be biomarkers that need to be associated with a robust clinical
outcome in order to bemeaningful).M-MDSCs producemultiple
molecules that could be candidates for mediating suppression.
Of these, the “metabolic inhibitors” arginase-1 (ARG-1) and
indolamine-2,3-dioxygenase- (IDO), catabolizing arginine and
tryptophan, respectively, have been extensively investigated, but
many other molecules such as the cytokines IL-10 and TGF-
ß, as well as nitric oxide (NO) are likely to be involved as
well (10, 29). Whereas the functional activity of murine MDSCs
can be evaluated in antigen-specific assays, the result of human
MDSC inhibitory activity is commonly evaluated using crude
assays involving pan-T cell stimulation and measuring decreased
cell division or cytokine production in the presence of titrated
numbers of MDSCs. Again, these biological assays are quite
variable and difficult to compare between laboratories (8). One
way to try and reduce some variability is for journals to request
adherence to standardized methods reporting parameters so that
investigators are at least assured that they are using the same
approach. Guidelines such as MIATA (minimal information on
T cell assays) do exist for this purpose and should be strongly
encouraged (30).

Interventions to Alleviate Suppression
It is emerging that certain chemotherapy agents currently
approved for clinical application reduce MDSC levels, and may
in fact rely on this facet of their function for a large part
of their anti-cancer therapeutic activity. On the other hand,

some chemotherapeutic drugs may have the opposite effect
and enhance MDSC function. For example, in colon cancer
regimes 5-FU has an anti-MDSC effect but Irinotecan a pro-
MDSC effect (31). Several chemotherapeutic drugs, even at low
doses, as well as those affecting the maturation of myeloid
cells (e.g., all-trans retinoic acid, ATRA) may prevent MDSC
function (32). A very small ongoing trial combining checkpoint
blockade with ATRA treatment in stage IV metastatic melanoma
is expected to report next year [2020] (see https://ClinicalTrials.
gov/show/NCT02 403778) with an interim analysis available now
(33). Anti-inflammatory agents also impinge on the induction
and maintenance of MDSC function, and several approaches
utilizing drugs modulating inflammatory pathways are ongoing
[see (34) for a recent review]. It may prove more effective to
target the induction of MDSCs than targeting their suppressive
mechanisms and products, as notoriously illustrated by the
recent failure of a phase III trial to block IDO (35). While
there could have been many reasons for this failure, murine
studies demonstrating the strong homeostatic compensation for
elimination of tumor-infiltrating MDSCs supports the concept
that targeting MDSC induction may be the most effective
approach (36). Interest remains high in developing means
to successfully modulate this pathway. Given the intrinsic
redundancy in immunological feedback control mechanisms,
it is likely that multiple pathways will need to be modulated
to succeed in this aim, as discussed for example in Ostrand-
Rosenberg (14). Of the many additional approaches that could
be explored, differentiation of the immature MDSCs away from
a suppressive phenotype by physiological induction, for example,
of IL-12 by innate immune agonists rather than pharmacological
agents, may be a fruitful approach (37).

ARE LEVELS OF MDSCS INFORMATIVE
FOR CANCER PATIENT SURVIVAL?

The majority of correlative data between MDSCs and clinical
outcomes pertains to cancer, where the presence of cells with
phenotypes of one type or another have been associated with
patient survival in many different tumors including melanoma
(38), breast (39), lung (40), and others. These data nearly
always refer to assessments on peripheral blood and can only
be considered biomarkers for clinical outcome, rather than
providing mechanistic inference. However, our studies assessing
the ability of patients’ PBMCs to respond to candidate tumor-
associated antigens in vitro, combined with patient MDSC
frequency, do show correlations with survival (39, 41). This
suggests that suppression of anti-cancer antigen responses due to
high levels of MDSCs (but not regulatory T cells) does impinge
on clinical outcome. However, changes in levels of MDSCs
during checkpoint blockade (with single agent ipilimumab in
melanoma) were not associated with overall survival (42). Thus,
despite the predictive value of baseline levels of MDSCs, whether
or not these changed during treatment with ipilimumab, was not
related to responsiveness. We are currently investigating whether
the same holds true for the current standard of care that has
superceded single agent ipilimumab (anti-PD-1 with or without
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ipilimumab). There is also evidence that higher levels of MDSCs
also result in poorer responses to cancer vaccines (43).

ARE MDSCS EXCLUSIVELY
PATHOLOGICAL?

MDSCs in Infectious Disease
Combating acute infections requires an inflammatory response
which may also cause “collateral” tissue damage, normally
repaired once the infection is resolved. However, when the
response becomes chronic, homeostasis requires a balance
between continued immune surveillance and protection
against tissue damage resulting from inflammatory mediators.
This may be the reason why inflammatory cytokines and
chemokines induce and maintain MDSCs as part of the
immune feedback control in chronic infection and why
MDSC can induce regulatory T cells (44). This would be a
physiological requirement, but could also lead to excessive
immunosuppression if unbalanced. What is the evidence for
this hypothesis? Prime examples include chronic bacterial (e.g.,
tuberculosis [TB]) and viral (e.g., Hepatitis C virus [HCV])
infections. While most data are derived from mouse models,
myeloid cells with many of the features of MDSCs as defined
in cancer patients are found in the blood of TB patients, with
reduced numbers after treatment, potentially suggesting a
pathological effect of these cells when present in large amounts
(45). The same may be true for chronic HCV (46) and HBV
infection (47); however, a later study found no relationship
between MDSCs and HCV infection (48). This raises the
question so prevalent in cancer studies as to the identification
and standardization of detection techniques for these cells.
Nonetheless, the weight of opinion and data in the literature
strongly suggest that MDSCs play important roles in chronic
infections, and that these are always or nearly always pathological
as more clearly discerned frommouse studies (although the latter
are often not at all reliable guides to clinical conditions) (49).

Are there any indications that MDSCs might play beneficial
roles in disease? This seems not to be the case for M-MDSCs,
but there is some evidence for a beneficial role of PMN-MDSCs
in resolving acute HBV infection and preventing liver damage
[reviewed in Dorhoi et al. (49)]. Thus, it is conceivable that PMN-
MDSCs can have protective effects in limiting tissue damage
caused by inflammation in acute infections, but M-MDSCs
induced in a chronic inflammatory environment are likely always
to exert pathogenic influences. This remains a hypothesis to be
rigorously tested.

MDSCs in Autoimmunity
The role of MDSCs in autoimmunity is hotly debated and
controversial (50). Clearly, the normal inflammatory response
in infectious disease is self-limiting, but in chronic autoimmune
conditions this regulation is disrupted. One factor contributing to
this could be a dearth of MDSCs allowing destructive processes
to continue. The question is therefore whether MDSCs do have
key roles in promoting or maintaining tolerance and whether
the mechanism might be via modulating T cell responses. Here
again, there are relatively few data. Although only a pilot study,

in rheumatoid arthritis, PMN-MDSCs present in the synovial
fluid were suggested to contribute to inhibiting autoreactive T
cells (51), but clearly did not prevent pathology. The same is
true for multiple sclerosis, where there also appears to be no
data on M-MDSCs in humans (52). A more recent paper on
the rare disease cryopyrin-associated periodic syndromes (CAPS,
caused by NLRP3 mutations and consequent overproduction of
IL-1β) suggested that MDSCs might act in an anti-inflammatory
manner and exert beneficial effects (53). MDSCs have also
been implicated in the differential pathology of asthma and
COPD (54). Relative to large amounts of work in mice, which
may be translatable to humans only with difficulty, there are
vanishingly small amounts of data on the role of MDSCs in
human autoimmunity, identifying an important unmet need for
understanding this pathological process.

MDSCs in Aging
Considering the strong relationship between MDSCs and cancer,
and aging and cancer incidence (55), as well as incidence
of other non-communicable age-related diseases, age-related
trends pertaining to MDSC expansion and function would be
expected. Although, again, little is known about the impact of
age on MDSCs in humans, this is indeed the case in mice,
which exhibit higher levels of MDSCs in the bone marrow,
spleen and peripheral lymph nodes with increasing age (56–
58). Importantly for immune function at older age, MDSCs
down-regulate L-selectin (CD62L) on naive T cells through their
expression of the protease ADAM17 (59). L-selectin on naive
T cells is essential for their entry into lymph nodes where
they become activated. Aged mice have even lower levels of
CD62L on their naive T cells because they have higher levels
of MDSCs. Additionally, older mice have a reduced ability to
clear MDSCs following experimentally induced expansion (60).
Similarly, in humans, compared to young adults (<60 years
old), older community-dwelling individuals (61–76 years old)
and the frail, institutionalized elderly (67–99 years old) exhibit
significantly higher peripheral blood levels of CD33+HLA-
DR-negative MDSCs, especially the CD11b+CD15+ subset
(5). Higher frequencies of MDSCs in older humans may be
limited to the PMN-MDSCs—one small study on 12 people
>80 years of age reported higher levels of PMN-MDSCs but
not M-MDSCs (6). Interestingly, the mechanisms involved
in age-related increases of MDSCs appear to be at least
partly determined by well-known aging-associated processes,
namely cellular senescence and inflammation, and possibly the
skewing of hematopoiesis away from the lymphoid toward
the myeloid lineage. Cellular senescence contributes to age-
related functional outcomes and systemic inflammation (i.e., the
senescence-associated secretory phenotype, SASP) (61). Using a
p27 senescence-inducible system, it was found that senescent
fibroblasts, via the secretion of proinflammatory cytokines such
as IL-6, promoted the local accumulation of MDSCs (62).
This coincides with findings from a study of older adults with
idiopathic pulmonary fibrosis, suggesting that MDSCs tend to
accumulate near fibrotic lesions (63), which are enriched in
senescent fibroblasts (64). The role of inflammation has also been
demonstrated in naturally aged and in accelerated aging (i.e.,
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ERCC1-deficient) mouse models. Aged and ERCC1-deficient
mice exhibited significantly higher frequencies of MDSCs as well
as elevated MDSC NF-kB transcriptional activity in the absence
of exogenous stimulation (65). Although indirect in humans,
there are several lines of evidence connecting MDSCs to the
prevalence of age-related diseases, and in some cases, the severity
of those diseases. MDSCs have been found to be higher in
patients suffering from rheumatoid arthritis and osteoarthritis,
especially so for patients with more severe forms of the disease
(i.e., elevated CRP and elevated pain levels) (66). This was also
observed in patients with amnestic cognitive impairment, where
MDSC levels were significantly higher than healthy controls (67).
Interestingly, another group found that the frequency of M-
MDSCs was significantly higher in the blood of patients with
mild forms of Alzheimer’s disease (assessed using the clinical
dementia rating), but not more severe forms, and that M-
MDSCs from these mild cases were more suppressive ex vivo
(68); the same was true in multiple sclerosis (69). Finally, as
mentioned above, MDSCs have been shown to be higher in
older adults with idiopathic pulmonary fibrosis (63), as well as
incident cases of Parkinson’s disease, where they are nearly five-
fold above levels in healthy controls (70). Taken together, all these
studies strongly suggest a role for aging in the expansion and
function of MDSCs, which promote disease in older adults. That
being said, further work in humans is vital, particularly the age-
related mechanisms that influence MDSCs and the longitudinal
relationship between MDSC frequency and age-related disease
and other important outcomes.

MDSCs in Obesity
Obesity and high fat diet (HFD) are established risk factors
that contribute to increased cancer incidence, increased tumor
progression, and increased cancer mortality (71, 72). Obesity
is accompanied by multiple biological changes that contribute
to malignancy. One such change is the low-grade inflammation
associated with adipose tissue due to the production of TNF, IL-
1β, IL-6, and prostaglandin E2 (PGE2). These pro-inflammatory
mediators are produced by adipocytes as well as by adipose-
infiltrating macrophages (73), and directly impact cancer risk
and progression, leading to the concept that obesity-associated
inflammation is an important mechanism by which obesity
facilitates malignancy (74). The chronic low-grade inflammatory
milieu present in obese tissue is similar to the pro-inflammatory
environment present in many solid tumors that leads to
the induction of MDSCs. Lipids themselves also drive the
accumulation and suppressive potency of MDSCs. Mouse and
human studies have shown that polyunsaturated fatty acids
(PUFAs), such as omega-3 fatty acids, and fatty acid metabolism
increase the generation and suppressive activity of MDSCs (75,
76). Given the role of chronic inflammation as a driver of
MDSCs and the prevalence of lipid in obese individuals, it is not
unexpected that M-MDSC are elevated in obese humans (77).

Studies examining the function ofMDSCs in obese individuals
have to date only been conducted in mice. Two experimental
systems have been used to generate overweight/obese mice: (i)
Ob/Ob mice are genetically leptin-deficient and therefore lack
appetite control and rapidly become overweight. (ii) Inbred

mice fed a HFD consisting of 60% fat become overweight/obese
relative to mice kept on a low fat diet (LFD) consisting of 10%
fat. In both models M-MDSC and PMN-MDSC levels increase
with increasing weight gain (78). As expected, overweight mice
on a HFD and with elevated levels of MDSCs have more rapidly
growing tumors and more extensive metastatic disease, and their
T cells are less activated by antigen. Depletion of MDSCs in HFD
mice reverts tumor growth rates to that observed in LFD mice
and restores antigen-driven T cell activation, while depletion
of both MDSCs and CD4+ and CD8+ T cells increases tumor
growth rate. MDSCs from HFD mice also are more efficient
suppressors of antigen-activated T cells, and tumor-infiltrating
MDSCs from HFD mice express elevated levels of PD-L1. The
latter effect is most likely the result of higher levels of IFNγ in the
tumors of HFD mice (79). Elevated levels of MDSC and PD-L1
onMDSCmay also provide a broader target for PD-1 checkpoint
blockade immunotherapy and explain why PD-1 therapy is more
efficacious in obese cancer patients (80).

Increased levels of MDSCs in HFD mice are due to the over-
production of leptin, since mice treated with a soluble form of
the leptin receptor do not develop high levels of MDSCs (79).
However, MDSCs down-regulate leptin since mice depleted of
MDSCs contain higher levels of leptin in their blood. Therefore,
leptin levels drive the accumulation and function of MDSCs
which enhance tumor progression by suppressing antitumor T
cell responses. Interestingly, mice on a LFD have decreasing
levels of MDSCs as their weight increases, suggesting that LFD
is protective against increases in MDSCs, which is typically
associated with weight gain (79).

Metabolic dysfunction in the form of elevated fasting glucose
and increased insulin resistance is frequent in obese individuals
and is characteristic of type 2 diabetes. As expected, Ob/Ob
mice and mice on a HFD diet developed elevated fasting glucose
levels and increased insulin resistance relative to Ob/+mice and
LFD mice, respectively. Unexpectedly, depletion of MDSCs from
HFD mice significantly increased both insulin resistance and
fasting glucose levels. Depletion of MDSCs from HFD mice also
increased systemic and adipose tissue inflammation (IL-6 and
TNF levels, respectively). However, HFDmice depleted of MDSC
contained larger parametrial fat pads relative to non-depleted
HFDmice. These studies demonstrate that although diet-induced
MDSCs can accelerate tumor progression and metastatic disease,
at the same time, they also protect against some of the metabolic
dysfunction associated with obesity, while increasing adiposity
and reducing the inflammation that accompanies adiposity (78).
Therefore, in the setting of obesity and nutritional overload,
MDSC play a beneficial role in counter-acting conditions that
contribute to type 2 diabetes.

MDSCs in Pregnancy
During pregnancy the mother carries a semi-allogeneic fetus
but does not mount an immune response against the embryo’s
histocompatibility or other antigens. This “maternal-fetal
tolerance” has been ascribed to multiple mechanisms including
immune suppressive T regulatory cells (Tregs) (81), tolerogenic
dendritic cells (82), tryptophan catabolism by IDO (83), and
several other factors. Several of these mechanisms are regulated
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by MDSCs and early studies identified MDSC-like cells in
pregnancy. Therefore, it was hypothesized that MDSCs may
facilitate maternal-fetal tolerance. Pregnant women have high
levels of Arg1 in their blood and in their placenta accompanied
by down-regulation of the T cell receptor-associated CD3ζ chain
and T cell hypo-responsiveness (84), characteristic effects of
MDSCs. Cells with certain characteristics of MDSCs making
Arg1, iNOS, and ROS are elevated at all stages of human
pregnancy and decrease after parturition (85). Although the
data on MDSCs in pregnant women is limited, these findings
demonstrate that MDSCs are up-regulated during pregnancy
and are consistent with a physiological requirement for MDSC
for successful pregnancy (85, 86).

Studies in mice clearly demonstrate that MDSCs are essential
for successful pregnancy (76–78). In pregnant mice immature
myeloid cells analogous to cancer-induced MDSC accumulate in
the placenta and produce the pro-angiogenic molecules matrix
metalloproteinase-9 and Bv8 (76). Pregnancy-induced MDSCs
tolerize via expression of activated STAT3 (78), and MDSC
depletion and reconstitution studies identified implantation as a

critical time for MDSC function and maintenance of maternal-
fetal tolerance (77).

In addition to their direct effects on T effector cells,
MDSC also indirectly impact T cells. Several of these indirect
mechanisms have been implicated in inducing maternal-fetal
tolerance. For example, maternal-fetal tolerance has been
attributed to Tregs but MDSCs are known inducers of Tregs in
the setting of cancer (87). This mechanism may well be active in
pregnant women (88, 89). Studies of women with spontaneous
miscarriages and elective abortions further support a critical
role for MDSCs in successful pregnancy. Women experiencing
early miscarriages have fewer immune suppressive MDSCs in
their blood and endometrium relative to women who have
delivered live babies (90). These findings have resulted in clinical
trials to induce MDSCs in women with unexplained recurrent
miscarriage, apparently with some reported success (91, 92).
Collectively the observations in pregnant and aborting women
combined with the mechanistic studies in mice demonstrate
that MDSCs do play an essential normal physiological role in
successful pregnancy by maintaining maternal-fetal tolerance.

FIGURE 1 | Myeloid-derived suppressor cells are best characterized and studied in the setting of cancer, but also accumulate and function in infectious diseases,

autoimmunity, aging, pregnancy, transplantation, and obesity. In most conditions the MDSCs have a detrimental effect, while in other settings they may contribute to

the health of the individual.
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MDSCs in Transplantation
In solid organ transplantation, mostly kidney, reports do
suggest changes in levels of MDSCs after allografting (93). The
expectation that higher levels of MDSCs might translate to better
graft survival does seem to be borne out in several reports.
For example, also in human renal transplantation, patients
with higher MDSCs experienced less acute graft rejection, and
maintained better graft function for a longer period of time (94).
Factors influencing the relative levels of MDSCs, proportions
of M-MDSCs-vs.-PMN-MDSCs, and the clinical implications of
altered levels of these cells under immunosuppression following
transplantation are now beginning to be explored (95).

MDSCs may not only directly inhibit effector T cells
responsible for graft rejection, but also amplify Tregs (96).
Interest in manipulating MDSCs to further transplantation
tolerance in humans, as opposed to mouse models, is only
recently becoming widespread, and most experience has been
gained in cancer where efforts have been directed toward
inhibitingMDSCs, not stimulating them (97). Inmice, enhancing
MDSC induction may confer benefit. For example in a skin
transplant model, a combination of G-CSF and IL-2 coupled
to an anti-IL 2 antibody increased MDSC (as well as Treg)
levels and extended graft survival (98). In the naturally more
tolerogenic human liver transplant setting, one mechanism by
which tolerance is induced seems to be by stimulation of
MDSCs (99). In a different clinical transplantation setting, the
role of MDSCs has proven more equivocal. Although MDSCs
may be beneficial in reducing graft-vs.-host disease (GVHD)
in hematopoietic stem cell (HSC) transplantation, at the same
time they can be inhibitory for T cell reconstitution and thus
mediate negative effects [reviewed in (100)]. However, even
in solid organ transplantation, MDSCs are a double-edged

sword and can contribute to excessive immunosuppression (101).
Nonetheless, efforts to control their induction not only by using
agents known to enhance MDSCs in the cancer field (i.e., pro-
inflammatory factors such as TNF (102), or G-CSF (103), or
immune modulators such as dexamethasone (104), but also by
novel approaches such as the use of cannabinoids (105), are
ongoing. In murine HSC transplantation, a report of successfully
applying in vitro-generated MDSCs to prevent GVHD at the
same time allowing retention of CD8+ cytotoxic T cell effector
function to maintain anti-cancer activity (106) raises hope that
this outcome may also be achieved in humans and in solid
organ transplantation.

CONCLUSIONS

The class of immune cells designated MDSCs is unequivocally
important in dampening immunity in a wide range of cancers,
and also in other pathological conditions involving chronic
inflammation (Figure 1). However, there is also some evidence
of a potentially beneficial effect in the iatrogenic situation of
solid organ transplantation, as well as the parallel physiological
“transplant” situation of pregnancy, and in combating some
of the metabolic dysfunction associated with the pathology of
obesity. We thus conclude that unlike Tregs, MDSCs are not
likely to play a major role in the normal feedback control of
immune responses with the single possible exception of their
involvement in fetal tolerance.
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Myeloid Derived suppressor cells (MDSCs) play a key role in the progression and

recurrence of human malignancies and in restraining the efficacy of adjuvant therapies.

We have previously shown that Tadalafil lowers MDSCs and regulatory T cells (Treg) in

the blood and in the tumor, primes a tumor specific immune response, and increases

the number of activated intratumoral CD8+T cells in patients with primary Head and

Neck Squamous Cell Carcinoma (HNSCC). However, despite these important immune

modulatory actions, to date no clinically significant effects have been reported following

PDE5 inhibition. Here we report for the first time interim results of our ongoing phase I

clinical trial (NCT02544880) in patients with recurrent HNSCC to evaluate the safety of

and immunological effects of combining Tadalafil with the antitumor vaccine composed of

Mucin1 (MUC1) and polyICLC. The combined treatment of Tadalafil and MUC1/polyICLC

vaccine was well-tolerated with no serious adverse events or treatment limiting toxicities.

Immunologically, this trial also confirms the positive immunomodulation of Tadalafil in

patients with recurrent HNSCC and suggests an adjuvant effect of the anti-tumor vaccine

MUC1/polyICLC. Additionally, image cytometry analysis of scanned tumors indicates that

the PDE5 inhibitor Tadalafil in conjunction with the MUC1/polyICLC vaccine effectively

reduces the number of PDL1+macrophages present at the tumor edge, and increases

the number of activated tumor infiltrating T cells, suggesting reversion of immune

exclusion. However, this analysis shows also that CD163 negative cells within the tumor

upregulate PDL1 after treatment, suggesting the instauration of additional mechanisms
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of immune evasion. In summary, our data confirm the safety and immunologic potential

of PDE5 inhibition in HNSCC but also point to PDL1 as additional mechanism of tumor

evasion. This supports the rationale for combining checkpoint and PDE5 inhibitors for

the treatment of human malignancies.

Keywords: myeloid derived suppressor cells, tadalafil, PDE5, mucin 1 vaccine, poly-ICLC, recurrent HNSCC, PDL1,

immune exclusion

INTRODUCTION

The incidence of head and neck squamous cell carcinoma
(HNSCC) has declined in the last 30 years but this remains
a deadly disease with more than 550,000 cases and 380,000
deaths reported annually worldwide (1). Despite advances in
diagnostic imaging, surgical ablative, and complex reconstructive
techniques, radiation therapy, and chemotherapy, recurrence
remains high and outcomes often poor for advanced stage
disease. Treatment of recurrent HNSCC is challenging because
it is constrained by previous therapies that debilitate the patient
and greatly modify the treatment field. Additional treatments for
salvage impose significant morbidities with potentially little, or
even detrimental, impact on outcome (2). The lower probability
of long-term cancer control, combined with higher toxicity of
current treatment modalities in this setting (advanced stage
recurrence at a fully treated site), often makes cure a less central,
or even unachievable, goal of patient care. For patients with
resectable recurrent tumor, surgical salvage remains the first-
line and often only available treatment in previously irradiated
patients. Although the addition of chemoradiotherapy as re-
irradiation to salvage surgery improved locoregional control
and disease-free survival, no differences were observed in
overall survival because of more treatment-related deaths, distant
metastases, and second primary tumors among the re-irradiated
patients (3).

The absence or the high morbidity of effective adjuvant
treatments in patients with advanced recurrent HNSCC
undergoing salvage surgery is the primary reason for the
poor prognosis of this disease (44% 2 year recurrence-free
survival all stages) (4), and clearly indicates the need for
new treatments characterized by low morbidity profiles
and improved efficacy. Cancer immunotherapy has become
widespread in recent years and is often used as first line of
treatment in both solid and hematological malignances (5).
Immune checkpoint inhibitors, in particular, have demonstrated
considerable promise for the treatment of melanoma, non-
small cell lung cancer, and other cancers (6). In recurrent
HNSCC, only immune checkpoint inhibitors have proven
clinical efficacy in randomized phase III trials with Nivolumab
(anti-PD1) being the only immunotherapeutic drug approved
for platinum-refractory recurrent/metastatic HNSCC (7).
Despite this promising development, however, response rates
of recurrent/metastatic HNSCC to Pembrolizumab (anti-
PDL1) or Nivolumab are low (16 and 16.9%, respectively)
(8, 9). The use of checkpoint inhibitors for recurrent HNSCC
undergoing salvage surgery is currently being evaluated to
determine whether immune modulation before and after surgery

can eliminate minimal residual disease and prevent tumor
recurrence (10, 11).

Immune exclusion (also known as the absence of effector
T cells inside the neoplastic lesion) is emerging as one of the
main reasons that may explain the lack of response in patients
undergoing immunotherapies such as checkpoint inhibition
therapy (12, 13). Immune exclusion seems to be particularly
important for patients with T3/T4 tumors undergoing salvage
surgery because of the absence of tumor infiltrating CD8+ T cells
in ∼60% of the patients and the absence of PDL1 expression
in more than 90% of the tumors (14). Although the lack of
immunogenicity of the tumor may play a role, the polarization
and phenotype of myeloid cells infiltrating the tumor and in
circulation seems to be a major determinant. Indeed, an elevated
ratio between both monocytic or granulocytic myeloid derived
suppressor cells (MDSC) and lymphocytes in the periphery and at
the tumor site is also emerging as an important predictive factor
in the response to checkpoint inhibitors across different types
of malignancies such as melanoma, HNSCC, and non-small-
cell lung and genitourinary cancers (15–22). Considering the
fact that MDSCs promote tumor growth not only by providing
immune protection to the tumor but also by regulating tumor
angiogenesis and metastasis (23, 24), safe therapeutic strategies
aimed to inactivate, deplete, or convert these cells are highly
desirable to further build on the success of checkpoint inhibitors
and extend the number of patients that may benefit from immune
therapeutic interventions. Indeed, in preclinical models, their
functional inhibition is sufficient to restore the efficacy of anti-
PDL1 antibodies (25). Furthermore, MDSCs and macrophages
infiltrating the tumor express PDL1 and often are the major
population in the tumor expressing this ligand (15). Thus, it is
possible that strategies designed to eliminate/inhibit MDSCs and
macrophages may even be sufficient to reverse T cell exhaustion
and promote tumor rejection.

PDE5 inhibition, via repurposing of drugs commonly used
for the treatment of erectile dysfunction, is an emerging
experimental option that has been and is being tested in
different clinical trials to lower MDSCs and prime or unleash
the spontaneous anti-tumor immune response. In our original
preclinical works, we showed that the PDE5 inhibitor sildenafil
effectively inhibits MDSCs by increasing cGMP and reducing
their expression of arginase 1, Nitric oxide synthase 2, and IL4Rα

in mouse models of mammary carcinoma, colon cancer, and
fibrosarcoma (26). PDE5 inhibition was sufficient to prime a
spontaneous anti-tumor response, increase the number of tumor
infiltrating T cells, and significantly decrease tumor progression
(26). Furthermore, in a lymphoma model, we demonstrated
that tumor progression and the accumulation of tumor specific
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Treg accumulation correlated with the expression of IL4Rα in
MDSCs (27). In this model, sildenafil, by lowering MDSCs
activity, was sufficient to inhibit IL4Rα expression on MDSCs,
reverse T cell anergy, and reduce the number of tumor specific
Tregs (27). These data were then independently confirmed
by different groups in colon carcinoma, spontaneous prostate
cancer, melanoma, and metastatic mammary adenocarcinoma
models (28–31).

In our previous double blinded, randomized, placebo
controlled, phase1/2, independent clinical trials in HNSCC
(NCT00894413, NCT00843635) (32, 33), Tadalafil was given
daily pre-operatively for 14 (10 mg/day NCT00894413) or
21 (10 or 20mg, NCT00843635) days. In both clinical trials,
Tadalafil treatment was well-tolerated, with back pain and painful
myalgias (all symptoms resolved within 48 h after treatment
discontinuation) as a major side effect in a small percentage
of subjects receiving the study drug. Analysis of cryopreserved
PBMCs showed a significant reduction in both monocytic
MDSCs and Treg (Supplementary Figures 1A,B) confirming in
humans (32, 33) the immunomodulatory activity of Tadalafil
observed in preclinical models (26, 27). Treatment was also
associated with the reversal of systemic immunosuppression
shown by a significant increase of the DTH response to recall
antigens and upregulation of ζ-chain on CD8+T cells (32).
Furthermore, chronic PDE5 inhibition, significantly increased
the anti-tumor T cell response evaluated by assessing the
proliferation of magnetically purified CD3T cells isolated before
and after treatment to autologous dendritic cells pulsed with
the autologous tumor (33). At the tumor site, treatment
decreased MDSCs and Treg, and increased the number
of CD69+CTL and effector CD4+ cells (33). Interestingly,
further data analysis suggested that these positive effects
were maximized at intermediate drug dosage (range 145–225
µg/Kg) possibly because of an off-target effect of Tadalafil on
PDE11 at higher dose (33). However, despite these positive
immunological effects and the surgical resection of the tumors,
Tadalafil as monotherapy in a neoadjuvant setting, did not
dramatically increase recurrence free survival in the treated
patients as revealed by our analysis of the NCT00843635 trial
(Supplementary Figure 1C).

Taken together these studies indicate that PDE5 inhibition
positively modulates tumor immunity by reducing the systemic
immunosuppression, by priming an anti-tumor immune
response, and by increasing the infiltration of effector T cells
in the tumor. However, to date, these studies have failed to
demonstrate a dramatic clinical benefit of Tadalafil treatment in
cancer patients.

Here we evaluate whether the combination of Tadalafil and
an anti-mucin (MUC) 1 vaccine with poly ICLC as adjuvant is
safe and can reverse immune exclusion in patients with recurrent
stage 3 and 4 HNSCC as an interim analysis of a phase I clinical
trial (NCT02544880). This trial is designed as a phase I lead-
in in anticipation of a randomized phase II trial to compare
the combination of Tadalafil and the anti MUC1/polyICLC
vaccine with each therapy individually and in comparison with
a non-randomized control group of patients undergoing surgical
salvage alone.

MUC1 has been identified by the NCI as one of the top
promising targets for cancer vaccines(34), as it is present in most
of T2-T3 HNSCCs, and its expression is associated with tumor
aggressiveness, lymph node metastases and a poor prognosis
(35–41). While in normal tissues MUC1 is fully glycosylated
and thus it is invisible to the immune system, in HNSCC this
transmembrane protein is overexpressed and under-glycosylated
(35–40). Importantly, MUC1 has been identified by a bead-based
affinity-fractionated proteomic method as the immune dominant
antigen for CD4 and CD8T cells in 80% of patients with HNSCC
(42). Clinical trials performed with MUC1 vaccines in patients
with cancer showed an excellent safety profile with no sign of
autoimmunity or serious side effects and encouraging results
for less immunosuppressed patients (43–47). However, lack of
response to the vaccine was observed in patients without cancer
but with a history of premalignant lesions such as advanced
colon adenomas and was further characterized by an elevated
concentration ofMDSCs in the blood of non-responding patients
(47), suggesting a rationale for simultaneous PDE5 inhibition (to
lower MDSCs) and anti-MUC1 vaccination.

MATERIALS AND METHODS

Clinical Trial Schema and Patient
Enrollment
A phase I clinical trial (NCT02544880) is being conducted
following the protocol approved by the IRB of the University of
Miami and under the IND 16403. Patients undergoing salvage
surgery with biopsy-proven, surgically resectable, recurrent
or second primary HNSCC of the oral cavity, oropharynx,
hypopharynx or larynx, recurrent stage III-IV, and whose
recurrent tumors were within a previously irradiated field,
were eligible for the trial. We excluded patients with distant
metastatic disease, those that underwent prior immunotherapy
with checkpoint inhibitors, those that used PDE5 inhibitors in
the 2 weeks before enrollment, those with prior or known adverse
reaction to PDE5 inhibitors, those immunocompromised for
reasons not directly related to patient’s malignancy, and those
for which the study drugs are not recommended based on other
clinical comorbidities. Additionally, to eliminate confounding
variables, we excluded patients with hepatitis -B, -C or HIV, those
with a history of severe autoimmune disease, female patients
who were pregnant or breastfeeding, or patients in vulnerable
subject categories. A complete list of inclusion and exclusion
criteria is provided in Supplementary Table 1. This phase I
trial was designed to accrue six evaluable patients as a lead-
in for a three arm randomized phase II trial comparing the
combination treatment of Tadalafil and the anti MUC1/poly
ICLC vaccine with single modality treatment of either Tadalafil
or the anti-MUC1/polyICLC vaccine, in addition to a fourth
non-randomized control arm of otherwise eligible patients
undergoing salvage surgery but unwilling to take study related
drugs. The phase I lead-in and randomized phase II trials were
designed to allow accrual to the non-randomized control arm to
begin during the phase I lead-in should eligible patients for the
control arm present during the enrollment period of the phase I
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in order to maximize accrual to the control arm for the phase II
trial. Eligible patients were enrolled to the non-randomized active
treatment arm or as non-randomized controls after signing the
appropriate IRB approved informed consent.

Following enrollment, patients in the experimental group
were treated with Tadalafil for 19 days pre-operatively with anti-
MUC1/poly ICLC vaccine given on day 7 of the Tadalafil course.
Salvage surgery was performed 21 days following initiation of
Tadalafil. Three additional courses of Tadalafil of 14 day durations
with anti-MUC1/poly ICLC vaccine given on day 10 of each
course were completed at ∼2, 4, and 6 months post-operative.
A final anti-MUC1/ poly ICLC vaccine was given at 1 year post-
operative. All patients were to be followed for 1 year beyond the
end of course 5 or until withdrawn from the study for recurrence,
TLT, death, or other reason. The study schema and flow chart is
diagramed Figure 1.

For those patients assigned to the experimental group,
enrollment was designed in a sequential fashion based upon
Treatment Limiting Toxicities (TLTs) occurring during the first
2 Courses of treatment, in a manner such that no more than 2
patients were allowed to have TLTs at the same time. At least
one of the first 2 patients enrolled must have been evaluated for
TLT(s) up to the end of their Course 2 treatment, before patient
3 could begin Course 1 treatment. Patient 3 was allowed to begin
Course 1 treatment if the first patient to complete evaluation for
TLT’s at the end of their Course 2 treatment did not experience
a TLT. If neither patient 1 nor patient 2 experienced a TLT up to
the end of both of their completion of Course 2 then patient 4
was allowed to begin Course 1 treatment. These same conditions
applied for patients 5 and 6 beginning their Course 1 treatment
(if no TLTwas noted through completion of Course 2 for patients
1 and 2, and for either patient 3 or 4, then patient 5 would be
allowed to begin Course 1, if neither patients 3 nor 4 experienced
TLT after completion of both of their Course 2 treatments then
patient 6 may begin Course 1 treatment). On the other hand
if any patient experienced a TLT through the end of Course 2
then all subsequent patients would begin Course 1 treatment only
after all prior patients had completed Course 2 with no additional
TLTs identified.

Study subjects were considered evaluable for phase I safety
analysis once they completed Course 2 or if they experienced
a TLT prior to completion of Course 2. The phase I lead in
was designed to accrue 6 evaluable patients for safety analysis.
This safety analysis was planned following completion of Course
2 for the sixth evaluable study subject. An interim analysis of
preliminary immunologic endpoints of all subjects enrolled in the
phase I trial inclusive of those non-randomized controls enrolled
during this same time period was planned to coincide with the
safety analysis. Results of these combined analyses (safety and
immunologic endpoints) were to be utilized to inform a decision
whether or not to proceed with accrual to the randomized phase
II trial. These results are presented below.

Monitoring for Adverse Events
The NCI common terminology criteria for adverse events
(CTCAE3.0) were used to monitor toxicity. Laboratory
monitoring, including CBC, BUN, creatinine, liver function

tests, and ANA test were performed at baseline, before each
treatment course and 14 days following course 4 and course 5,
as well as 14 days following withdrawal from the study for other
reasons such as recurrence or adverse event. Safety questionnaire
was completed between 5 and 12 days following vaccination
in each treatment course. A final safety questionnaire was
administered at 24 months post-operative for those patients
alive. Patients were questioned regarding adverse events with
each follow up clinical evaluation for monitoring of their cancer
status as per standard of care, including appropriate physical
examination to assess disease status. Follow-up imaging was
performed as clinically indicated. A treatment limiting toxicity
(TLT) was defined as any one of the following adverse events
(AEs) and was attributed (possible, probable, or definite) to
the combination of Tadalafil/Vaccine treatment. Treatment
discontinuation was required if a patient experienced a TLT.
TLTs included new or worsening autoimmune disorder Grade
≥2, allergic reactions Grade ≥2 (Grade 2 drug fever considered
an exception), and any other Grade ≥3 toxicity that in the
opinion of the Investigator required discontinuation of study
treatment. Exceptions included Grade≥3 transient myalgia, back
pain, or reversible hypotension, all of which were not considered
a TLT if lasting <5 days. Patients were considered evaluable for
safety who received at least one dose of Tadalafil, while patients
were considered evaluable for TLTs who either experienced a
TLT up to the end of Course 2 or received all scheduled doses
of treatment through completion of Course 2 without TLT.
The Sylvester Comprehensive Cancer Center (SCCC) Data
and Safety Monitoring Committee (DSMC) monitored this
clinical trial according to the Cancer Center’s DSM Plan on a
quarterly basis.

Specimen Collection
Blood (∼50mL) was drawn in EDTA-containing tubes at
baseline, at the day of surgery (after treatment); during tadalafil
treatment on day 10/14 on course 2, 3, and 4; 15 days after
treatment of course 4, and at course 5. Additional blood draws
were performed at the exit visit either ∼15 days after course
5 or when a subject was withdrawn from the study because
of recurrence, adverse events, or other reason. All specimens
were processed within 2 h of being harvested. Fresh tumor
specimen (at least 14 mm3) was collected at the time of definitive
tumor resection for tumor lysate preparation, and was processed
within 1 h of harvesting. Additional specimens from available
pretreatment biopsy and surgery were paraffin-embedded
for immunofluorescence studies. For the control patients,
blood was harvested before surgery and in eventual follow
up visits.

Tadalafil Treatment and Dose
Tadalafil (Cialis

TM
, Eli Lilly) was purchased through the UM

clinical pharmacy and given orally q.d. at a weight-normalized
dose as follow: 10 mg/day if weight≤63.5 kg, 15 mg/day if weight
>63.5 kg and ≤104.3 kg), or 20 mg/day for weight >104.3 kg as
suggested in Weed et al. (33).
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Vaccines and Immunization
Patients were immunized intramuscularly on day 7 of 20 in
course 1, day 10 of 14 course 2–4, and day 1 of 1 in course 5
against MUC1 and, when seasonally available, influenza vaccine.

The MUC1 vaccine was composed of 50 µl of the MUC1 100
mer peptide (H2N-5X(GVTSAPDTRPAPGSTAPPAH-CONH2,
[2 µg/µl], kindly provided as a gift by Dr. O. Finn, University
of Pittsburg) admixed with 250 µl of POLY-ICLC (Hiltonol R©, [2
µg/µl] provided by Oncovir at production cost) for total volume
of 300 µl.

The influenza vaccine flublock, composed of recombinant
proteins, was provided by Protein Sciences Corporation.

Dendritic Cells Preparation
Monocytes from freshly drawn PBMCs were isolated by
adherence in a T75 flask (BD) for 2 h in RPMI-1640 containing
1% heat-inactivated human AB serum. Following washing
to remove non-adherent cells, the adherent monocytes were
differentiated into DC with RPMI-1640 1% AB serum containing
800 U/mL GM-CSF and 500 U/mL IL4 (Peprotech) for 5 days.
Fresh GM-CSF and IL4 was added on day 3. On day 5, immature
DC were transferred into 24-well plates and pulsed with MUC1
peptide (10µg/mL) in RPMI-1640 1%AB serum supplemented
with GM-CSF and IL4. Two hours later, pulsed immature DC
were induce to mature by the addition of Mimic cytokine
mix [5 ng/mL TNFα (Peprotech), 5 ng/mL IL1β (Peprotech),
750 ng/mL IL6 (Peprotech), and 1µg/mL PGE2 (Sigma)].

Magnetic Sorting
CD3+ T cells were purified by negative selection using the human
Pan T Cell Isolation Kit II (Miltenyi Biotec) in combination
with the LS column and following the manufacturer’s instruction.
Purity was evaluated by FACS and was generally higher than 90%.

Functional Assays
Magnetically purified, CFSE-labeled T cells (105) from baseline
(Course 1 before treatment), or from 15 days after Course 4
were incubated with 3 × 105 autologous, monocyte-derived, DC
pulsed with theMUC1 peptide. T-cell proliferation was evaluated
by flow cytometry 4 days later.

Flow Cytometry
Flow cytometry was performed on whole blood and freshly
ficolled PBMCs of patients at each time point. Data acquisition
was performed on aBD LSRII equipped with the following
wavelengths lasers: 405 nm (50 mW), 488 nm (50 mW), 532 nm
(150 mW), and 640 nm (40 mW). MDSC phenotype analysis
was performed using Zombie VioletTM Fixable Viability Dye
(BioLegend) and the following anti-human Abs: CD33-FITC
(clone HIM3-4; BD), Lox1-APC (clone 15C4; BioLegend),
CD124-PE (clone 25463; R&D Systems), CD14-APC-H7 (clone
MφP9; BD), CD15-BV711 (clone W6D3; BD), HLA-DR V500
(clone G46-6; BD), CD11b-BV605 (clone ICRF44; BD). T-
cell analysis was performed using Zombie VioletTM Fixable
Viability Dye (BioLegend) with the following antibodies: CD3-
Alexa Fluor 700 (clone OKT3; eBioscience), CD247-PE (clone
6B10.2; eBioscience), CD4-BV711 (clone SK3; BD), CD8-BV605

(clone SK1; BD), CD69-APC-Cy7 (clone FN50; BD), Foxp3-APC
(clone 236A/E7; e-Bioscience), CD154-PE/Dazzle 594 (clone24-
31; BioLegend). For the staining, 150 µl of whole blood or 5
× 105 ficolled PBMCs at 4◦C, were admixed with 123-counting
beads (e-bioscience) and the optimized antibodies cocktail for
30’ at 4◦C. Cells were washed with PBSand, lysed with 2ml
of ACK (Gibco) at RT for 15’, washed twice with PBS, and
labeleled with LIVE/DEAD staining. For T cell staining were
then fixed and permeabilized and stained for Foxp3 using the
Foxp3/Transcription Factor Staining Buffer Set (e-Bioscience)
and following the manufacturer’s instructions. Samples were read
in the cytofluorimeter within 2 h of staining. At least 105 events
were collected. Compensation was performed using compi-beads
(BD) after data collection. FMO were used as negative controls.
Data were analyzed using the FCS vs6 (denovo software). Gating
strategy are summarized in Supplementary Figure 3.

MUC1 IHC
IHC was performed as described in Cascio et al. (48). Briefly,
deparaffinized and rehydrated 4µm sections of tumor specimen
were incubated for 15min at RT in a 30%H2O2/methanol
solution (1:10) to block endogenous peroxidase activity. Slide
were washed 3 times with PBS 1X, antigens were retrieved
in 0.1% citrate buffer pH 6 for 5’at 120◦C. Sections were
permeabilized in PBS-0.2%Tween20 (5’at RT)and incubated with
incubated PBS-2%BSA (20’ at RT) to block non-specific binding.
Samples were then incubated 1 h RT with a 1:40 dilution in
PBS−2% BSA of the anti Mucin 1 antibody that specifically
recognizes the underglycosylated, tumor specific form, of MUC1
(VU-4H5, Santa Cruz Biotechnology). Slides were washed in
PBS-0.2% TWEEN20 (5’at RT) and incubated for 1 h with
the biotinylated anti-mouse IgG secondary antibody (Vector
Laboratories dilution 1:200 in PBS-BSA2%) and washed in PBS-
0.2% TWEEN 20 for 5’at RT. Slices were incubated with ABC
solution (Vector Laboratories) for 30’at RT washed, developed
with DAB substrate (BD Pharmingen).

Image Cytometry
Four µm sections of tumor specimen were deparaffinized,
rehydrated, and incubated for 30min at RT in a sodium
borohydride solution (0.5 mg/mL in PBS; EMDGibbstown,
NJ, USA) to reduce auto fluorescence. Antigen retrieval was
performed by a 5min incubation at 120◦C in EDTA antigen
retrieval solution pH = 9 (GIBCO Carlsbad, CA, USA). Slides
were then incubated with Image-iT (Invitrogen) for 30min at
RT followed by incubation (1 h at RT) with PBS containing 1%
BSA and 0.05% Triton-X100 to permeabilize the tissue and block
non-specific binding. Samples were incubated O/N at 4◦C with
the primary antibodies diluted in PBS with 1% BSA. After three
washes with PBS, samples were labeled for 2 h at RT with the
relevant secondary antibodies, counterstained in PBS containing
2mM DAPI (Invitrogen), for 30min at RT, and rinsed with
PBS. Coverslips were mounted using Biomeda gel mounting
media (Electron Microscopy sciences, Hatfield, PA, USA). The
following primary antibodies were used: mouse monoclonal
anti-human FOXP3 antibody (clone 237/E7, dilution 1/25,
Abcam) and the goat polyclonal anti-human CD4 antibody,
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(dilution 1/20, R&D System). Rabbit polyclonal anti-human
CD33 antibody (dilution 1/15, Santa Cruz Biotechnology) and
mouse monoclonal anti-human IL4Rα antibody (clone 25463,
dilution 1/15, R&D System). Rabbit polyclonal anti-human
CD8 antibody (dilution 1/30, Abcam) and goat polyclonal anti-
human CD69 antibody (dilution 1/25, R&D System). Mouse
monoclonal anti-human CD163 antibody (clone 10D6 dilution
1/100, Leica Biosystem) and rabbit monoclonal anti-human PD-
L1 antibody (clone SP142, dilution 1/50, Abcam). As secondary
antibodies we used: Alexa Fluor-555 conjugated anti-mouse
antibody (for FoxP3, CD163 and IL4Ra, Invitrogen); Alexa
Fluor-488 conjugated anti-goat antibody (for CD4 and CD69,
Invitrogen); Alexa Fluor-555 conjugated anti-rabbit antibody
(for CD8, Invitrogen); Alexa Fluor-488 conjugated anti-rabbit
antibody (for CD33 and PD-L1, Invitrogen) all secondary
antibodies were diluted 1/500 in PBS/BSA 1%. Stained slides were
scanned at 20X with an Olympus VS120 microscope (Olympus)
using a DAPI CUBE 455 nm, a FITC CUBE 518 nm and a TRITC
CUBE 580 nm. Images for each patient were exported as single
channel tiff files with OlyVIA software with a resolution of
5x and qualitatively evaluated with ImageJ (https://fiji.sc/) and
processed with cell-profiler (www.cellprofiler.com) and fed into
FCS Express 6 plus (https://www.denovosoftware.com/site/Plus-
Overview.shtml). Detailed on image processing are provided in
Supplementary Material section.

ELISA
IgG, IgA, and IgM levels were examined in the plasma of
patients for each time point as previously described (47). Briefly,
Immulon plates were coated with 1 µg/well of MUC1 peptide
or recombinant influenza proteins (Flublock) and incubated
overnight at 4◦C. The next day, plates were washed and then
incubated at room temperature (RT) for 1 h with blocking buffer
(DPBS-BSA 2.5%). Blocking buffer was discarded and 50 µl
of plasma (diluted 1:40 in blocking buffer) was added to the
plates (in duplicates) and incubated at RT for 1 h. After another
washing step, 50 µl of diluted goat anti Human-HRP IgA; IgG
or IGM secondary antibody (for MUC1) or a combination of the
three antibodies (HA) was added to each well, and plates were
incubated at RT for 1 h. Plates were washed and a 100 µl of
substrate solution (SIGMA-FAST p-Nitrophenyl) was added to
each well and plates were incubated for 20min at RT followed by
the addition of 50 µl of stop solution (NaOH 0.5M). Absorbance
was measured at 405 and 410 nm wavelength.

Statistical Analysis
Statistical analysis was performed in coordination with the
statistical core at the Sylvester cancer center. Time comparison
within a treatment arm was assessed by paired t-test or RM-
one way ANOVA. Comparisons between treatment arms were
done by two-sample t-tests or ANOVA, or by non-parametric
methods, the Mann–Whitney or Kruskal–Wallis test. All tests
were two-sided with 5% significance statistical analysis. An
interim safety analysis was planned after the 6th patient in phase
I completed Course 2 (of planned 5 treatment courses). This
interim analysis was planned to evaluate safety with attention to
occurrence of TLTs, other AEs, as well as clinical data such as

recurrence, and preliminary analysis of immunologic endpoints.
The results of this interim analysis are summarized in this report.
Recurrence-Free Survival (RFS) was evaluated for RFS by follow-
up assessment(s) post-surgery as per routine care. RFS is defined
as the time from date of Surgery to the date of first documented
recurrence. Recurrence was demonstrated by clinical assessments
such as clinical examinations and tumor assessments (possibly)
by CT, PET/CT or MRI. Patients under follow-up and those lost
to follow-up have been censored at the last date of documented
recurrence-free status. Correlations were evaluated by Pearson
correlation analysis. Statistical analyses were conducted using
SAS software version 9.2 (SAS) or Sigmaplot vs12.5.

RESULTS

Underglycosylated Muc1 Is a
Tumor-Associated Antigen Widely
Expressed in Patients With
Recurrent HNSCC
Underglycosylated MUC1 has been proposed as a tumor
associated antigen in HNSCC, however, its expression
in recurrent HNSCC has not been analyzed. Thus, we
performed IHC on the tumor specimens and each staining
was independently scored from 0 (no staining) to 4 (strong
homogenous staining) by four experienced investigators. Scores
were averaged, and examples of staining and relative scores
are reported in Supplementary Figure 2. Underglycosylated
MUC1 was found expressed in most of the analyzed specimens
whereas it was undetectable in the “normal” tissue surrounding
the neoplastic lesions (Figures 2A,B). This analysis supports the
notion of underglycosylated MUC1 as a tumor specific antigen
in patients with recurrent HNSCC. We next evaluated whether
a preexisting immunity was present in these patients as well as
in healthy donors. Anti-MUC1 IgG antibodies were significantly
higher in the sera of recurrent HNSCC patients compared to
one of age matched healthy controls (Figure 2C) suggesting
the presence of a memory response against this antigen. Taken
together, these data suggest that underglycosylated MUC1 is an
immunogenic tumor specific antigen in recurrent HNSCC.

Tadalafil and MUC1/polyICLC Vaccine Are
Well-Tolerated in Patients With Recurrent
HNSCC
Although MUC1 vaccine and PDE5 inhibitors has been proven
safe when used as monotherapy in cancer patient the safety
of the combination of these two immunologic strategies has
not been previously evaluated. Thus, we performed a proof of
principle, phase I clinical trial (NCT02544880) with safety and
immunological endpoints in patients with recurrent stage 3 and
4 HNSCC undergoing salvage surgery (Figure 1). As controls
we enrolled eligible patients willing to donate blood and tumor
specimen but unwilling to receive study drugs. This cohort of
patients was chosen because of the absence or the high morbidity
of effective non-surgical treatments as alternatives to or adjuvant
to standard of care salvage surgery, and the high recurrence rate
(up to 70%) associated with salvage surgery alone in patients with
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recurrent, resectable, advanced staged HNSCC in a previously
irradiated field (49). Even a small trial in this population
might provide some insights regarding the clinical efficacy
of an experimental treatment. Patient demographics, clinical
characteristics, and complete list of inclusion and exclusion
criteria are reported in Supplementary Tables 1, 2.

In this trial, patients received 4 courses of Tadalafil (orally q.d.)
in association with MUC1/polyICLC vaccine (i.m. 1 week after
each Tadalafil treatment initiation). The first course (19 days)
was given in a neoadjuvant setting whereas course 2, 3, and 4
(14 days each) were given ∼5, 12, and 21 weeks after salvage
surgery. One year after surgery (course 5), patients received the
MUC1/polyICLC vaccine without Tadalafil.

A total of 14 patients have been enrolled on this trial, 6 as
control and 8 patients to the active treatment arm. Two patients
on the active treatment arm were not evaluable for treatment
limiting toxicity (TLT) analysis. Subjects were evaluable for TLT
if they completed at least two courses of study drug or if they
developed a TLT at any time prior to completion of course
2. One (subject 1–01) developed disease progression following
early tumor recurrence after lengthy recovery from surgery and
was withdrawn from the study without receiving course 2 study
treatment. The other patient was non-compliant with study
drug administration and was withdrawn at the beginning of
course 1. Disease sites for 6 evaluable treatment patients included
oral cavity (n = 2), oropharynx (n = 2), and larynx (n =

2), while disease sites of control patients included oral cavity
(n = 4), oropharynx (n = 1), and larynx (n = 1). Recurrent
tumor summary stage for active treatment patients were IV
(n = 5) and III (n = 1), while all control patient recurrent
summary stage was IV (n = 6). Three of the 12 enrolled
patients had p16 positive tumors consistent with HPV related
malignancies, including 1 control and 2 treatment patients. All
patients were previously irradiated as per study protocol, with 4
of 6 on the active treatment arm and 5 of 6 on the control arm
receiving chemotherapy with radiation therapy as part of their
prior treatment.

A total of 27 grade 1 or 2 adverse events (AEs) were
recorded in the 8 phase 1 patients who received any study drug
(Supplementary Table 3) and included flushing (1), headache
(3), myalgia (1), nausea (1), vomiting (1), and an asymptomatic
autoimmune disorder (1) as revealed by the development of
anti-nuclear antibodies (ANA) while on treatment. The subject
was electively withdrawn from the active treatment arm of the
trial, and subsequent ANA testing of this subject has reverted
to normal. No TLTs were recorded in the 6 patients evaluable
for TLT. One of 6 evaluable active treatment patients continues
to receive treatment on trial, having just completed course
4 with no evidence of recurrence. One of the remaining 5
active treatment patients completed all treatment courses but
developed recurrence in the second year of follow-up. One of
the remaining 5 active treatment patients was withdrawn from
the study due to the development of a positive ANA, with no
evidence of recurrence. The remaining three active treatment
patients developed recurrence prior to completion of all study
courses. Thus, far overall recurrence free survival of treated and
control patients is similar (Supplementary Figure 6) but should

not be relied upon given the small number of patients and
ongoing follow-up of the clinical trial. In summary, the study
cohort of heavily pre-treated advanced recurrent-staged tumors
thus far exhibits an expected high rate of recurrence. The study
treatment has been well-tolerated with minimal side effects.

Tadalafil and MUC1 Vaccine Decrease
MDSCs and Treg in the Peripheral Blood
and Restore the Expression of CD3 ζ-Chain
in the CD8+T Cells
Longitudinal Immunomonitoring was performed
on the peripheral blood to assess the changes
in monocytic MDSC [mMDSC defined as
CD33+IL4Rα+CD14+CD11b+HLADRlow/−cells
(33)], granulocytic MDSC [gMDSC defined as
CD33+IL4Rα+CD15+CD11b+HLADRlow/−−Lox1+ cells (50)],
and regulatory T cells (Treg defined as CD3+CD4+Foxp3+T
cells) (Supplementary Figure 3). Additionally, we evaluated the
expression of CD3 ζ-chain in the CD8+T cells since its down-
regulation is associated with MDSCs activity, T cell apoptosis,
disease stage, and worse prognosis in patients with HNSCC
(51–53). As expected, compared to age matched healthy controls,
mMDSC, gMDSC, and Treg were significantly increased in
patients with recurrent stage 3 and 4 HNSCC whereas CD3
ζ-chain in the CD8+T cells (Figure 3A) was downregulated.

Even before salvage surgery, Tadalafil treatment (gray
shadowed area) significantly lowered both MDSC subsets and
Treg and increased the expression of CD3 ζ-chain in the CD8+T
cells. These positive modulations were maintained during the
treatment in course 2, 3, and 4 (Figure 3B). Interestingly, 15 days
after Tadalafil termination in course 4, an increased in gMDSCs
and mMDSC and a decrease in ζ-chain expression was observed
in many patients suggesting that active mechanisms of MDSCs
expansion were still present even without any clinical detectable
tumor (Figure 3B). Taken together, these results confirm a
beneficial action of Tadalafil and possibly MUC1/polyICLC
vaccine to the tumor macro-environment. However, these effects
are reverted upon treatment discontinuation, possibly suggesting
the presence of a microscopic disease being present prior to its
becoming clinically evident.

We then evaluated the capacity of the patients to mount
an immune response to tumor associated antigen (MUC1) or
unrelated antigens (recombinant flu antigens, flublock vaccine).
To accomplish this aim patients that enrolled in the treatment
arm received the MUC1 peptide vaccine admixed to polyICLC
as adjuvant (intramuscular in the right arm) and the flublock
vaccine (intramuscular in the left arm when seasonally available)
on day 7 of course 1, on day 10 of course 2, 3 and 4, and on
day 0 of course 5. Response to vaccines was evaluated by ELISA
on the serum to determine the concentration of IgM, IgG, and
IgA against the MUC1 or the influenza antigens. The choice
of these assays was determined by their simplicity, HLA type
independence, and by the fact that the presence of IgG antibodies
against a tumor associated antigen correlates well with the
CTL response (54). Longitudinal analysis of the treated patients
reveals a higher titer of IgM or IgA antibodies against influenza
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FIGURE 1 | Flow diagram and design of the phase 1 study.

antigens in 5 out of 6 patients following vaccination (Figure 4A).
In contrast, only two patients showed a significant immune
response against the MUC1 vaccine (Figure 4A). Interestingly,
the responses to the MUC1 vaccine were observed only in the
patients that had not received chemotherapy in conjunction with
their radiation treatment for their original cancer treatment prior
to recurrence.

To evaluate whether treatment could increase T cell
mediated immunity against MUC1, magnetically purified CD3+

T cells, harvested before treatment initiation (C0) and 2
weeks after course 4 (C4), were stimulated with autologous

DCs pulsed with the MUC1 peptide or left unpulsed. CD8+

and CD4+ T cell proliferation was evaluated 4 days later
by flow cytometry (Figure 4B). Compared to baseline, an
increase response to the relevant peptide (up to 2–3% of
proliferating T cells within the CD4 or CD8 populations)
was detected after the 4 courses of treatment in 3 of the 4
evaluated patients.

Taken together these data suggest that Tadalafil and
MUC1/polyICLC vaccine positively modulate the immune
system systemically in patients with recurrent HNSCC
undergoing salvage surgery. However, a strong memory

Frontiers in Immunology | www.frontiersin.org 8 May 2019 | Volume 10 | Article 120693

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Weed et al. Reversal of Immune-Exclusion in HNSCC

FIGURE 2 | Underglycosylated MUC1 is a common tumor specific antigen in stage 3/4 recurrent HNSCC. (A) MUC1 was evaluated by IHC on slides from the tumor

specimens of enrolled patients. (B) Tumors and surrounding “normal” tissues were scored from 0 to 4 independently by four investigators based on the staining

intensity and extension, and individual scores averaged. Examples of different scores are reported in Supplementary Figure 2. (C) ELISA for MUC1 specific

antibodies was performed on the sera of healthy donors or enrolled patients at baseline.

IgG immune response against underglycosylated MUC1 is
detectable only in a fraction of the patients.

Tadalafil and MUC1/polyIC Treatment
Lowers MDSCs and Treg at the Tumor Site
and Reverse Immune Exclusion
Immunofluorescence based image cytometry was employed
to determine the effect of treatment at the tumor site both
objectively and topographically (Supplementary Figure 4).
Briefly, slides from the surgical specimens were stained to
identify CD33+IL4Rα+MDSCs (33), CD4+Treg expressing
Foxp3 in the nucleus (55), or activated CD8+CD69+ T cells.
Stained slides were acquired with a high resolutionmicroscanner,
processed with cell-profiler to identify each individual cell, and
fed into FCS-image express to enumerate the cell of interest and
the expression of a particular protein. This process allowed for
analysis of 105-106 cells inside the tumor, at the tumor edge,
and in “normal” adjacent tissue as defined by an experienced
pathologist in serial H&E slides. Compared to the untreated
controls, CD33+IL4Rα+MDSCs were significantly lower inside
the tumor in the treated patients (Figure 5A), whereas no
differences were found at the tumor edge or in the “normal”
tissue nor in the total number of CD33+IL4Rα− myeloid cells

(Figure 5B and Supplementary Figure 5). Similarly, a lower
concentration of Tregs with nuclear FoxP3 was found in the
tumor of treated patients compared to controls whereas no
differences were detected in the naïve (CD4+Foxp3−cells)
or poorly activated [CD4+cells with cytoplasmic Foxp3
(55, 56)] CD4+T cells (Figure 5C). Conversely, a higher
number of CD8+T cells were found in the tumor of treated
patients compared to the controls whereas no differences
were found in the tumor edge and in the surrounding
normal tissue (Figure 5D and Supplementary Figure 4E).
Furthermore, analysis of CD69 indicated a significantly higher
expression of this early activation marker in the CD8+cells
(Figure 5E and Supplementary Figure 4F) of the treated
patients compared to controls. Interestingly, the expression
of CD69 significantly correlates with the MUC1 expression in
the same specimen determined by IHC in the treated patients
whereas no correlation was observed in the untreated controls
(Figure 5F). This suggests that despite the poor immune
response against MUC1 detected in most patients (Figure 4), an
immune response against this tumor associated antigen has been
primed and resulted in the infiltration of activated CTL at the
tumor site.

Taken together, these results indicate that Tadalafil and
polyICLC/MUC1 vaccine reshape the tumor microenvironment,
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FIGURE 3 | Tadalafil and MUC1/polyICLC vaccine lowers circulating MDSCs and Treg and restores the expression of CD3 ζ-chain expression on CD8T cells. (A)

mMDSC, gMDSC, Treg, and the expression of CD3 ζ-chain expression on CD8T cells was evaluated by multicolor flow cytometry on fresh blood of the enrolled

patients or on age matched healthy donors. See Supplementary Figure 3 for gating strategies. Leukocyte subsets were enumerated with “123 beads” Two ways

T-test value are reported. (B) The same subsets as in A were evaluated longitudinally in the patients enrolled in the treatment arm. The gray area correspond to the

Tadalafil treatment. Significant Paired T-test value are indicated.
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FIGURE 4 | Immune response to the MUC1 and the influenza vaccines. (A) Anti-MUC1 or anti-flublock antibodies were evaluated longitudinally by ELISA in the

plasma of the patients in the treatment arm. Arrowheads indicate the immunization time. MUC1 IHC score is indicated. (B) T cells from PBMCs drawn at baseline

(before treatment initiation of course 1) and 2 weeks after completion of course 4 were stimulated with monocytes-derived autologous DC pulsed with MUC1 peptide.

Four days later, CD8+ T-cell proliferation was evaluated by FACS. Background from parallel culture using unpulsed DC was subtracted.
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FIGURE 5 | Tumors from patients treated with Tadalafil and MUC1/polyICLC vaccine show a lower infiltration of MDSCs and Treg and a higher infiltration of activated

CD8 in the tumor bed. Computer based image cytometry was performed to enumerate the number of (A) MDSC, (B) IL4Rα−myeloid cells, (C) CD4+T cell subsets,

or (D) CD8+T cells. (E) CD69 expression within the CD8 is reported normalized on the CD69 expression on all the cells evaluated. Depending on the region of interest

evaluated, at least 105-106 cells were analyzed. (F) The expression of CD69 in CD8+T cells was plotted against MUC1 IHC score of the corresponding tumor. Two

ways T-test and relevant pearson correlation parameters are reported.

lowering the immune suppressive populations and increasing the
number of activated T cells.

Reversion of Immune Exclusion by Tadalafil
and MUC1/polyICLC Vaccine Promotes
PDL1 Expression on CD163− Cells
Notwithstanding the limited number of treated patients, and
despite the positive changes in the tumor microenvironment,
the priming of an immune response against a tumor associated
antigen, and the removal of all the tumormass by salvage surgery,
we did not observe a dramatic reduction of tumor recurrence

in this high risk population (Supplementary Figure 6). We
thus evaluated whether the higher number of activated T cells
in the tumor may elicit additional mechanisms of immune
escape. Indeed, in HNSCC as well as in other malignancies
IFNγ released by CD8+T cells was shown to upregulate
PDL1 on neoplastic cells (57–59). We thus evaluated the
expression of the checkpointmolecule PDL1 and themacrophage
marker CD163 by image cytometry in the tumor of the
enrolled patients. In the control untreated patients, PDL1 was
mostly confined in CD163+macrophage at the tumor edge
whereas tumor and normal surrounding tissues expressed low
level of this protein (Figure 6A and Supplementary Figure 7).
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FIGURE 6 | Tadalafil and MUC1/polyICLC vaccine treatments modulate the expression of PDL1 in the tumor microenvironment. The expression of PDL1 within the

CD163+ (A) or the CD163−cells (B) was quantified by image cytometry in the tumor, at the tumor edge, or in “normal” surrounding tissue in the tumor specimen from

the control (black filled circle) or Tadalafil and MUC1/polyICLC vaccine treated (gray filled circle) patients. Two way T-test p-value are reported. (C) Correlation between

the expression of CD69 in the CD8+T cells and PDL1 expression on the CD163−cells. (D) Summary of the one way RM ANOVA analysis.

Conversely, in the treated patients CD163+PDL1+macrophages
were significantly lower in the tumor edge and at concentration
levels similar to that of the surrounding tissue (Figure 6A
and Supplementary Figure 7). However, PDL1 expression at
the tumor edge of the treated patients did not differ from
that of the control patients because of an increase of this
inhibitory marker in the CD163−cells (Figure 6B). Indeed, the
intratumoral expression of PDL1 was significantly higher in
treated patients than in the control patients and confined mostly
in the CD163− cells (Figure 6B and Supplementary Figure 7).
Interestingly, the level of expression of PDL1 directly correlated
with the expression of CD69 on the tumor infiltrating CD8+cells,

suggesting the instauration of a T cell dependent mechanism of
PDL1 upregulation and immune escape (Figure 6C).

These data suggest that the beneficial activity of Tadalafil
and MUC1 vaccine might be hindered by this corresponding
upregulation of PDL1. Indeed, KMplotter analysis [KMplot.com,
(60)] on RNAseq data from 499 patients with HNSCC reveals
that the expression of CD8a and CD69 mRNA in the tumor well-
correlate with improved survival (Figure 7). Addition of PDL1
(CD274) to the gene signature interrogated, drastically reduced
the benefit of a higher infiltration in the tumor of CD8+CD69+

cells. No negative effects were noted when only expression of
CD274 was evaluated.
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FIGURE 7 | PDL1 expression limits the beneficial prognostic value of CD8a and CD69 in the tumor. KM plotter analysis (kmplot.com) was performed on tumor RNAseq

data from patients with HNSCC (n = 499, all tumor stages) using the mean expression of the indicated genes with weight =1 and auto select best cutoff selected.

DISCUSSION

This phase 1 clinical trial, designed in patients with
recurrent HNSCC undergoing salvage surgery to evaluate
the safety of combining chronic PDE5 inhibition to reverse
tumor-induced immunosuppression, and MUC1/polyICLC
immunization to prime a tumor specific immune response,
seems to confirm the previous clinical evidence indicating
beneficial actions for these two interventions in patients with
malignancies. Indeed, initial case reports indicate an antitumor
activity of PDE5 inhibition in patients with Waldenstrom’s
macroglobulinemia (61), B-cell chronic lymphocytic leukemia
(62), and penile cancer (63). Tadalafil was successfully used
to treat a patient with end-stage relapsed/refractory multiple
myeloma (64), generating a dramatic and durable anti-myeloma
immune response and clinical response with associated
transfusion independence and improvement in quality of
life (64).

Clinical trials are being performed in colorectal cancer
(NCT02998736), Glioma (NCT01817751), abdominal
malignancies (NCT02998736), advanced solid tumors
(NCT02466802), pancreatic cancer (NCT01342224),
myelodysplastic syndrome (NCT03259516), multiple myeloma
(NCT01858558), metastatic melanoma (EudraCT-No: 2011-
003273-28), and Head and Neck squamous cell carcinoma
(NCT00843635, NCT00894413, NCT01697800, NCT03238365,
NCT02544880). To date, data are available only for our two
previous clinical trials in HNSCC and for a dose escalating
open label clinical trial in progressive metastatic melanoma
(65). In these trials, chronic tadalafil treatment lowered MDSCs
and Treg in the blood and at the tumor site (32, 33, 65),
restored the immune response to recall antigens (32),
enhanced the expression of CD3 ζ-chain in CD8+T cells
(32), primed/enhanced the tumor specific immune response,
and increased the number of tumor infiltrating T cells (33).
However, notwithstanding the low number of patients enrolled

in these trials, the positive immunomodulatory actions of
PDE5 inhibition were associated with no clinical benefits
(Supplementary Figure 1), although disease stabilization was
reported for few patients in the melanoma trial and in case
reports (64, 65).

Most of the beneficial immunomodulations of Tadalafil
are confirmed in our ongoing phase 1 clinical Trial. Indeed,
treatment was associated with a reduction of mMDSC and
Treg in the blood and at the tumor site, an increase in
the expression of CD3ζ chain at the tumor site and a
higher infiltration of activated CD8+ T cells at the tumor
site (Figures 3, 5).

After confirming MUC1 as a tumor specific antigen in
recurrent HNSCC (Figure 1), for the first time we evaluated the
safety and immunological potential of combining the MUC1
peptide/polyICLC vaccine with Tadalafil treatment. Despite
finding a detectable IgG immune response in only 2 of
the 6 treated patients (Figure 4A), the combined treatment
seems to increase T cell reactivity to MUC1 (2–3% of T cell
proliferation within the CD4 or CD8 gates to the relevant
peptide) in most of the evaluable patients after 4 treatment
courses (Figure 4B), and a significant correlation was found
between the activation of tumor infiltrating lymphocytes and
MUC1 expression in the tumor (Figure 5). Notwithstanding
the low number of patients evaluated, taken together, these
data suggest a possible priming of MUC1 immunity in most
patients with MUC1+tumors. Notwithstanding the low number
of patients evaluated, taken together, these data suggest a
possible priming of MUC1 immunity in most patients with
MUC1+tumors.

The combined treatment of Tadalafil and MUC1 vaccine was
well-tolerated with no serious side effects, and no treatment
limiting toxicity observed. One subject was withdrawn from the
study for the development of an asymptomatic autoimmune
disorder as determined by the detection of anti-nuclear
antibodies while on treatment. Subsequent ANA testing in
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this subject did revert to normal, with no clinical signs of
autoimmunity detected at any time during treatment or
after treatment discontinuation. The ANA test was selected
as a screening tool for autoimmune disease for this trial,
with a positive ANA test considered an exclusion criteria
for enrollment. It should be noted that a total of 5 subjects
otherwise eligible for enrollment in the phase I trial were
excluded because of an asymptomatic positive ANA. While
the study subject’s development of a positive ANA while on
treatment was interpreted as a potential sign of a treatment
induced asymptomatic autoimmune disorder, and the
subject was withdrawn from further treatment accordingly,
this significant incidence of asymptomatic positive ANA
in this patient cohort also raises the possibility that this
finding may have been unrelated to the study intervention.
Regardless, the combined immunologic interventions
of this trial did not result in any clinically symptomatic
autoimmune disease.

While this phase I study was not designed to demonstrate
clinical efficacy of the study drug combination, the very poor
prognosis and the expected high recurrence rate of the patient
cohort studied provided for the potential identification of clinical
efficacy should a dramatic clinical effect be demonstrated. Despite
complete surgical extirpation of tumor and the addition of PDE5
inhibition and MUC1/PolyICLC vaccination, however, no such
dramatic clinical benefit was detected (Supplementary Figure 6).
This prompted us to evaluate whether additional mechanisms
of immune escape were induced after reversal of
immune exclusion.

Evaluation of PDL1 expression on macrophages and on
CD163 negative cells at the tumor site via image cytometry
suggest that while Tadalafil and/or polyICLC vaccine are
effective in reducing PDL1+macrophage at the tumor edge, the
increase of CD69+T cells within the tumor promotes (Figure 5)
the expression of this inhibitory molecules on CD163−cells
(Figure 6). Indeed, a prominent role of activated T cells secreting
type 2 interferon is emerging as inducer of PDL1 in neoplastic
cells (57–59). For example, cisplatin and IFNγ have been shown
to upregulate PDL1 on cell lines of HNSCC (66) and the secretion
of this cytokine by activated CTL at the tumor site play a key role
in the upregulation this checkpoint molecules in gastric cancer
cells (67). In line with these observations we did find an intriguing
correlation between the expression of CD69 in CTL at the tumor
site and the expression of PDL1 (Figure 6).

It is important to note that our phase 1 study is limited
by the low number of patients enrolled, by the open label
single arm design among the treated patients, by the absence
of randomization between the control and treated patients,
and by the fact that the design of this phase 1 lead-in
clinical trial does not allow for the discrimination between
the immunological effects of Tadalafil and the immunological
effects of the MUC1/polyICLC vaccine. Notwithstanding these
limitations, however, to our knowledge this trial provides the
first evidence that the combination of Tadalafil and the anti-
MUC/polyICLC vaccine can reverse immune exclusion but also
promote the upregulation of PDL1 as additional mechanisms
of tumor escape. The notion that PDL1 upregulation may limit

the efficacy of Tadalafil and vaccine based immunotherapy is
further supported by the analysis of public RNAseq database.
These analysis indicates that the beneficial prognostic role of
the CD8CD69 signature in HNSCC is partially decreased by
PDL1 expression.

Taken together, the interim analyses of this phase 1 clinical
trial indicate that the treatment combination is safe and
well-tolerated, can reverse immune exclusion, but can also
promotes PDL1 upregulation. The latter finding provides a
mechanism by which the proposed treatment combination may
have offsetting immunologic outcomes. As such, a decision has
been made to suspend accrual to the randomized phase II
trial as designed given this potential limitation in experimental
treatment efficacy. Instead, a new combinatorial intervention
is being explored that conjugates salvage surgery, inhibition
of PDE5, priming of an anti-tumor immune response, and
checkpoint inhibition.
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The presence of tumor infiltrating lymphocytes (TILs) is associated with a longer overall

survival in advanced stage epithelial ovarian cancer. Despite the prognostic impact

of TILs, response to checkpoint-inhibitors and antigen-specific active immunotherapy

is limited in ovarian cancer. The goal of our study was to investigate the interaction

between ovarian cancer and the innate and adaptive immune system in the ID8-fLuc

syngeneic ovarian cancer mouse model. For the in vivo experiments C57BL/6,

B6.129S7-Rag1tm1Mom/J, and B6.129P2(SJL)-Myd88tm1.1Defr/J mice were inoculated

with ID8-fLuc. In vivo depletion experiments were performed using clodronate liposomes

(CL), anti-CD8a, anti-GR1, anti-colony stimulating factor 1 (anti-CSF1), and TMβ1

(anti-CD122). Immune read out was performed by fluorescent activated cell sorting

analysis for effector T cells, regulatory T cells, natural killer cells, B cells, macrophages,

and myeloid derived suppressor cells (MDSC), immunohistochemistry for MDSC and

tumor-associated macrophages (TAM) and immunofluorescence for M1 and M2 TAM

in the vascular context. The effect of MDSC on T cell proliferation and phenotype were

studied in vitro. We discovered that the absence of T and B cells did not influence tumor

growth or survival of B6.129S7-Rag1tm1Mom/J mice compared to immunocompetent

C57BL/6 mice. CL-induced macrophage depletion promoted tumor proliferation and

shortened survival in C57BL/6 mice (p = 0.004) and in B6.129S7-Rag1tm1Mom/J mice

(p = 0.0005). During CL treatment, we observed a clear increase of pro-inflammatory

cytokines (p ≤ 0.02) and monocytic MDSC (p ≤ 0.01). Selective depletion of MDSC

by anti-GR1 improved survival, certainly in comparison to mice treated with anti-CSF1

(p = 0.01—median survival 91 vs. 67.5 days). B6.129P2(SJL)-Myd88tm1.1Defr/J mice

displayed to a longer median survival compared to C57BL/6mice (90 vs. 76 days). MDSC

activated by ID8-fLuc conditioned medium or ascites of tumor-bearing mice showed T

104

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2019.01273
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2019.01273&domain=pdf&date_stamp=2019-06-04
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:an.coosemans@kuleuven.be 
https://doi.org/10.3389/fimmu.2019.01273
https://www.frontiersin.org/articles/10.3389/fimmu.2019.01273/full
http://loop.frontiersin.org/people/291379/overview
http://loop.frontiersin.org/people/628150/overview
http://loop.frontiersin.org/people/743802/overview
http://loop.frontiersin.org/people/20608/overview
http://loop.frontiersin.org/people/618964/overview
http://loop.frontiersin.org/people/291915/overview


Baert et al. MDSC-Mediated Immunosuppression in Ovarian Cancer

cell suppressive functions in vitro.Based on these findings, we conclude that the adaptive

immune system does not efficiently control tumor growth in the ID8-fLuc model. In

addition, we discovered a prominent role for MDSC as the driver of immunosuppression

in the ID8-fLuc ovarian cancer mouse model.

Keywords: ovarian cancer, immunosuppression, myeloid derived suppressor cells, adaptive immune system,

innate immune system

INTRODUCTION

Ovarian cancer is the 5th leading cause of cancer death for
women in developed countries (1). Standard treatment for
advanced stage epithelial ovarian cancer is cytoreductive surgery
in combination with platin-based chemotherapy (2). Despite
radical surgery and excellent responses to first line chemotherapy,
most patients diagnosed with advanced ovarian cancer do not
survive beyond 5 years after diagnosis because of treatment-
resistant recurrences (3). Ovarian cancer can be subdivided
into four subtypes based on mRNA and miRNA expression,
DNA copy number, DNA promotor methylation, and whole-
exome DNA sequence analysis: immunoreactive, differentiated,
proliferative, and mesenchymal (4). The immunoreactive
subtype, which characterized by increased expression of
CXCL11, CXCL10, and CXCR3, and displays the most favorable
overall survival (OS) compared to the other subgroups (5).
In line with this evidence, Zhang et al. demonstrated that the
presence of tumor infiltrating lymphocytes (TILs) significantly
correlates with improved survival in advanced epithelial ovarian
cancer (6). In 2015, the Ovarian Cancer Action meeting
suggested to study the interaction between ovarian cancer and
the immune system, in order to develop strategies aimed at
potentiating the anti-tumor immune response (7). Despite
these efforts, only a limited number of ovarian cancer patients
have responded to checkpoint-inhibitor therapy (8–10). In
addition to this, no significant survival benefit was observed
in ovarian cancer patients receiving antigen-specific active
immunotherapy to date, most likely due to an overwhelming
immunosuppression (11, 12).

Unlike the adaptive immune system, the innate immune
system has not been extensively studied in the context of ovarian
cancer, where it might be a key driver of immunosuppression.
In previous studies, a high number of alternatively activated M2
tumor-associated macrophages (TAM) in ascites has been linked
to poor clinical outcome. Furthermore, given the positive effects
of anti- vascular endothelial growth factor (VEGF) treatment
in ovarian cancer and the evidence that TAM are an important
source of VEGF, targeting TAMs could also be interesting
therapeutic option in this context (13–15). In addition, Cui et al.
demonstrated that a high number of CD33+ cells in the tumor
microenvironment was prognostic for shorter PFS (p = 0.006)
and OS (p = 0.02) (16). The role of other innate immune cells,
such as natural killer (NK) cells, dendritic cells, etc., remains
unclear in ovarian cancer.

In this study, we discovered that depleting immune effector
cells of the adaptive immune system (CD8+ T cells) does not
increase tumor growth or influence survival in the ID8-fLuc

model. We therefore explored the role of the innate immune
system in the inhibition of the adaptive immune response. We
observed a key role for (monocytic) myeloid derived-suppressor
cells (mMDSC) in immune surveillance in the ID8-fLuc model.

MATERIALS AND METHODS

Mice
Six- to eight-week-old mice were used. C57BL/6 and
C57BL/6/BrDCHsd-Tyrc mice were obtained from
Harlan/Envigo (Horst, Netherlands) or from an internal colony
at KU Leuven. C57BL/6J-Tyrc-2J/J, B6.129S7-Rag1tm1Mom/J,
and B6.129P2(SJL)-Myd88tm1.1Defr/J mice were obtained via
Charles River from The Jackson Laboratory (Bar Harbor, ME,
USA). For the in vivo experiment, only female mice were used.
C57BL/6/BrDCHsd-Tyrc and C57BL/6J-Tyrc-2J/J are albino
C57BL/6 mice, lacking all pigment from skin, hair and eyes.

B6.129S7-Rag1tm1Mom/J are immune deficient mice with a
C57BL/6 background, lacking for mature T or B cells (17).
B6.129P2(SJL)-Myd88tm1.1Defr/J are C57BL/6 mice that have
a defect in the Myd88 cytosolic adapter, a protein which
plays a central role in dendritic cells metabolism and in the
immunosuppressive function of MDSC by activating NADPH
oxidase and arginase-1 (18, 19).

Ovarian cancer was induced in the mice by intraperitoneal
(IP) administration of 5 × 106 ID8-fLuc cells dissolved in 100
µL cold Phosphate-Buffered Saline (PBS). The ID8-fLuc cell line
was transducted by the Laboratory of Molecular Virology and
Gene Therapy and Leuven Viral Vector Core in our institute.
All in vivo experiments were performed with 5–6 mice per
group and passages 2–4 of the ID8-fLuc cells. No systematic
mycoplasma testing was performed. Severely ill animals were
euthanized following humane endpoints as previously described
by our group (20). All animals were housed and treated according
to the Federation for Laboratory Animal Science Associations
guidelines (21). Ethical approval was obtained from the local
Ethical Committee (p075/2014 and p125/2017).

Bioluminescence Imaging (BLI)
Non-invasive bioluminescence imaging (BLI) was used to
evaluate tumor burden in albino C57BL/6/BrDCHsd-Tyrc and
C57BL/6J-Tyrc-2J/J mice. As read-out, we used the maximum
luminescence after administration of D-Luciferin (Promega,
Madison, WI, USA) as a measure of viable tumor load. Image
analysis was performed on the IVIS Spectrum Preclinical in
vivo Imaging System (PerkinElmer, Waltham, MA, USA) at the
Molecular Small Animal Imaging Centre (moSAIC) at the KU
Leuven (22). The first scan was performed 1 week after tumor
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challenge in order to obtain a baseline of tumor engraftment.
Subsequent measurements were performed once a week until 6
weeks after inoculation. In the CD8T cell depletion experiment
mice were scanned only scanned twice (week 1 and week 6 after
tumor inoculation).

In vivo Depletion Experiments
Clodronate Liposomes (CL) were purchased from Liposoma
(Amsterdam, The Netherlands). We started treating the mice 1
week after tumor challenge with CL IP twice a week at a dosage
of 0.05 mg/g bodyweight. As a control, PBS liposomes were used
in preliminary experiments.

Depletion of CD8+ T cells was achieved using anti-CD8a
(clone 53-6.72) purchased from BioXCell (West Lebanon, NH,
USA). Three weeks after tumor inoculation, we administered a
loading dose of 0.5mg per mouse IP on 3 consecutive days after
which we performed weekly maintenance IP injections of 1mg in
accordance to manufacturers’ protocol.

For the depletion of NKp46+ NK cells we used TMβ1 (anti-
CD122 monoclonal antibody), which was a kind gift of Ben
Sprangers and Mark Waer (Lab of experimental transplantation,
KU Leuven, Belgium). TMβ1 was produced in house by using
the hybridoma technique. TMβ1 was administered IP at a dosage
of 1mg per mouse starting 1 day before tumor inoculation and
continued at the same dosage twice a week.

Depletion ofMDSCwas achieved using anti-GR1 (Clone:RB6-
8C5) purchased from BioXCell (West Lebanon, NH, USA). The
monoclonal antibody was administered IP, at a dose of 10 mg/kg
body weight, 3 times per week starting 1 week after inoculation.

A monoclonal antibody targeting colony stimulating factor
1 (CSF-1) (Clone:5A1) was used for the selective depletion
of macrophages. Both the depleting antibody and the control
antibody were bought from BioXCell (West Lebanon, NH, USA)
and were administered IP. After a loading dose of 1mg permouse
at day 21 after tumor challenge, a maintenance dose of 0.5mg
of anti-CSF1 or control antibody was administered once every 6
days IP.

Immunohistochemistry (IHC)
Tumor tissue from metastatic disease was stained for the
presence of Ly6C. In brief, paraffin-embedded tissue slices were
deparaffinized and rehydrated using graded ethanol. Endogenous
peroxidase activity was blocked by 0.5% H2O2 in methanol.
After washing, heat-mediated antigen retrieval was carried out
at 37◦C in hydrogen chloride buffer containing pepsine 0.04%
during 10min. After cooling down and washing, non-specific
binding was blocked and sections were incubated overnight at
4◦C with rat anti-mouse Ly6C primary antibody (1:200 dilution;
Thermo Fisher, Merelbeke, Belgium). After washing, sections
were incubated during 30min with goat anti-rat biotinylated
secondary antibody (dilution 1:100; Abcam, Cambridge, UK),
followed by another 30min with streptavidin/peroxidase
(dilution 1:1,000; DAKO/Agilent, Haasrode, Belgium). Staining

was performed using 3,3
′

-diaminobenzidine (DAB) during
10min. Sections were counterstained with Mayer’s Hematoxylin
solution, dehydrated with ethanol and mounted in DePex
medium. Images were acquired on Zeiss Axio Scan.Z1 using

a x20 objective and ZEN2 software (Zeiss). Four random
fields at 20x magnification were chosen and used to manually
count positive cells. The mean of the four values was used for
downstream analyses. IHC was scored by AVK using Image J
software [National Institutes of Health and the Laboratory for
Optical and Computational Instrumentation (LOCI, University
of Wisconsin)].

Immunofluorescence Staining
Mice were sacrificed 33 days after tumor inoculation and
peritoneal biopsies were taken. Tumor biopsies were prepared as
200 µm-thick vibratome sections, blocked and permeabilized in
TNBT buffer [0.1M Tris pH 7.4; NaCl 150mM 0.5% blocking
reagent from Perkin Elmer (Waltham, Massachusetts, USA),
0.5% Triton X-100] for 4 h at room temperature. Tissues
were incubated overnight at 4◦C with the following primary
antibodies diluted in TNBT buffer: anti-glucose transporter-
1 (Glut1) (Millipore, Burlington, Massachusetts, USA; 1:200
dilution), anti-Glut1 (Abcam, Cambridge, UK; 1:200 dilution),
anti-major histocompatibility complex II (MHC-II) (Thermo
Scientific, Waltham, Massachusetts, USA; 1:100 dilution) or
anti-mannose receptor C type 1 (MRC1) (R&D Systems,
Minneapolis, Minnesota, USA; 2 ug/ml). Next, slides were
washed in TNBT buffer and incubated overnight at 4◦C with
the appropriate secondary antibody coupled with Alexa 488/555
(Life Technologies, Carlsbad, California, USA; 1:200 dilution)
diluted in TNB Triton buffer. Tissues were washed and mounted
on slides in fluorescent mounting medium (Dako/Agilent, Santa
Clara, California, USA). Images were acquired using a Leica
TCS SP8 confocal microscope. Semi-automated quantification
analyses were performed using Fiji software (23).

Immune Monitoring
The immune status of mice was evaluated at predefined time
points, as described in the specific experimental set-ups. Mice
were anesthetized with 80 µL ketamine [100 mg/mL; Nimatek
(Eurovet, Bladel, Nederland)] and blood was collected from the
retro-orbital plexus using glass capillaries. Blood was centrifuged
at 8,000 rcf for 10min. Serum was collected and stored at
−80◦C for further analysis. Next, the animals were euthanized by
cervical dislocation. Peritoneal washing with 10mL of PBS was
performed to collect the circulating immune cells in ascites and
from the peritoneal lining. Peritoneal washings were centrifuged
for 5min at 500 rcf and resuspended. Supernatant was collected
and stored at −80◦C for cytokine analysis. Using a Lymphoprep
(Stemcell technologies, Vancouver, Canda) gradient, immune
cells were isolated from the cell suspension and analyzed with
flow cytometry (FACS).

Using flow cytometry, dead cells were excluded via eFluor780
fixable viability dye staining (Affymetrix Inc. San Diego,
CA, USA). Immune cells were stained for myeloid cells, T
cells and B cells using antibody panels, which are available
as Supplementary Material (Supplementary Tables 1–3,
respectively). For the myeloid panel, the cells were permeabilized
using Leucoperm (Bio-Rad Laboratories Inc., Kidlington, UK) in
accordance to manufacturers’ protocol and stained for CD206.
Permeabilization in the T cell panel was achieved using the
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eBioscience Foxp3/Transcription Factor Staining Buffer Set
(ThermoFisher scientific, Waltham, Massachusetts, USA) and
cells were then stained for FoxP3. Samples were acquired on the
BD LSRFortessa (BD Biosciences, San Jose, CA, USA) and the
analysis was performed using FlowJo Analysis software (Flow Jo,
LLC, Ashland, Oregon, USA).

Cytokines in serum and ascites were determined using
cytometric bead assay technique (BD Biosciences, San Jose, CA,
USA). Both serum and peritoneal washings/ascites were used
undiluted. The analysis was performed in accordance to the
manufacturers’ protocol using flex sets for IL-1 β, GM-CSF, IL-
6, IL-10, MIP-1α, MIP-1β, TNFα, and IFNγ. Samples acquisition
was performed on the BD LSRFortessa (BD Biosciences, San Jose,
CA, USA) and the analysis was performed using FCAP Array
Software v3.0 (BD Biosciences, San Jose, CA, USA).

In vitro Experiments
MDSC were derived from bone marrow progenitor cells and
splenocytes of C57BL/6 mice. Bone marrow progenitors, cells
were isolated from bone marrow by flushing the long bones with
PBS. For splenocytes, a single cell suspension was generated by
passaging spleens through a 70µm nylon strainer. From both
splenocytes and bone marrow cells, dead cells were removed by
the dead cell removal kit (130-090-101, Miltenyi Biotec, Bergisch
Gladbach, Germany) in accordance to manufacturers’ protocol.
Next, MDSC were selected with the MDSC cell isolation kit

(Miltenyi Biotec, Bergisch Gladbach, Germany), which provides
two fractions based on relative GR1 expression: the MDSC-DIM
corresponding to mMDSC and the MDSC-HIGH corresponding

to gMDSC. For the T cell fraction, CD8+ T cells were selected
from a single cell suspension of splenocytes using the CD8+ T
cell isolation kit (Miltenyi Biotec, Bergisch Gladbach, Germany).
T cells were activated by CD3/CD28 coated beads and cultured
in medium supplemented with recombinant interleukin-2 (IL-2).
Purity of all isolated cell types was verified by FACS.

In the first in vitro experiment naïve MDSC were exposed
to ID8-fLuc conditioned medium. For this purpose, ID8-fLuc
cells were grown in 96-well plates with trans well inserts (CoStar,
Washington, D.C., USA), while MDSC were cultured in the
inserts. Next the activated MDSC were co-cultured with CD8+

T cells. We evaluated the proliferation of T cells by quantification
of the CFSE (Affymetrix Inc. San Diego, CA, USA) dilution.

In the second experiment MDSC were cultured in the
presence of supernatant derived from ascites of tumor bearing
mice to investigate the role of soluble factors in ascites.
Subsequently, the stimulated MDSC were co-cultured with
activated T cells and stained for FACS using the staining panel
in Supplementary Table 4. Dead cells were excluded from the
analysis by use of the eFluor780 fixable viability dye (Affymetrix
Inc. San Diego, CA, USA). Cells were acquired on the BD
Canto-II (BD Biosciences, San Jose, CA, USA). Analysis was
performed using FlowJo Analysis software (Flow Jo, LLC,
Ashland, Oregon, USA).

Statistical Analysis
Prism 6 (GraphPad Software, Inc., San Diego, CA, USA) was
used for statistical analysis and graphics. To evaluate statistical
significance, α was set at 0.05. D’Agostino & Pearson omnibus

FIGURE 1 | Lack of cancer immune surveillance by the adaptive immune system in the ID8-fLuc model. (A) Evaluation of tumor growth using BLI, Log10
transformation of maximal flux in photons per second (p/s) are shown as mean with standard deviation. We observed no significant (ns) difference in tumor growth in

the mice lacking mature T cells and B cells (B6.129S7-Rag1tm1Mom/J) compared to the immunocompetent C57BL/6 mice. (n = 5 mice per group). (B) Kaplan-Meier

curve showing the survival of B6.129S7-Rag1tm1Mom/J mice compared to immunocompetent C57BL/6 mice. Median survival is 80 days for

B6.129S7-Rag1tm1Mom/J and 83 days for C57BL/6 (n = 5 mice per group). (C) Follow-up of tumor growth using BLI in wild type mice that received CD8 depletion

(C57BL/6 + anti-CD8a mAb) compared to untreated mice (C57BL/6). Imaging was performed 1 and 6 weeks after tumor inoculation. No significant differences

between the groups were observed. (n = 6 mice per group). (D) Representative picture of BLI imaging taken with the IVIS Spectrum Preclinical in vivo Imaging System.
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normality test was used to evaluate normality. performed. For
continuous variables, data are presented as mean ± SD or
medians (interquartile ranges) as appropriate. Between-group
comparisons used the Mann–WhitneyU-test or t-test depending
on the sample size for continuous variables. In cases more than
two groups are compared one-way ANOVA test was performed,
followed by Turkey’s multiple comparison test if p < 0.05. Log-
rank testing was performed to compare survival curves.

RESULTS

Adaptive Immune Tolerance
We compared tumor growth of ID8-fLuc cells in B6.129S7-
Rag1tm1Mom/J mice to tumor growth in C57BL/6 mice using BLI.
As shown in Figure 1A, there was no significant difference in
tumor burden between immunocompetent mice (C57BL/6) and
mice lacking mature T and B cells (B6.129S7-Rag1tm1Mom/J).
The B6.129S7-Rag1tm1Mom/J mice developed ascites at
approximately the same moment as the C57BL/6 mice. There
was no significant difference in survival between the two
groups (Figure 1B). To investigate the specific role of CD8+

T cells in immune surveillance in the ID8-fLuc ovarian cancer
model, we performed a depletion experiment by which we
inoculated C57BL/6 mice with ID8-fLuc and started treating the
mice with anti-CD8 20 days after tumor inoculation (onset of
exponential tumor growth phase, as demonstrated earlier) (20)
In this experiment, we did not observe a difference in tumor
burden 6 weeks after inoculation between anti-CD8 treated
and control mice, which corresponds to the results obtained
with B6.129S7-Rag1tm1Mom/J mice (Figures 1C,D). Based on
these findings, we can conclude that in the ID8-fLuc model the
adaptive immune system has developed a tolerance against the
tumor since knock-out or depletion of the adaptive immune
system does not significantly influence tumor growth or survival.
We therefore hypothesize that the innate immune system could
play a role in rendering the effector cells of the adaptive immune
system unfit for cancer immune surveillance in our model.

Influence of Macrophages on Tumor
Growth and Survival the ID8-fLuc Model
In order to target innate immunosuppression, we treated
the immunocompetent C57BL/6 model and in the B6.129S7-
Rag1tm1Mom/J mice with CL (24). Compared to controls, the
administration of CL led to a non-significant increase in tumor
growth independent from the presence of T cells and B cells
(Figure 2A), and to a significantly shorter survival of the mice
(for C57BL/6 mice, p = 0.004; for B6.129S7-Rag1tm1Mom/J mice,
p = 0.0005; Figure 2B). Administration of CL also reduced the
incidence of ascites, both in B6.129S7-Rag1tm1Mom/J and in the
C57BL/6 mice (16 and 33% of the B6.129S7-Rag1tm1Mom/J and
C57BL/6 mice treated with CL developed ascites, respectively; in
comparison to 90% of the untreated B6.129S7-Rag1tm1Mom/J and
C57BL/6 mice) (20).

Next, we studied the immunological changes during CL
treatment to investigate the underlying mechanisms in detail.
Using flow cytometry, we analyzed the immune cells present
in peritoneal washings of C57BL/6 mice treated with CL and

FIGURE 2 | Influence of the innate immune system on tumor growth. (A)

Evaluation of tumor growth using BLI, Log10 transformation of maximal flux in

photons per second (p/s) are shown as mean with standard deviation. Tumor

growth was increased in both in C57BL/6 mice and B6.129S7-Rag1tm1Mom/J

mice when treated with clodronate liposomes (CL) (n = 6 mice per group). (B)

Kaplan-Meier curve showing the survival of B6.129S7-Rag1tm1Mom/J mice

and C57BL/6 mice treated with CL. In both groups treatment with CL led to a

significant reduction in survival of the mice (p = 0.0005 and p = 0.004,

respectively) (n = 6 mice per group).

compared with PBS-treated controls at two predefined time
points (T1 and T2, respectively, 23 and 30 days after tumor
inoculation). Macrophages were reduced to <1% of CD11b+

cells after the administration of CL, demonstrating they high
efficacy of CL in depleting TAMs in the ID8-fLuc ovarian cancer
model (Figure 3A). In accordance to literature, we observed
no significant changes in CD4+ T cells, regulatory T cells
(Treg) or conventional dendritic cells (cDC) following CL
administration (Figures 3B–D) (25). At the first time point,
we observed a higher amount of CD8+ T cells and NK
cells in CL-treated mice; however, this effect was lost at the
second time point (Figures 3E,F). The number of CD11b+

cells was significantly reduced upon treatment with CL at the
first time point (Figure 3G). CL led not only to a significant
decrease of TAM, but also a reduction in granulocytic MDSC
(gMDSC), plasmacytoid DC (pDC), and B cells (Figures 3H–J).
Monocytic MDSCs (mMDSC) were the only cell population,
which were significantly increased at both time points upon
CL treatment (Figure 3K). Additionally, we observed a clear
significant increase in pro-inflammatory cytokines in ascites,
such as interleukin-1β (IL-1β), IL-6 and tumor necrosis factor-
α (TNFα), and interferon-γ (IFN- γ) (Figures 4A–D). This effect
was not limited to ascites; we observed similar findings in serum
of mice treated with CL (Figure 4E). As an additional readout,
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FIGURE 3 | Effect of Clodronate liposomes (CL) on immune cells in the peritoneal cavity of tumor-bearing mice measured by FACS. Changes in immune cells in

peritoneal washings during treatment with CL. Immunocompetent animals (C57BL/6) treated with CL (WT + CL) are compared to untreated wild type animals (WT) at

two time points (T1 = 23 days after inoculation-T2 = 30 days after inoculation). (n = 5 mice per group). (A) Treatment with CL led to a relevant depletion of

macrophages after treatment with CL to <1% of CD11b+ cells (p < 0.0001 for both time points). (B–D) No significant changes in CD4+ T cells, regulatory T cells

(Treg) or conventional dendritic cells (cDC) were observed. (E–G) For CD8+ T cells, natural killer (NK) cells and CD11b+ myeloid cells significant differences [increase

of CD8+ T cells and NK cells upon treatment with CL (p < 0.01 in both cases) and a reduction in CD11b+ cells in CL treated mice (p < 0.01)], were observed on the

first time point only. (H–J) On both time points we observed a significant decrease in granulocytic myeloid-derived suppressor cells (gMDSC) (T1 p < 0.01-T2

p = 0.02), plasmacytoid dendritic cells (pDC) (T1 p = 0.01-T2 p < 0.01) and B cells (T1 p < 0.001-T2 p < 0.01). (K) Monocytic myeloid derived suppressor cells

(mMDSC) increased after treatment with CL (p = 0.01 for both time points).

we performed IHC staining for Ly6C peritoneal biopsies of

mice treated with CL or PBS. At the second time point, we

observed an increase of Ly6C+ cells (p = 0.05), demonstrating

the increased presence of intra-tumoral Ly6C+ MDSC upon CL
treatment (Figures 4F–H).

Selective Depletion of Innate Immune Cells
Using Monoclonal Antibodies
Based on these findings, we performed a selective depletion
of TAM, MDSC and NK cells using depleting monoclonal
antibodies (mAb). In none of these experiments, we were able
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FIGURE 4 | Effect of Clodronate liposomes (CL) on cytokines and tumor-infiltrating MDSC in tumor-bearing mice. Measurement of cytokines in peritoneal washings

and serum of C57BL/6 mice treated with CL (WT + CL) are compared to untreated mice. (A–D) Changes in cytokines in peritoneal washings due to CL treatment: We

observed a significant increase in pro-inflammatory cytokines such as IL-1β (Interleukin), IL-6, tumor necrosis factor-α (TNF-α), and interferon-γ (IFNγ). (E) Changes in

cytokines in serum due to CL treatment at the second time point (day 30 after inoculation). We observed a significant increase in cytokines such as GM-CSF

(p = 0.0004), IL-6 (p = 0.004), IL-10 (p = 0.006), Microphage inflammatory protein 1 (MIP1) α (p = 0.003), MIP1β (p = 0.009), and IFNγ (p = 0.008). (F) Using

immunohistochemistry, we evaluated the percentage of Ly6C positivity during treatment with CL. Immunocompetent animals (C57BL/6) treated with CL (WT+CL) are

compared to untreated wild type animals (WT). At the second time point, 30 days after inoculation we observed a significant higher number of Ly6C+ MDSC cells in

the tumor upon treatment with clodronate liposomes (p = 0.05). (n = 5 mice per group). (G,H) Representative Ly6C staining of Immunocompetent animals (C57BL/6)

treated with CL (WT+CL) (G) and untreated wild type animals (WT) (H) at the second time point. Magnification 10x.

to detect significant differences in tumor growth using BLI
(Figure 5A). Depletion of MDSC using anti-GR1 led to an
increase in median survival from 81.5 to 91 days compared to
untreated mice. The mice, which received anti-GR1, showed
a significant survival advantage compared to the anti-CSF1
treated mice (p = 0.01; Figure 5B). Selective depletion of

TAM using anti-CSF1 (5A1) led, similar to treatment with
CL, to a non-significant reduction in median survival from
81.5 days (untreated mice) to 67.5 days (anti-CSF1 treated
mice). Of note, treatment with anti-CSF1 depleted ∼70% of
TAM (Figures 5C,D), which was less profound (61.5% reduction
of TAM after treatment with anti-CSF1 compared to the
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FIGURE 5 | Selective depletion of innate immune cells using monoclonal

antibodies (mAb). (A) Evaluation of tumor growth using BLI, Log10
transformation of maximal flux in photons per second (p/s) are shown as mean

with standard deviation. We observed no significant differences in tumor load

between the untreated immunocompetent mice (C57BL/6) and the

MDSC-depleted mice (C57BL/6 + anti-GR1) or the macrophage depleted

mice (C57BL/6 + anti-CSF1) (n = 6 mice per group). (B) Kaplan-Meier curve

of untreated immunocompetent mice (C57BL/6) and the MDSC-depleted mice

(C57BL/6 + anti-GR1) or the macrophage depleted mice (C57BL/6 +

anti-CSF1). We observed a significantly improved survival in the mice treated

with anti-GR1 compared to the mice treated with anti-CSF1 (p = 0.01). (n = 6

mice per group). (C) Immunofluorescent images of tumor biopsies of mice

treated with anti-CSF1 or control mAb. In all panes blood vessels were stained

for Glut1 in red. In the left pane, CD68 in green was used to stain total

(Continued)

FIGURE 5 | macrophages. In the middle pane, green MHC-II staining was

used for M1 macrophages and on the right MRC1 staining in green was used

for M2 macrophages. The images at the top represent the mice treated with

the control antibody, while the images at the bottom represent the mice

treated with anti-CSF-1 (scale bar: 50µm) (n = 6 mice per group). (D)

Quantitative evaluation of macrophages using immunofluorescent staining.

Total macrophages were reduced to less than half due to anti-CSF1 (5A1).

Both M1 and M2 macrophages were reduced in the same proportion following

pan-macrophages mAb induced depletion (n = 6 mice per group).

control antibody) compared to the depletion achieved by CL
administration (near complete depletion of TAM). In addition,
treatment with anti-CSF1 did not lead to a more favorable
macrophage polarization (cytotoxic M1 vs. tumor supportive M2
ratio remained unchanged). Depletion of NK cells using anti-
CD122 (TMβ1) did not influence tumor growth or survival of
the mice.

Ovarian Cancer (ID8-fLuc) Has a More
Indolent Nature in
B6.129P2(SJL)-Myd88tm1.1Defr/J Mice
In order to confirm our hypothesis that MDSC-mediated
immunosuppression stimulates tumor growth and reduces
survival in the ID8-fLuc model, we inoculated B6.129P2(SJL)-
Myd88tm1.1Defr/J mice and C57BL/6 mice with ID8-fLuc cells.
The goal of this experiment was to observe the in vivo effect
of reduced MDSC-mediated immunosuppression. The Myd88
knock-out mice have a mutation in the Myd88 cytosolic adapter
protein, which leads to an impaired immunosuppressive function
of MDSC (18, 19). In these B6.129P2(SJL)-Myd88tm1.1Defr/J
mice we observed a longer median survival after inoculation
with ID8-fLuc compared to the wild type mice (C57BL/6) (90
days vs. 76 days, respectively) (Figure 6A). The B6.129P2(SJL)-
Myd88tm1.1Defr/J mice also had a significant delay in the onset
of ascites compared to C57BL/6 mice (75 days vs. 63 days,
respectively,−p = 0.01) (Figure 6B). We also observed, in
addition to the known reduced function of MDSC in Myd88−/−

mice, a significantly reduced presence of mMDSC in peritoneal
lavage fluid of B6.129P2(SJL)-Myd88tm1.1Defr/J mice (Figure 6C).
Using IHC we observed a larger tumor volume in wild type mice
compared to the B6.129P2(SJL)-Myd88tm1.1Defr/J counterparts.
In addition, we also found a reduced infiltration of Ly6C+ MDSC
in the tumor of B6.129P2(SJL)-Myd88tm1.1Defr/J mice compared
to C57BL/6 mice (Figures 6D,E). Based on these findings, we can
conclude that MDSC support tumor growth and have a negative
influence on survival of tumor-bearing mice.

Monocytic MDSC increase as tumor develops in ID8-fLuc
model and suppress effector T cell functioning.

Next, we studied the natural evolution of MDSC in the ID8-
fLuc ovarian cancer model by assessing the relative numbers of
MDSC in ascites over time in tumor-bearing mice and healthy
controls. As anticipated from literature, we observed higher
numbers of mMDSC in tumor-bearing mice compared to naive
mice (26). Additionally, we observed significantly more mMDSC
in ascites of mice with end stage disease compared to early stage
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FIGURE 6 | ID8-fLuc induced ovarian cancer has a more indolent nature in Myd88 knockout mice [B6.129P2(SJL)-Myd88tm1.1Defr/J] compared to wild type

(C57BL/6). (A) The B6.129P2(SJL)-Myd88tm1.1Defr/J (Myd88−/−) mice had a median survival of 90 days compared to 76 days for C57BL/6 mice (WT). This

difference in survival was not statistically significant. (n = 5 mice per group). (B) Onset of ascites was used here as a surrogate marker for onset of disease symptoms

and here we observed a significant longer latency period. (p = 0.01) (n = 5 mice per group). (C) Using FACS we observed significantly less mMDSC in the

B6.129P2(SJL)-Myd88tm1.1Defr/J mice compared to C57BL/6 mice. (D,E) Representative Ly6C staining of C57BL/6 (D) and B6.129P2(SJL)-Myd88tm1.1Defr/J (E)

mice 8 weeks after inoculation. The C57BL/6 mice displayed macroscopically more peritoneal carcinosis compared to the B6.129P2(SJL)-Myd88tm1.1Defr/J mice. In

addition, the peritoneal biopsies showed a higher Ly6C positivity in the tumor in the C57BL/6 mice compared to the B6.129P2(SJL)-Myd88tm1.1Defr/J mice.

disease (p = 0.02) (Figure 7A). Using immunohistochemistry,
we observed an absolute reduction in TAM (p = 0.004) and an
increase in absolute number of Ly6C+ MDSC (p = 0.04) in the
tumor over time (Figures 7B–G). To study the immunological
role of mMDSC in ovarian cancer further, we performed in
vitro experiments. In these experiments, we evaluated the T
cell suppressive capacities of MDSC after stimulation by soluble
factors derived from ID8-fLuc cell culture or ascites. Activation
of mMDSC by conditioned medium of ID8-fLuc cell culture
reduced T cell proliferation (p = 0.05), as measured by CFSE
(Figure 8A). Both mMDSC and gMDSC reduced the number of
T cells in co-culture when activated by filtered ascites of tumor
bearing mice (Figure 8B). Next, we explored the suppressive
effect of MDSC on the different T cell subsets using FACS. Co-
culture of T cells with mMDSC and gMDSC, led to a reduction
in the percentage of CD8+ T cells in the T cell population, even
without activation of the MDSC (Figures 8C,D). In addition,
the number of regulatory T cells (Treg) increased during co-
culture with activated gMDSC (Figure 8E). Co-culture of T cells
with MDSC also led to a strong reduction in de CD8+/CD4+

T cell ratio, irrespective of the activation status of the MDSC
(Figure 8F). Based on these in vitro experiments we can conclude
that MDSCs activated by soluble factors present in ascites of ID8-
fluc tumor bearing mice induced an unfavorable immune profile
with increased regulatory T cells and decreased effector T cells.

DISCUSSION

In this paper we studied the interaction between ovarian cancer
and the immune system in the ID8-fLuc ovarian cancer mouse

model. In short, we demonstrated that tumor growth and
survival of tumor bearing mice is not controlled by the adaptive
immune system in the ID8-fLuc model. Tumor growth in
B6.129S7-Rag1tm1Mom/J mice, which lack T cells and B cells, was
similar to tumor growth in immunocompetent C57BL/6 mice.
Survival did not significantly differ between both mice strains.
Additionally, depletion of CD8+ T cells did not significantly
influence tumor growth in the ID8-fLuc model. There are two
main possible explanations for these findings. The first being lack
of immunogenicity of themodel itself. This is unlikely as multiple
studies have shown the antigenicity and immunogenicity of the
ID8 model (27–29). Therefore, we hypothesized that the adaptive
immune system in the ID8-fLuc model could be rendered
anergic. As the behavior of the tumor was very similar in both the
specific CD8+ T cell depletion and the B6.129S7-Rag1tm1Mom/J
mice, we hypothesized that the innate immune system might
play a role in the immunosuppression exerted on the adaptive
immune system.

In order to study the role of the innate immune system,
macrophages more specifically, we explored the effect of CL
in the ID8-fLuc model. Treatment with CL led to a shorter
survival both in C57BL/6 mice as in B6.129S7-Rag1tm1Mom/J
mice. As CL is considered a dirty drug, which effects are
not limited to macrophages only, we investigated the effect of
CL treatment on the immune system in the ID8-fLuc model.
CL effectively depleted macrophages in the peritoneal cavity
of tumor bearing mice. In addition to his, we observed a
significant increase in mMDSC and proinflammatory cytokines,
which might explain the poor survival of mice treated with
CL. We hypothesize that the strong reduction in TAM (to
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FIGURE 7 | MDSC increase as tumor develops in ID8-fLuc model. (A) Using fluorescent activated cell sorting (FACS) we measured the relative number of mMDSC at

different time points during tumor development. We observed a significant higher number of monocytic MDSC mice with end stage disease (10 weeks after tumor

challenge) compared to mice with early stage disease (1 week after tumor challenge) (p = 0.02) (n = 3–6 mice per group). (B,C) Based on immunohistochemistry for

F4-80 and Ly6C we evaluated the presence of, respectively, macrophages and MDSC in the tumor over time. (B) We observed a significant decrease in the number of

total tumor-associated macrophages over time (p = 0.004). (C) Parallel to the results using FACS, we observed a significant higher number of Ly6C+MDSC 8 weeks

after tumor challenge, compared to 4 weeks after tumor challenge (p = 0.04). (D,E) Representative images of the F4-80 staining 28 days (D) and 56 days (E) after

inoculation. Magnification x10. (F,G) Representative images of the Ly6C staining 28 days (F) and 56 days (G) after inoculation. Magnification x10.

<1% of CD11b+ cells) disrupts the homeostasis of the
tumor microenvironment in the ID8-fLuc model. The observed
cytokine reaction could explain the increase in mMDSC, since
IL-6 is a known inducer of mMDSC expansion in humans
and IL-1b correlates with mMDSC in blood of ovarian cancer
patients (30, 31). We also observed a significant increase in
Microphage inflammatory protein 1 (MIP1) α and MIP1β,
which might have contributed to the recruitment of highly
immunosuppressive CCR5+mMDSC (32). The activation of
MDSC can lead to an increase in IL-6, IL-10, IL-1β, and IFNγ,
creating a feedback loop (32). Based on the assumption that
the rise in MDSC caused by the depletion of macrophages by

CL was responsible for the detrimental effect on survival of
the mice, we performed a more selective depletion experiment.
We compared survival and tumor growth of mice treated with
anti-CSF1 (selectively TAM depletion), anti-GR-1 (depletion of
MDSC), and untreated tumor bearing mice. Selective reduction
of GR-1+ MDSCs led to a small survival benefit, as was
demonstrated previously by others (33). Survival of mice
treated with anti-GR-1 was significantly longer than survival
of anti-CSF1 treated mice. Depletion of macrophages by anti-
CSF1 was less efficient compared to depletion achieved by
CL, which might explain why the effect of anti-CSF1 on
survival and tumor growth is less pronounced compared
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FIGURE 8 | MDSC activated in vitro can suppress T cell proliferation and skew the T cell compartment toward a reduction in cytotoxic T cells. (A) mMDSC activated

by conditioned medium of ID8-fLuc cell culture reduced T cell proliferation significantly (p = 0.05) as shown by carboxyfluoresceinsuccinimidyl ester (CFSE). (B)

Acitvation of mMDSC and gMDSC by filtered ascites led to a strong reduction in the number of live T cells in co-culture. (C) FACS analysis of T cells co-cultured in

vitro with MDSC. Co-culture of mMDSC and gMDSC led to a significant reduction of CD8 positivity. (D) MDSC activated by soluble factors in ascites induce a

significant reduced T cell proliferation as shown by CSFE dilution. T cells in the presence of non-activated MDSC (blue) are capable of multiple divisions; in contrast T

cells co-cultured with activated MDSC display a reduced proliferation (green). (E) Activation of gMDSC by filtered ascites led to an increase in regulatory T cells (Treg)

(p = 0.01). (F) Co-culture of both mMDSC and gMDSC skewed the T cell phenotype toward CD4, which led to a reduction in the CD8+/CD4+ T cells ratio even

before activation of MDSC (p = 0.0001).

to the CL. To support our hypothesis that MDSC have a
negative impact of survival on tumor bearing mice in the
ID8-fLuc model, we induced ovarian cancer in B6.129P2(SJL)-
Myd88tm1.1Defr/J mice. These mice carry a deletion of exon
3 of the myeloid differentiation primary response gene 88
locus, which leads to a reduced (immunosuppressive) function
of MDSC. Median survival was longer in the B6.129P2(SJL)-
Myd88tm1.1Defr/J mice compared to wild type C57BL/6 mice. In
addition, onset of disease symptoms (ascites) was significantly
delayed in the B6.129P2(SJL)-Myd88tm1.1Defr/J mice, supporting
our hypothesis.

Next, we investigated the immunosuppressive effects of
MDSC on T cells in the context of the ID8-fLuc model in
vitro. In these experiments, we demonstrated that mMDSC
and gMDSC activated by conditioned medium of ID8-
fLuc cell culture or filtered ascites, led to a reduction in

T cell proliferation and reduced the relative number of
effector T cells in co-culture. These findings are supported
by Horikawa et al. who demonstrated that MDSC suppress
the CD8T cells in the tumor microenvironment (34),
suggesting that MDSC-induced immunosuppression might
be one of the drivers of adaptive immunetolerance in
ovarian cancer.

It should be noted, however that in an attempt to study
the interaction between ovarian cancer and the immune
system in a comprehensive way, we decided to use relatively
nonspecific tools such as clodronate liposomes and B6.129S7-
Rag1tm1Mom/J mice. As immunocompetent models for ovarian
cancer are scarce, we limited ourselves to the ID8-fLuc
model, this is of course also a possible bias. However,
we used different methods, which all pointed toward an
important role for (monocytic) MDSC in tumor-associated
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immunosuppression. In addition, the importance of the
innate immune system, MDSC in particular, as a source
of immunosuppression is being increasingly recognized
in ovarian cancer. Cui et al. were the first to demonstrate
a prognostic role for intra-tumoral MDSC in ovarian
cancer (16, 34).

In addition, our study underscores the plasticity of the
innate immune system and the balanced relationship between
the different innate immune cells. A large part of the tumor
stroma consists of TAM; therefore, it is not surprising that rash
depletion of TAM, leads to a cytokine reaction, which attracts
other innate cells to fill this niche. It is also important to
note that macrophages and mMDSC originate from the same
immature myeloid cells in bone marrow and that mMDSC
can differentiate into macrophages (35). Therefore, it is not
surprising that such interaction between the innate immune
cells exist. Upon treatment with CL mMDSC were attracted
to the tumor microenvironment, which led to worse survival
of the mice, probably due to a detrimental effect on tumor
immune control.

Until recently, tumor immunology research in ovarian cancer
has focused mainly on the influence of the adaptive immune
system on antitumor immunity (36). Only a limited number
of studies have investigated the role of the innate immune
system in ovarian cancer. We are the first to demonstrate
that the presence of T cells was irrelevant for tumor growth
and survival in the ID8-fLuc model. These results suggest that
immunosuppression dominates the adaptive immune response
in the ID8-fLuc model. In addition, we showed that MDSC
are an important source of immunosuppression in ovarian
cancer. This is an important finding as clinical immune oncology
trials in ovarian cancer are currently focusing on the adaptive
immune system. In ovarian cancer, the success has currently been
limited to a small number of patients. Targeting MDSC might
be a possible strategy to increase the number of patients who
respond to immunotherapy. Preclinical studies have detected
several possible strategies to deplete or inhibit MDSC, e.g.,
gemcitabine, 5-FU, ATRA, sunitinib, aspirin etc. (37). However,
we believe that further preclinical and translational research
is needed to design rational immunotherapeutic approaches in
ovarian cancer.

CONTRIBUTION TO THE FIELD
STATEMENT

Ovarian cancer is the second most lethal type of gynecological
cancer in women with an incidence rate of 12.5 per 100,000
women. Standard therapy consists of extensive surgery in
combination with chemotherapy. As tumor-infiltrating
lymphocytes have a positive prognostic impact in ovarian
cancer, immune checkpoint inhibitors have been put forward
as a new treatment modality. However, response was only
10% in monotherapy. According to our findings, this might
be explained by underlying immune biology in ovarian

cancer. In this paper, we demonstrate that the adaptive
immune system is unable to control tumor growth in an
ovarian cancer mouse model. We hypothesized that the
innate immune system suppresses the adaptive immune
response. We show that myeloid-derived suppressor cells
(MDSC), increase during the disease course and that MDSC
are able to suppress the T cells of the adaptive immune
system. In addition, we show that suppression of MDSC
function positively influences survival of mice with ovarian
cancer. Therefore, we argue that MDSC play an important
immunosuppressive role in ovarian cancer and that future
studies on immunotherapy should consider combining agents
that optimize the T cells response to strategies targeting
innate immunosuppression.
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Myeloid derived suppressor cells (MDSC) are a heterogeneous population of immature

myeloid cells that accumulate in circulation of cancer patients and at tumor sites

where they suppress anti-tumor immunity. We previously reported that in a colon

cancer prevention trial of a MUC1 vaccine tested in individuals at increased risk for

colon cancer, those who did not mount immune response to the vaccine had higher

pre-vaccination levels of circulating MDSC compared to those who did. We also

reported that individuals with pancreatic premalignancy, Intraductal Papillary Mucinous

Neoplasm (IPMN), had increased circulating levels of MDSC that inversely correlated

with spontaneous antibody responses against the pancreatic tumor associated antigen

MUC1, abnormally expressed on IPMN. Accumulation of MDSC in cancer and their

immunosuppressive role had been well established but their presence in premalignancy

was unexpected. In this study we compared MDSC in premalignancy with those in

cancer with the hypothesis that there might be differences in the composition of various

MDSC subpopulations and their immunosuppressive functions due to different lengths

of exposure to disease and/or different tissue microenvironments. In cohorts of patients

with premalignant polyps, colon cancer, premalignant IPMN, and pancreatic cancer,

we confirmed higher levels of MDSC in premalignancy compared to healthy controls,

higher levels of MDSC in cancer compared to premalignancy, but no difference in their

subpopulation composition or immunosuppressive capacity. We show that levels of

MDSC in premalignancy correlate negatively in vivo with spontaneous MUC1-specific

antibody responses and in vitro with polyclonal T cell proliferation and IFN-γ secretion.

Keywords: colonic adenomas, intraductal papillary mucinous neoplasm (IPMN), tumor antigen mucin 1,

immunosurveillance, myeloid derived suppressor cells (MDSC)
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INTRODUCTION

Myeloid derived suppressor cells (MDSC) are a
heterogeneous population of immature myeloid cells that
accumulate in cancer, auto-immunity, and some chronic
inflammatory conditions (1, 2). They suppress the function
of multiple immune effector cells and in particular T cells
through multiple mechanisms. MDSC can be divided into
two major subtypes based on their cell surface phenotype and
morphology: polymorphonuclear MDSC (PMN-MDSC) and
monocytic MDSC (M-MDSC). Additional subtypes have been
proposed, such as the early-stage MDSC (E-MDSC) that lack
both macrophage and granulocyte markers and are present
in some disease settings (3). MDSC have been extensively
studied as components of the tumor microenvironment. A clear
positive association has been reported between peripheral blood
MDSC levels and cancer stage in multiple tumor types including
malignant myeloma, colon cancer and pancreatic cancer (4–6).
PMN-MDSC are the major immunosuppressive population of
MDSC found in cancer patients’ blood and at the tumor site
(7). M-MDSC, although fewer in number, can have higher T
cell suppressive capacity on a per cell basis and are involved in
promoting tumor metastasis and serving as biomarkers of tumor
prognosis (8, 9).

MDSC expansion and maturation is driven by a complicated
signal network in which Prostaglandin E2 (PGE2) plays a critical
role. The presence of PGE2 in the environment is essential
and sufficient to redirect development of dendritic cells (DC)
into fully suppressive MDSCs in a concentration dependent
manner (10). Multiple signals that control MDSC expansion
also induce PGE2 production creating a positive feedback loop
between Cyclooxygenase2 (COX2) and PGE2 in MDSC, leading
to increased production of immunosuppressive factors such as
Indoleamine 2,3-dioxygenase (IDO), IL-10, IL-4R, Arg-1, and
PGE2 itself, all closely related to MDSC suppressive functions
(11–15). Furthermore, production of PGE2 by MDSC stimulates
the expression of C-X-C chemokine receptor type 4 (CXCR4)
and Stromal cell-derived factor 1 (CXCL12) responsiveness,
facilitating themigration ofMDSC into sites of inflammation and
tumor (16).

Although MDSC and their role in the tumor

microenvironment have been extensively studied there is
still little information on MDSC in early cancer or pre-cancer.

With the advent of sophisticated diagnostic methods and
increased emphasis on early cancer detection, premalignant

lesions are routinely identified, providing research material for

study and a new opportunity to better understand the role of
MDSC throughout cancer development.

Colon cancer develops along the path of progression from
non-advanced adenomas to advanced adenomas to colon
cancer (17), accumulating oncogenic mutations along the way
(18). In clinical practice, most adenomas are diagnosed by
colonoscopy and removed, followed by long term surveillance for
adenoma recurrence (19). Both adenomas and colon cancer are
characterized by overexpression of the hyperglycosylated tumor
forms of the tumor associated antigen MUC1 (20). Similarly,
over 15% of pancreatic cancers develop from premalignant

cysts in the pancreas known as intraductal papillary mucinous
neoplasm (IPMN) that are lined bymultiple layers of proliferative
ductal epithelial cells overexpressing tumor forms of MUC1.
In a previously reported prophylactic vaccine clinical trial
(21), we administered the MUC1 vaccine to patients with a
history of advanced colonic adenomas who are at increased
long-term risk for colon cancer (22). The vaccine elicited
strong anti-MUC1 IgG responses in 17 of 39 participants.
Compared to those vaccine responders and healthy age-
matched controls, significantly higher levels of MDSC were
found in the PBMC of non-responders prior to vaccination.
This was the first observation of an accumulation of MDSC
in premalignancy and their apparent negative effect on the
immune response. We made the same observation in patients
with IPMN (23), showing that in this premalignant disease
MDSC can accumulate in the peripheral blood like they do in
colon pre-cancer.

We questioned whether MDSC in patients with
premalignancy would be the same in the composition
of phenotypically defined subpopulations and in their
immunosuppressive capacity as MDSCs in cancer patients.
We prospectively collected PBMC from two cohorts of patients:
Colon Cohort, those diagnosed with premalignant or malignant
disease of the colon (colon adenoma vs. colon cancer), and
Pancreas Cohort, those diagnosed with premalignant IPMN
or pancreatic cancer. In both cohorts, PBMC from patients
who were screened and diagnosed as healthy (no adenoma,
IPMN, or cancer) served as controls. We examined levels of
total MDSC and then separately three MDSC subpopulations,
monocytic (M-MDSC), granulocytic (PMN-MDSC) and early
(E-MDSC) (4). In both cohorts we saw an increase in the percent
of total MDSC and the various subpopulations in premalignancy
and in cancer compared to healthy controls, with the levels
in cancer being generally higher than in premalignancy.
There was no difference in the MDSC subpopulation
composition. Like in cancer, MDSC isolated from premalignancy
directly suppressed in vitro T cell proliferation and IFN-γ
production. Indirect evidence of their in vivo suppressive
activity was reflected in decreased levels of spontaneous
anti-MUC1 IgG and increased levels in plasma of PGE2 and
its metabolite.

MATERIALS AND METHODS

Patients and Sample Collection
For the Colon Cohort, after informed consent (IRB#0411047),
blood samples for patients undergoing colonoscopy or colon
surgery were obtained prior to onset of the procedure, along
with an epidemiologic questionnaire, and permission to access
medical records. Specimens were processed under standard
operating procedures of the Pittsburgh Biospecimen Core. The
collection was supported by a grant from the Early Detection
Research Network (UO1CA152753).

For the Pancreas Cohort, samples were obtained as part
of the The Pancreatic Adenocarcinoma Gene Environment
Risk (PAGER) Study—a prospective cohort study of patients
at risk or having pancreatic disease (IRB# PRO07030072).
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PAGER serves as the universal study for enrolling pancreatic
cancer cases and diseased controls subjects at the University
of Pittsburgh Medical Center (UPMC) by all of the different
medical and surgical disciplines involved in the care of
benign and malignant pancreatic diseases. It allows for
the collection of biospecimens following the standard
operating procedures of the Early Detection Research Network
(EDRN) along with associated clinical data including a
patient questionnaire and access to the subject’s clinical
records. Blood samples used in this study were collected
on patients prior to any treatment including chemotherapy
or surgery.

Blood Processing, Plasma, and Live
PBMC Preservation
Whole heparinized blood was layered on lymphocyte separation
medium (MPbio) and centrifuged at 800 g for 10min with lowest
acceleration and deceleration speed, the same day it was drawn.
Plasma was collected of the top of the separation tube and
frozen in small aliquots at −20◦C. PBMC were collected from
the interphase between plasma and separation medium, washed
once, resuspended in 80% human serum and 20% DMSO and
stored in liquid nitrogen.

MDSC Phenotyping
Previously frozen PBMC were thawed in the 37◦C water
bath, washed, and stained for Fluorescence Activated Cell
Sorter (FACS) analysis with APC labeled anti-human CD11b
(BD Biosciences Clone:ICRF44), PE-Texas/Red labeled anti-
human CD33 (BD Biosciences Clone:WM53), FITC labeled
anti-human HLA-DR (BD Biosciences Clone:G46-6), V450
labeled Anti-human CD14 (BD Biosciences Clone:MφP9)
and PE-Cy7 labeled anti human CD15 (BD Biosciences
Clone:HI98). Stained cells were analyzed on IMM Fortessa
(BD Bioscience) and data analyzed using FlowJo (v10) software
(FlowJo LLC) (21).

MDSC subpopulation phenotypes were defined according to
Bronte et al. (4) as follows:

Total MDSC: CD11b+HLA-DR−/low, CD33+

PMN-MDSC: CD11b+HLA-DR−/low CD33+ CD15+ CD14−

M-MDSC: CD11b+HLA-DR−/low CD33+ CD15− CD14+

E-MDSC: CD11b+HLA-DR−/low CD33+ CD14− CD15−

Anti-MUC1 IgG and IFN-γ Enzyme Linked
Immunosorbent Assays (ELISA)
For anti-MUC1 IgG, 96-well microtiter plates (Immulon 4,
Thermo-Fisher Scientific, MA) were coated with 1 µg MUC1
100mer peptide (the sequence PDTRPAPGSTAPPAHGVTSAx5
corresponding to five 20aa tandem repeats) in 50 µl Delbecco’s
PBS (DPBS) per well at 4◦C overnight. The plate was then washed
3 times with DPBS and 2.5% bovine serum albumin (BSA) was
added in 100 µl DPBS for 1 h at room temperature (RT) as a
blocking reagent. The plate was emptied, 50 µl of plasma added
at 1:40 dilution and incubated for 1 h at room temperature (RT)
on a shaker. The plate was then washed five times with 0.1%
tween20 detergent in DPBS. Fifty microliter alkaline phosphatase
conjugated with anti-human IgG (Sigma-Aldrich) in 2.5% BSA

DPBS was added and the plate incubated for 1 h at RT. The plate
was washed again, 100 µl of p-nitrophenyl phosphate (Sigma-
Aldrich) added and the plate incubated for 1 h in the dark.
The reaction was stopped with 50 µl 0.5M NaOH. The plates
were read at OD 405 nm on the spectrophotometer. Control (no
antigen) plate was put through the same reactions except that 50
µl DPBS were added instead of the MUC1 peptide. OD values
from the no antigen wells were subtracted from corresponding
values on the antigen-coated wells. All samples were tested
in triplicates.

IFN-γ ELISA was done according to the manufacturer’s
protocol (Biolegend, Human IFN-r ELISA sets) with cell
supernatants from the cultured T cells added at 1:300 dilution.

Depletion of CD15+ Cells From PBMC and
T Cell Proliferation Assays
PBMC were isolated from fresh blood and resuspended in 80
µl of MACs buffer [PBS with 0.5% bovine serum albumin
(BSA) and 2mM EDTA]. The cells were then mixed with 20
µl of CD15 MicroBeads (Miltenyi) and incubated at 4◦C for
15min (volume/per 107 total cells). Cells were washed and
resuspended in 500 µl of MACs buffer. The cell suspension
was applied onto the LS magnetic column (Miltenyi), rinsed by
MACs buffer beforehand. The column was washed three times
with MACs buffer and unlabeled cells that passed through were
collected as CD15+ cells-depleted PBMC. T cells were isolated
using human Pan T cell isolation beads (Miltenyi) following
the manufacturer’s protocol with the exception of collecting
labeled T cells attached to the column and discarding the
unlabeled cells that passed through. Cell purity was analyzed by
flow cytometry.

CD15+ cells-depleted PBMC or whole PBMC were
resuspended at a final concentration of 20 × 106/ml in
equal amounts of PBS and Cell Trace Yellow (Thermo-Fisher)
at a 1:500 dilution, incubated in a 37◦C water bath for 8min
and quenched with pre-warmed PBS for another 8min. The
labeled cells were then resuspended in RPMI 1640 medium
supplemented with 10% human serum, 0.5% Penicillin-
Streptomycin, 0.5% l-glutamine, 0.5% NEAA, 0.5% pyruvate,
200 IU/ml recombinant human IL-2, with TransAct (Miltenyi)
in the experiment group, plated in 96-well round bottom plate
and placed in the incubator for 4 days at 5% CO2 and 37◦C. T
cells in PBS with TransAct were used as a positive control and T
cells in medium alone as a negative control. On day 4, cells were
harvested and culture supernatants collected for IFN-γ ELISA as
described above.

To measure proliferation, cells were suspend in 50 µl FACs
buffer with added human Fc receptor blocker (BD Bioscience)
at ratio of 1:50, incubated on ice for 20min and centrifuged
at 1,400 rpm for 5min. Cells were then resuspend with 50 µl
mixed antibody solution at 1:50 dilution of anti-CD3-FITC (BD
Bioscience) and 1:50 dilution of Ghost (TonBo Bioscience) in
FACS buffer and stained for 1 h on ice in the dark. Cells were
then washed and resuspended in 0.3ml FACS buffer and analyzed
on IMM Fortessa (BD Bioscience). Gating and analysis were
done on software FlowJo v10 (FlowJo LLC). Live T cells were
gated as Ghost− CD3+ and proliferation was shown by Cell
Trace Yellow.
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FIGURE 1 | Levels of circulating total MDSC and various MDSC subpopulations in PBMC of individuals diagnosed with adenomas, compared to healthy individuals

and individuals with colon cancer. (A) Total MDSC; (B) PMN-MDSC; (C) M-MDSC; (D) E-MDSC. Each symbol represents a single individual. Mean with SEM bar for

each group is shown in grey. *p < 0.05, **p < 0.01.

Statistical Analysis
Statistical analyses were performed on GraphPad Prism6 using
one-way ANOVA and Student’s t-test. P < 0.05 was considered
indicative of statistical significance.

RESULTS

Elevated MDSC Levels in PBMC of Patients
With Premalignant Colon Adenomas and
Premalignant Pancreatic IPMN
Percentage of total MDSC, PMN-MDSC, M-MDSC, and E-
MDSC in PBMC was determined based on cell surface marker
expression (see section Materials and Methods). In the Colon
Cohort (Figure 1), percentages of Total MDSC (Figure 1A),
PMN-MDSC (Figure 1B) and M-MDSC (Figure 1C) in
premalignant adenoma patients were significantly higher than
in healthy controls with all subpopulations still higher in cancer
compared to healthy controls. Cells with E-MDSC phenotype
(Figure 1D) followed a different pattern. They were present
at low, normal levels in healthy controls and patients with
adenomas. Their percentages appear to increase in colon cancer,
albeit not significantly. There was a trend toward slightly higher
levels in cancer than in premalignant samples but it did not reach
statistical significance (total MDSC: p = 0.1124, PMN-MDSC: p
= 0.1171, M-MDSC: p= 0.1849, e-MDSC: p= 0.2207).

These results were in great part replicated in the pancreatic
cohort (Figure 2). Percent of total MDSC was higher in
IPMN than in healthy controls and even higher in pancreatic
cancer PBMC (Figure 2A). This held for all subpopulations,
PMN-MDSC (Figure 2B), M-MDSC (Figure 2C) and E-MDSC
(Figure 2D). Here again, even though there was a trend toward

higher levels in cancer vs. premalignant samples, this was not
statistically significant (total MDSC: p = 0.3303, PMN-MDSC:
p= 0.6387, M-MDSC: p= 0.6262, E-MDSC: p= 0.1386).

In vivo Suppressive Function of MDSC
in Premalignancy
Colon adenomas and IPMN express abnormal MUC1 found
also in colon and pancreatic cancer. We previously published
that many patients with those premalignant conditions, similar
to many cancer patients, mount a specific anti-MUC1 antibody
response (23, 24). As antibodies are known to play a role in
tumor immunosurveillance and MDSC are known to suppress
most immune effector mechanisms including B cells, we asked
if increases in MDSC we described above could have influenced
the ability of individuals with premalignancies to mount anti-
MUC1 antibody responses. We tested all individuals in the Colon
Cohort (Figure 3A) and the Pancreas Cohort (Figure 3B) from
whom we had both PBMC and plasma saved, for anti-MUC1
IgG. In the Colon Cohort, the adenoma group had the highest
average level of anti-MUC1 IgG. As would be expected from
a progressively more immunosuppressive microenvironment, as
the disease progressed to colon cancer, fewer individuals in
those groups made anti-MUC1 IgG. We then paired the percent
MDSC with anti-MUC1 IgG level for each patient with adenoma
(Figure 3C). We found that MDSC levels negatively correlated
with the anti-MUC1 IgG levels (p= 0.0419, r =−0.3232).

We had previously published a similar result in patients with
IPMN, which we wanted to confirm in this new Pancreas Cohort
and to compare with the Colon Cohort. We had a much smaller
number of IPMN patients this time so we combined them with
the cancer patients, some of whom were positive for anti-MUC1
IgG. We again see that patients with IPMN and cancer show
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FIGURE 2 | Levels of circulating total MDSC and various MDSC subpopulations in PBMC of individuals diagnosed with premalignant pancreatic intraductal papillary

mucinous neoplasms (IPMN) compared to healthy individuals and individuals with pancreatic cancer. (A) Total MDSC; (B) PMN-MDSC; (C) M-MDSC; (D) E-MDSC.

Each symbol represent a single individual. Mean with SEM bar for each group is shown in grey. *p < 0.05, **p < 0.01,***p < 0.001.

FIGURE 3 | Serum anti-MUC1 IgG levels negatively correlate with MDSC percentages in PBMC in premalignancy. (A) IgG levels measured by ELISA in healthy

individuals, adenomas and colon cancer. (B) IgG levels measured by ELISA in healthy individuals, IPMN and pancreatic cancer. Mean +/– SEM indicated in gray.

Analysis was performed using Mann-Whitney test. *p < 0.05 (C) anti-MUC1 IgG levels in adenomas correlate negatively with the percent of total MDSC in PBMC;

(D) anti-MUC1 IgG levels in IPMN samples pooled with adenocarcinoma samples show a trend toward negative correlation with the percent of total MDSC in PBMC.

Each dot represents a patient; analysis was performed using Spearman correlation.

higher average levels of anti-MUC1 IgG compared to healthy
donors and importantly when IgG OD of each patient was paired
with the same patient’s percent of MDSC (Figure 3D), there was
a negative correlation (p= 0.132, r =−0.3941).

In addition to looking at lower IgG levels as indicators
of in vivo suppressive effects of MDSC, we sought another
biomarker of their presence and in vivo suppressive
function. PGE2 (Prostaglandin E2) largely contributes to

the generation of MDSC from immature myeloid cell and
their proliferation and acquisition of inhibitory function
(25). We measured PGE2 metabolite in sera of all the groups
in the Colon and the Pancreas Cohorts (Figure 4). We
found a significant increase of PGE2M in the IPMN group
(Figure 4B) (p = 0.0136) and a trend toward higher levels
in the adenoma group (Figure 4A) compared to healthy
controls (p= 0.1139).
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FIGURE 4 | Serum levels of Prostaglandin E2 metabolite (PGE2M). (A) Patients with adenomas and colon cancer and healthy controls; (B) IPMN and pancreatic

cancer compared to healthy controls. PGE2M concentration was measured by ELISA. Each dot represents an individual patient. Analysis was performed using

unpaired student t-test. *p<0.05.

FIGURE 5 | CD15+ MDSC in PBMC from colon adenoma patients suppress their T cell proliferation and Interferon-g production. T cells from Patient 1 (A,B) and

Patient 2 (C,D) in either whole PBMC (A,C) or after depletion of CD15+ cells (B,D) were activated and their proliferation measured by SFSC dilution 4 days later.

(E) Interferon-g production by T cells in PBMCs from colon adenoma patients activated in whole PBMC or after depletion of CD15% MDSC, *p < 0.05.

In vitro Suppressive Function of MDSC
From Premalignancy
All the above experiments were performed with previously
frozen PBMC and plasma. For in vitro functional studies
of MDSC it was necessary to use fresh blood, which put a
limitation on the number of samples we were able to test.
We obtained blood from advanced colon adenoma patients
one at a time and processed PBMC the same day. We were
interested in measuring the function of T cells in each sample
in whole blood with MDSC present or after their depletion,
which we accomplished by removing CD15+ cells, the majority
of which are MDSC. T cells in whole PBMC or MDSC-
depleted PBMC were activated with Human IL-2/TransAct
(Miltenyi) and cultured for 4 days. T cell proliferation and

IFN-γ production were measured and compared between the

two groups. Figure 5 shows two patients with premalignant

colonic adenomas. One had 4% MDSC (CD15+) in PBMC

(Figures 5A,B) and the other had 31% (Figures 5C,D). In the

case of low to normal numbers ofMDSC (4%), T cell proliferation
rate was the same in whole PBMC (Figure 5A) and after MDSC

depletion (Figure 5B). On the other hand, in the setting of

high MDSC levels (31%), proliferation of T cells was inhibited

in whole PBMC (Figure 5C) but restored after CD15+ cell
depletion (Figure 5D).

Furthermore, in another 4/4 PBMC samples from colon
adenoma patients, activated T cells in CD15—depleted PBMC
secreted higher levels of IFN-γ compared to T cells in whole
PMBC (p < 0.05).
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DISCUSSION

One of the most important findings that came from several
decades of basic and preclinical work in tumor immunity and
from many failed attempts at immunotherapy, was the highly
immunosuppressive nature of the tumor microenvironment,
both at the tumor site as well as at a distance, such as in the
circulation. We were the first to describe the phenomenon of
granulocytes co-sedimenting with white blood cells on a density
gradient only in the blood from cancer patients and not from
healthy age-matched controls (26).We also showed that numbers
of CD15+ cells that we characterized initially as granulocytes
in the PBMC correlated inversely with patient survival in three
different cancers, colon, breast and pancreas. Importantly, we
determined that those were activated granulocytes and we were
able to recapitulate in vitro their capacity to suppress T cells.
Those cells are now known as granulocytic MDSC, or PMN-
MDSC (CD11b+HLA-DR−/low CD33+ CD15+ CD14−), one
of several subpopulations of MDSC responsible for profound
suppression of anti-tumor immunity and failure of anti-tumor
immunotherapy. The others that we assayed for in this study
were subpopulations described in the review by Bronte et al (4),
monocytic or M-MDSC (CD11b+HLA-DR−/low CD33+ CD15−

CD14+) and early, or E-MDSC (CD11b+HLA-DR−/low CD33+

CD14− CD15−). We also looked at the entire heterogeneous
population that we referred to as Total MDSC (CD11b+HLA-
DR−/low, CD33+).

MDSC have been reported in several chronic inflammatory
diseases (27, 28) but it was only very recently that they were
also seen to play immunoinhibitory role in premalignant disease.
We first observed their presence in the PBMC of patients with
premalignant pancreatic disease, IPMN (29), and later also in
patients with premalignant colonic polyps. In the latter, their
presence in the PBMC correlated with the inability to respond
to a vaccine based on the MUC1 antigen abnormally expressed
on colonic polyps and colon cancer, which was being tested for
colon cancer prevention (21).

Our observation that MDSC are present in the premalignant
as well as the malignant tumor microenvironment begged the
question of whether they shared some or all of their phenotypic

and functional characteristics. We expected that exposure of
MDSC to the premalignant microenvironment would have been
of a shorter duration than exposure to the entire process
of tumor development and that this would make MDSC in
premalignancy in some way different than those described in
tumors. While we did not exhaust all the possible comparisons,
we can conclude from data obtained in this study that in both
premalignant and malignant disease, all phenotypically defined
MDSC populations are present and they are immunosuppressive.
The only difference appears to be quantitative with the higher
numbers generally present in cancer patients. We can also
conclude from our in vitro T cell experiments that PMN-
MDSC are the main immunosuppressive population in these
two cancers as depletion of CD15+ cells that spares M-MDSC,
eliminates most of the suppression of T cell proliferation and
interferon production.

As much as we did not see significant differences between
MDSC in premalignancy vs. cancer, we conclude that both
conditions can lead to their accumulation and their equally
immunosuppressive phenotype. Depletion of these cells, which is
a goal of several pharmaceutical companies working on potential
reagents that could be used for such a purpose, might be
considered not only for improving cancer outcome but also
for reducing the risk of progression from premalignant disease
to cancer. Furthermore, our hypothesis that we might find
differences due to among other factors, the length of time that
the premalignant lesion has been in the body compared to cancer,
might be more applicable to T cells than MDSCs. We showed in
our earlier publication (21), and again in this paper, that when
removed from the influence of MDSC, T cells in premalignancy
regain their normal proliferation and IFN-γ production. This is
not the case with T cells from cancer patients that in most cases
remain exhausted and dysfunctional (30, 31). Thus, rescuing T
cells in premalignancy by removing MDSC or countering their
effects in other ways, may give much better results than similar
manipulations in cancer.
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Myeloid-derived suppressor cells (MDSCs) play crucial roles in tumorigenesis and

their inhibition is critical for successful cancer immunotherapy. MDSCs undergo

metabolic reprogramming from glycolysis to fatty acid oxidation (FAO) and oxidative

phosphorylation led by lipid accumulation in tumor. Increased exogenous fatty acid

uptake by tumor MDSCs enhance their immunosuppressive activity on T-cells thus

promoting tumor progression. Tumor-infiltrating MDSCs in mice may prefer FAO over

glycolysis as a primary source of energy while treatment with FAO inhibitors improved

anti-tumor immunity. This review highlights the immunosuppressive functions of lipid

metabolism and its signaling pathways on MDSCs in the tumor microenvironment.

The manipulation of these pathways in MDSCs is relevant to understand the tumor

microenvironment therefore, could provide novel therapeutic approaches to enhance

cancer immunotherapy.

Keywords: MDSCs, lipid metabolism, FAO-OXPHOS, immunosuppressive, cancer immunotherapy

INTRODUCTION

Myeloid-derived suppressor cells (MDSCs) are pathologically activated cells displaying an
exceptional immunosuppressive ability (1, 2). They rapidly expand in cancer, trauma, infectious,
autoimmune, and graft vs. host disease (3–8). MDSCs are phenotypically similar to monocytes
and neutrophils, thus are further divided into two subsets; monocytic MDSCs (M-MDSCs)
and polymorphonuclear MDSCs (PMN-MDSCs) respectively (9, 10). Generally, the cell surface
markers for MDSCs include Gr1 and CD11b in mice (11, 12). The M-MDSCs are characterized by
CD11b+Ly6ChighLy6G− unlike PMN-MDSCs which are CD11b+Ly6ClowLy6G+ (10, 11). Human
M-MDSCs on the other hand, are CD33highCD14+CD15+/CD66b−HLA-DR−/low, whereas
PMN-MDSCs are characterized by CD33dimCD14−CD15+/CD66b+HLA-DR− (13, 14). More
importantly, these cells potently suppress innate and adaptive immunity. Thus, are considered a
promising therapeutic target in cancer immunotherapy.

Metabolic reprogramming has been reported to be a crucial factor in the alteration of MDSCs
function (15–20). Lipids which maintain cell membrane integrity, homeostasis, signaling, and
healthy performance have been implicated to modulate the function of MDSCs (21–23). Recently,
uncontrolled lipid accumulation was found to be higher in MDSCs from cancer patients and
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mice with an established tumor compared with tumor-free
counterparts (24–26). This increased the immunosuppressive
activity in the hyperlipidemic tumor-bearing mice and impaired
T-cell activation (24, 25, 27). In this review, we discuss the roles
of lipid in modulating MDSCs function and its related metabolic
pathways. Further understanding of the biochemical pathways
involved in lipid manipulation of MDSCs is pertinent to
understand the tumor microenvironment and improve chemo-
and immuno-therapies.

AN OVERVIEW OF LIPID METABOLISM
IN MDSCS

Acetyl CoA, a major intermediate in several biochemical
processes plays a pivotal role in lipidmetabolism. It is the primary
building blocks for biosynthesis of fatty acid, cholesterol, and
the end product of fatty acid oxidation (FAO). Lipid catabolism
involves the oxidation of long-chain fatty acids, which takes place
in the mitochondrial via the transportation of lipids from the
cytosol by the carnitine palmitoyltransferase system. Carnitine
palmitoyltransferase 1 (CPT1) catalyzes the rate-limiting step in
FAO. During fatty acid oxidation, the continuous elimination of
2-carbon units from the β-position of fatty acyl-CoA molecule
produces acetyl CoA which sustains oxidative phosphorylation
(OXPHOS) and tricarboxylic acid cycle (TCA) in the cell (28,
29). In contrast to FAO, synthesis of fatty acid occurs in the
cytosol; commencing with the carboxylation of acetyl CoA
to malonyl CoA in an ATP-dependent manner catalyzed by
acetyl CoA carboxylase 1 (ACC1), the reaction rate determining
enzyme (Figure 1). This is followed by the condensation of
another molecule of acetyl CoA with the malonyl CoA to
produce saturated long chain fatty acids in a process catalyzed
by fatty acid synthase (FASN). These steps lead to the formation
of other complex lipids like phospholipids, cholesterol esters,
and triglycerides.

ENERGY METABOLIC PATHWAYS
OF MDSCS

It is important to note that nearly all major biomolecules
(carbohydrates, proteins, and lipids) are converted to a common
intermediate in the form of acetyl CoA. Acetyl CoA can
be further oxidized to CO2 or take part in some other
biosynthetic pathways as required by the cells. Production of
adenosine triphosphate (ATP) to enhance cellular functions,
survival, and synthesis of intermediates allowing for cellular
growth and proliferation by immune cells rely on various
energymetabolic pathways (30, 31). Interconnection ofmetabolic
network (glycolysis, the TCA cycle, and OXPHOS) plays a crucial
role in fulfilling these energy needs (Figure 1). Glycolysis occurs
in the cytosol while the TCA cycle and OXPHOS are restricted
to the mitochondria. Glycolysis commences with glucose uptake
from the extracellular environment via GLUT; glucose is then
phosphorylated to glucose-6- phosphate (G6P) by hexokinases.
G6P is further processed to pyruvate via multiple enzyme-
catalyzed reactions during which it reduces NAD+ to NADH

to yield 2 molecules of ATP. Under normoxia, glycolysis-
derived pyruvate is converted into acetyl-CoA in a reaction
regulated by pyruvate dehydrogenase (PDH) complex. This
acetyl CoA condenses with oxaloacetate to form citrate in a
reaction catalyzed by citrate synthase in the TCA cycle. This
cycle produces NADH and FADH2 and transfers electrons
generated through the electron transport chain (ETC) to fuel
OXPHOS to yield 30–36 molecules of ATP per molecule of
glucose. Cells can also use fatty acid through FAO, which yields
acetyl-CoA to sustain the TCA cycle and OXPHOS; this can
facilitate the generation of substantial amounts of ATP (over a
100 ATPmolecules permolecule of palmitate).Most importantly,
cells to a varying extent can select their preferred metabolic
pathways among several available intermediates to produce ATP.
In the immune cells, nutrient, and oxygen availability which
can be controlled by growth factors and cytokines, as well as
important receptor signaling events, regulate the metabolic fate
of these cells.

Certain key enzymes derived from MDSCs are important
to their suppressive role, these enzymes deplete the essential
amino acids required for T-cell function and proliferation
(32). Increased arginase 1 (ARG1) expression in MDSCs
depletes L-arginine needed for T-cell functions (33). Also,
MDSCs accumulation deplete L-cysteine levels via its
sequestration and consumption (34). The depletion of
these amino acids results in downregulation of ζ-chain in
the T cell receptor (TCR) thus inhibiting proliferation of
antigen-specific T-cells. Similarly, MDSCs express the inducible
enzyme Indoleamine 2, 3-dioxygenase (IDO), which catalyzes
tryptophan metabolism through the kynurenine pathway
(35, 36). Thus, IDO expression leads to tryptophan deprivation
and induces regulatory T-cells (Tregs) expansion which
represses T-cells (37, 38). While the pivotal role of nitrogen
metabolism in mediating the immunosuppressive function
of MDSCs on T-cells in tumors is well-established (32), little
is known about other metabolic pathways in these cells.
Carbon metabolism (glycolysis, pentose phosphate pathway
(PPP), TCA, FAO pathways) and its crosstalk with nitrogen
metabolism during MDSCs maturation in tumors need to
be expounded.

FAO and glycolysis are crucial pathways in tumor growth
(39), however, it is not known whether MDSCs prefer FAO
over glycolysis. It was previously reported that tumor-infiltrating
MDSCs (M-MDSCs and PMN-MDSCs) in comparison with
peripheral MDSCs and murine myeloid cells prefer FAO as
their energy sources (27). This was deduced from the observed
elevatedmitochondrial mass, increased oxygen consumption rate
(OCR) and upregulation of crucial FAO regulatory enzymes
[acyl-CoA dehydrogenase (ACADM), CPT1, 3-hydroxyacyl-
CoA dehydrogenase (HADHA), and peroxisome proliferator-
activated receptor gamma coactivator 1-beta (PGC1β)] in PMN-
MDSCs. The study revealed a correlation between expression of
FAO genes (such as CPT1 and HADHA) and fatty acid uptake
in patient-derived tumor-infiltrating MDSCs (22, 27). In the
study, both extracellular acidification rate (ECAR) andOCRwere
elevated, indicating an overall metabolic alteration. Although the
ratio of OCR/ECAR was increased, suggesting that FAO may be
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FIGURE 1 | An overview of MDSCs Lipid Metabolism in a tumor environment. Lipid metabolism in MDSCs can undergo two processes: fatty-acid synthesis and

fatty-acid β-oxidation. Fatty acid synthesis takes place in the cytosol while β-oxidation occurs in the mitochondrial. Several metabolic networks regulate the activation

and survival of MDSCs to enhance tumor proliferation. Glycolysis, the breakdown of glucose to pyruvate with the concomitant release of ATP taking place in the

cytosol is the major source of energy to most cells. In the mitochondrial, PDH converts pyruvate to acetyl CoA, the central dogma of metabolism which has several

metabolic fates, including TCA cycle, oxidative phosphorylation, and fatty acid biosynthesis. ACC1, Acetyl CoA carboxylase; ACLY, ATP citrate lyase; ACO, Aconitase;

ACOX, Acyl coA oxidase; ACS, Acyl CoA synthase; ACSL1, long-chain acyl-CoA synthetase isoform 1; Asp, Aspartate; ATGL, Adipose triglyceride lipase; ATP,

Adenosine triphosphate; CD36, Cluster of differentiation 36; CPT, Carnitine palmitoyltransferase 1; DG, Diglyceride; DGL, Diglyceride lipase; ECH, 2, 3-enoyl-CoA

hydratase; ETC –Electron transport chain; F1,6-BP, Fructose-1,6-bisphosphate; FA, Fatty acid; FABP, Fatty acid-binding protein; FAD, Flavin adenine dinucleotide;

FADH2, Reduced FAD; OXPHOS, Oxidative phosphorylation; FAO, Fatty acid oxidation; FASN, Fatty acid synthase; FATP, Fatty acid transport protein; FFA, Free fatty

acid; FH, Fumarate hydratase; G3P, Glyceraldehyde-3-phosphate; Glu, Glutamate; GLUT, Glucose transporter; GP6, Glucose-6-phosphate; IDH, Isocitrate

dehydrogenase; LCHAD, Long-chain 3-hydroxyacyl-CoA dehydrogenase; LD, Lipid droplet; LKAT, long chain 3-ketoacyl-CoA thiolase; MDH, Malate dehydrogenase;

MG, Monoglyceride; MGL, Monoglyceride lipase; NAD, Nicotinamide adenine dinucleotide; PDH, Pyruvate dehydrogenase; ROS, Reactive Oxygen species; SCD1,

Stearoyl-CoA desaturase 1; SCS, Succinyl CoA synthase; SDH, Succinate dehydrogenase; TCA, Tricarboxylic acid; TG, Triglyceride; VLCAD, Very-long-chain

acyl-CoA dehydrogenase; VLFA, Very long chain fatty acid; LCFA, Long chain fatty acid; α-KG, Alpha-ketoglutarate; α-KGDH, Alpha ketoglutarate dehydrogenase.

preferred to glycolysis in tumor-infiltrating MDSCs from Lewis
lung carcinoma.

In addition, Jian et al., recently reported that ECAR and
glycolytic enzymes are upregulated in total MDSCs. Whereas,
PMN-MDSCs were observed to utilize both glycolysis and
oxidative phosphorylation to produce energy for its suppressive
role due to the elevated metabolic state of the tumor-bearing
host (40). Inhibition of two key enzymes in glycolysis: hexokinase
(HK) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
by 2-deoxyglucose (2-DG) and sodium iodoacetate (IA),
respectively, reduced MDSCs expansion, leading to a delay in
tumor progression via induction of ROS-mediated apoptosis of
MDSCs (40).

Another study reported that latent membrane protein
1 (LMP1) associated with Epstein-Barr virus mediates
glycolysis by upregulating GLUT1 in tumor (41). This

promotes the induction of GM-CSF, IL-6, and IL-1β
production through COX-2 and NLRP3 inflammasome
signaling pathways to enhance MDSCs differentiation and
expansion, thereby promoting nasopharyngeal carcinoma
(NPC) progression (41). However, a more recent study reported
that EBV-encoded LMP1 induces de novo lipogenesis and
lipid droplets formation through the activation of sterol
regulatory element-binding protein 1 (SREBP1) which
promotes progression of NPC (42). This suggests that
LMP1 could also mediate other metabolic pathways such
as lipogenesis (previously reported) or FAO to regulate MDSCs
alteration in NPC progression. Therefore, a comprehensive
study on the role of LMP1 expression in regulating
immune cells (especially MDSC) in tumor state could help
broaden understanding of the most upregulated pathway
in MDSCs.
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A recent study reported the correlation between MDSCs and
glycolysis in human triple negative breast cancer (TNBC) and
observed that restriction of glucose metabolism inhibits G-CSF
and GM-CSF expression (43). This resulted in reduced MDSCs
number while conferring tumor immunity by enhancing T-cell
function. MDSCs are able to utilize anaerobic glycolysis when
oxygen supply is limited to enhance their immunosuppressive
role in the tumor microenvironment (44). This was observed by
the upregulation of lactate dehydrogenase A (LDHA) (43), an
enzyme involved in the reversible reaction of pyruvate to lactic
acid. This could be an indicator of highly proliferative and energy
demanding cell for the production of NAD+ in subsequent ATP
generation when oxidative phosphorylation is restricted due to
insufficient oxygen availability. Inhibition of LDHA in a murine
pancreatic cancer model decreased MDSCs frequency in the
spleen and enhanced cytolytic activity of natural killer (NK)
cells (44). Extrinsic lactic acid also increased the proportion of
MDSCs derived from bone marrow (BM) cultured cells in the
presence of GM-CSF and IL-6. Furthermore, MDSCs undergoing
anaerobic glycolysis partly oxidize L-glutamine to provide a
favorable condition for tumor growth (45). Although anaerobic
glycolysis occurs 100 times faster than oxidative phosphorylation,
it is less efficient and only helps in fulfilling a short-term energy
requirement when oxygen supply is low (46).

Based on the diversity and dynamic attributes of the tumor
milieu across various cancers as well as the stage of progression of
same cancer, it is possible that the process of nutrient metabolism
in immune cells might also differ across these conditions (39,
47). Recent studies have reported that the switch between
glycolysis and oxidative phosphorylation in tumor-associated
macrophages (TAM) is dependent on the stages of cancer
development (48, 49). In relation to TAM, MDSCs also exhibit
a certain degree of plasticity and may adopt a typically activated
(M1) or alternatively activated (M2) phenotype, with antitumor
or tumor-promoting roles, respectively (50). Therefore, the
alterations of MDSCs differentiation, maturation and function
may rely on overall central carbon metabolism and upregulation
of cellular bioenergetics fluxes (45).

So far, the metabolic preference of MDSCs in tumor
microenvironments is not fully known and requires more robust
investigations. However, current evidence suggests that it may
involve global regulation of metabolic flux.

OXIDIZED LIPIDS REGULATE MDSCS
FUNCTION IN THE
TUMOR MICROENVIRONMENT

Utilization of oxidized lipid as an energy source is crucial
to the immunosuppressive roles of MDSCs in the tumor
microenvironment (24). Gabrilovich et al. demonstrated that
accumulation of oxidized lipids in tumor-infiltrating CD11c+

DCs blocks antigen presentation and their orientation on major
histocompatibility complex (MHC) class II (51, 52). This, in
turn, blocks antigen-mediated cross-presentation and inhibits T
cell stimulation. They also showed that targeting ACC1 with
5- (tetradecycloxy)-2-furoic acid (TOFA), reverses the effects

of lipids, suggesting that the fatty acid biosynthesis pathway is
involved in this process (Figure 2) (51).

In line with other myeloid cells, substantial lipid accumulation
was observed in tumor-derived MDSCs (24, 53). MDSCs with
lipid overload demonstrated greater immunosuppressive effect
on CD8+ T cells, compared toMDSCs with normal lipid content.
Lipid accumulation in tumor-derivedMDSCs can be linked to an
increase in fatty acid uptake. This is supported by the study of
Cao et al., which revealed an increased expression of fatty acid
transport protein 4 (FATP4) in murine tumor-derived MDSCs
(53). Most of the lipids detected in the MDSCs of tumor-bearing
mice and cancer patients were found to be oxidized (Figure 2),
possibly resulting from the oxidative activities of reactive oxygen
species (ROS) and myeloperoxidase (MPO) (24, 54). Inhibition
of ROS and MPO in these cells almost completely expunged the
oxidation of lipids and resulted in MDSCs with a diminished
immunosuppressive activity (24).

A recent study identified the upregulation of FATP2 on
PMN-MDSC as a critical regulator of their immunosuppressive
function (26). FATP2 promotes the accumulation of arachidonic
acid leading to prostaglandin E2 (PGE2) synthesis in PMN-
MDSCs thereby boosting their immunosuppressive activities.
Thus, the pharmacological inhibition of FATP2 could serve
as a novel and targeted therapeutic strategy to block the

FIGURE 2 | Oxidized lipids contribute to the immunosuppressive role of

MDSCs and DC. ROS and MPO contribute to the oxidation of lipid

accumulated in antigen presenting cells (DC) and MDSCs. In these cells,

upregulation of lipid transporters (CD36, Msr1, FATP) increase fatty acid

uptake. Hence, promoting immunosuppressive activity and reducing T-cell

function. However, treatment with TOFA (fatty acid synthesis inhibitor) blocked

the accumulation of lipid in both DC and MDSCs. CD36, Cluster of

differentiation 36; DC, Dendritic cell; FATP, Fatty acid transport protein;

MDSCs, Myeloid-derived suppressor cells; MPO, Myeloperoxidase; Msr1,

Macrophage scavenger receptor 1; Ox-lipid, Oxidized lipid; ROS, Reactive

oxygen species; TOFA - 5, (tetradecycloxy)-2-furoic acid.
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immunosuppressive activity of PMN-MDSCs. Collectively, these
studies suggest the critical role of oxidized lipids in regulating
myeloid cells function and specifically in MDSC as a potential
therapeutic target in cancer.

EXOGENOUS FATTY ACID UPTAKE
ENHANCES SUPPRESSIVE ACTIVITY
IN MDSCS

MDSCs take up fatty acids from the tumor microenvironment
and utilize them via several pathways. Our group previously
reported that polyunsaturated fatty acids (PUFAs) impaired
myeloid cell differentiation in bone marrow from tumor-
bearing mice thus promoting the accumulation and functional
activity of MDSCs (55). The study further demonstrated
that dietary intake of linoleic acid (LA) and alpha-linolenic
acid (ALA) promoted tumor growth in agreement with the
observation by another group (56). It was recently discovered
that culturing MSC-2, a myeloid suppressor cell line in the
presence of long chain unsaturated fatty acids, oleate and
linoleate increased lipid droplet accumulation which in-turn
suppressed T-cell activity (57). However, T-cell activation
remained unaffected in MSC-2 cells cultured in the presence
of stearate, a saturated fatty acid that also accumulated lipid
droplets. Removal of oleate from the culture medium triggered
the mobilization of lipid droplets in this cell-line, thereby
diminishing its immunosuppressive activity. Furthermore, it
was observed that inhibiting diacylglycerol acyltransferases
(DGAT) abolishes oleate-induced lipid droplet formation and
impaired the immunosuppressive activity of MSC-2 (57). In
addition, another group of researchers reported that MDSCs
treated with linoleic acid demonstrated a stronger inhibitory
effect on T-cell compared to those treated with palmitic acid
which is a saturated fatty acid (53). In summary, unsaturated
fatty acids which are known to be more susceptible to
oxidation, contribute to the suppressive ability of MDSCs
during cancer via upregulation of lipid metabolic gene such
as DGAT.

SIGNALING PATHWAYS INVOLVED IN
LIPID METABOLISM OF MDSCS

Recent findings suggest a relationship between oxidative
phosphorylation initiated by lipid metabolism and its
contribution to immunosuppressive myeloid cells. However,
the underlying molecular mechanisms associated with FAO
in subpopulations of tumor-infiltrating MDSCs is yet to be
fully elucidated (54, 58). The role of kinases like AMPK and
PI3K, transcription factors such as STATs, enzymes involved
in FAO as well as several receptors including Peroxisome
proliferator-activator receptors (PPARs), among others on
immune cells, including MDSC, has been described in different
in vitro and in vivo models. For example, pharmacological
inhibition of STAT3 and STAT5 (activated by tumor-derived
cytokines) decreased lipid accumulation, mitochondrial
metabolism, and immunosuppressive function in MDSCs in

an in vitro study (25). Increased expression of crucial genes
encoding enzymes in FAO is linked to the suppressive role of
tumor MDSCs which was abolished by FAO inhibitors (27).
More detailed description of those critical components of the
signaling pathways involved in the cellular lipid metabolism is
described below.

LXR
Liver X receptors comprise two isoforms, LXRα and LXRβ

which are encoded by Nr1h3 and Nr1h2, respectively. Both
isoforms are members of the nuclear hormone receptor family
that modulate several transcriptional factors. LXR acts as a
critical regulator of lipid homeostasis (Figure 3) by driving the
expression of key genes involved in cholesterol, fatty acid, and
glucose metabolism (59, 60).

Masoud et al., reported the effect of LXR activation on
MDSCs expansion and their immunosuppressive activities on
T-cell stimulation both in vivo and in vitro (61). RGX-104, an
LXR agonist, significantly decreased the abundance of PMN-
MDSCs and M-MDSCs from B16F10 melanoma tumor-bearing
mice. The proportion of PMN-MDSCs generated in vitro from
bone marrow cells treated with LXR agonist was decreased in
the presence of GM-CSF. Oral administration of RGX-104 also
decreased the population of MDSCs in cancer patients. It was
previously reported that cholesterol-induced LXR sumoylation
blocks IL-9 expression in CD8+ T cells, partially by reducing
the binding of NF-κB p65 subunit to IL-9 promoter (62). IL-9
demonstrates a critical role in the antitumor response of CD8+ T
cell subset (Tc9) (62–64). Also, IL-9 expressing T-cells have been
identified in humans (65) and it was reported to enhance the
function and survival of human tumor-infiltrating T-cells (66).
It is imperative to decipher how the accumulation of lipids or
exogenous fatty acid uptake regulates LXR signaling pathways in
immune cells.

LXR promotes the transcriptional activation of a secretory
protein, apolipoprotein E (ApoE) (61), which mediates
the cellular uptake of lipoprotein particles by binding to
low-density lipoprotein receptor (LDLR) and chylomicron
remnants receptor (67). ApoE interaction with these
receptors activates lipid (such as cholesterol, phospholipid,
and triglycerides) metabolic pathways (68). A recent study
showed that ApoE regulates MDSCs survival and tumor
progression; ApoE−/− mice had increased levels of PMN-
MDSCs and M-MDSCs. MDSCs from ApoE deficient mice
showed reduced T-cell proliferation in vitro (61). Since
ApoE plays a crucial role in lipoprotein metabolism (69),
its deletion could enhance MDSCs immunosuppressive
activity on T-cells via lipid accumulation. Al-Khami et al.,
reported the accumulation of lipid in bone-marrow derived
MDSCs following extracellular uptake of low-density
lipoproteins (LDL) and very low-density lipoproteins
(VLDL) (25). This was observed to enhance oxidative
metabolism and upregulation of ARG1 in MDSCs. Altogether,
these suggest that the regulation of lipid metabolism
via ApoE expression may alter MDSCs function in the
tumor milieu.
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FIGURE 3 | Signaling pathways involved in lipid metabolism of MDSCs. (i) SHIP and PTEN are negative regulators of PI3K/AKT—involved in the promotion of lipid and

sterol synthesis (ii) COX-2 is the enzyme which catalyzes arachidonic acid into PGE2, a pro-inflammatory lipid mediator that could result in elevated MDSCs. (iii)

PPAR-γ initiates AMPK activation, thereby promoting FAO in MDSCs to enhance its immunosuppressive ability. (iv) LXR is a nuclear hormone receptor that regulates

lipid homeostasis and enhances the transcriptional activation of ApoE—involved in lipoprotein metabolism. LXR inhibits MDSCs suppressive activity on T-cells. (v)

STAT3 signaling enhances FAO and also upregulates TIPE2 expression in MDSCs. (vi) TIPE2, a promoter of the immunosuppressive function of MDSCs, regulates

PI3K via signaling of phosphoinositide and can be inhibited by STAT3 inhibitors. ACC1, Acetyl CoA carboxylase 1; AMPK, AMP-activated protein kinase; APOE,

Apolipoprotein E; COX-2, Cycloxygenase 2; FAO, Fatty acid oxidation; LXR, Liver X receptors; MDSCs, Myeloid-derived suppressor cells; mTORC1, mammalian

target of rapamycin complex 1; PGE2, Prostaglandin E2; PI3K, Phosphoinositide-3-Kinase; PL, Phospholipid; PPARγ, Peroxisome proliferator-activator receptors

gamma; PTEN, Phosphatase and tensin; ROS, Reactive oxygen species; SHIP−5-inositol phosphatase; STAT 3, Signal transducer and activator of transcription; TIPE

2, Tumor necrosis factor alpha-induced protein 8 like 2; P, Phosphorylation; +, Stimulate; –, Deactivation.

PPARs
Peroxisome proliferator-activator receptors (PPARs) are
“lipid sensing” nuclear receptors activated by free fatty acid
(FFA), prostaglandins, eicosanoids, or sterols (70). They are
divided into three subtypes which are: PPARα, PPARγ, and
PPARδ. PPARγ and PPARδ elicit the expression of certain
FAO genes (Figure 3) and coordinate anti-inflammatory
functions while PPARα directly upregulates the expression of
CPT1a (71), a crucial enzyme involved in mitochondrial fatty
acid oxidation.

PPARγ plays an important role in regulating lysosomal
acid lipase (LAL) activity, a key enzyme in the metabolism
of neutral lipids. LAL−/− MDSCs demonstrate greater
immunosuppression thereby promoting tumor cell proliferation,
growth and metastasis. Activation of PPARγ pathway in LAL−/−

MDSCs impaired tumor growth and metastasis in vivo as
well as in vitro (72). Cardiolipin, a phospholipid, promotes
IL-10 expression in MDSCs from the lungs of tumor-bearing
mice by activation of PPARγ activity (70, 73) but this can be
inhibited by GW9662 (a specific inhibitor of PPARγ) (74).
However, the roles of the PPAR family in tumor biology
remain unclear.

PPARα was reported to mediate the transcription initiation
of CPT gene in CD4+ T-cells isolated from Jurkat cell and a
murine model of non-alcoholic fatty liver disease (NAFLD, a
risk factor of hepatocellular carcinoma) (75) treated with linoleic
acid. PPARα agonist, benzofibrate, increased the generation
of mitochondrial ROS and induced apoptosis by upregulating
CPT1a following treatment with LA in murine and Jurkat cell.
This effect was reversed in the presence of PPARα inhibitor
(GW6471), illuminating the important role PPARα may play in
regulating CPT1 (76).

Furthermore, PPARα agonist, fenofibrate, enhanced fatty acid
catabolism in CD8+ T-cell under hypoxia and low glucose
condition (77) thereby activating genes encoding proteins (such
as PPARα and CPT1a) involved in lipid metabolism and TCA
cycle. Vaccinated animals to elicit melanoma-specific CD8+ TILs
response and treated with fenofibrate significantly delayed tumor
progression, confirming that enhanced fatty acid catabolism
improves CD8+ TILs functions. In PPARα KO mice, CD8+ cells
cultured in glucose-deprived media exhibited a reduction in the
transcript for fatty acid metabolism and lower functionality in
comparison with the wild-type cells (77). This study suggests fatty
acid catabolism is essential for CD8+ TILs functions when access
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to glucose is limited. Therefore, targeting PPARs pathways could
be another promising option in manipulating lipid content in
MDSCs for successful cancer therapy.

AMPK
AMP-activated protein kinase (AMPK) is a potential mediator
of lipid metabolism regulating cellular homeostasis in MDSCs
(45). Activation of PGC1β/PPARγ axis induces AMPK signaling,
demonstrating a crucial role in mitochondrial biogenesis; thereby
activating the expression of genes encoding proteins involved in
FAO (15). More so, AMPK regulates the phosphorylation and
deactivation of ACC1, the key enzyme involved in the regulation
of fatty acid synthesis (78) (Figure 3).

MDSC-mediated AMPK phosphorylation could increase
survival of multiple myeloma cells. Treatment with compound
C (AMPK inhibitor) in the presence or absence of MDSCs
decreased AMPK phosphorylation and induced apoptosis of
multiple myeloma cells (79). Oxidative stress and upregulation
of HIF-1α were reported as triggers of AMPK activation in
osteosarcoma cells (80, 81). Since MDSCs from tumor-bearing
mice and cancer patients demonstrate a high amount of
intracellular ROS (40, 82–84), it is possible that accumulated ROS
may enhance AMPK activity. In addition, cytokines such as IL-10
and TGF-β are elevated in MDSCs (85, 86) and may also induce
AMPK phosphorylation.

Although the role of AMPK activation in cancer is widely
studied and considered as a tumor suppressor [reviewed in (87)],
its activity in modulating MDSCs function remains unclear.
There have been conflicting reports on the exact role of AMPK
in modulating MDSCs activity. It was recently demonstrated that
pharmacological targeting of AMPK abrogates MDSCs function
in tumors by repressing the expression of iNOS, arginase, and
promoting T-cell proliferation (88, 89). Another report suggested
that AMPK signaling enhances MDSCs immunosuppressive
activity in doxorubicin-resistant tumors via upregulation of miR-
10a expression (90). However, inhibition of miR-10a abrogated
the elevated CD11b+Gr1+ MDSCs frequency and also M2
signature genes such as ARG1, TGF-β, and MMP9. Hence, there
is a need for more comprehensive studies to elucidate the role of
this potential lipid metabolic mediator onMDSCs function in the
tumor microenvironment.

PI3K/AKT/mTOR
Phosphoinositide-3-Kinase (PI3K) signaling performs an
important role in regulating cellular functions and coordinate
processes such as protein synthesis, glucose homeostasis,
cellular metabolism, cell growth, migration, and survival (91).
PI3K catalyzes the phosphorylation of phosphatidylinositol
in the plasma membrane by adding a phosphate moiety to
the 3’OH on the lipid (92). Several scientists investigating
the etiology of cancer at the molecular level have intensely
studied this pathway due to its frequent alteration in cancer
(93). PI3K has been reported to regulate physiological activities
in neutrophils (94, 95). In aging mice, bone marrow and
secondary lymphoid organs accumulate a substantial level
of MDSCs, which may be associated with altered PI3K/AKT
signaling pathway. The molecular mechanism enhancing the

suppressive activity of MDSCs revealed an upregulation in
iNOS activity and inhibition of T-cell activation. This leads
to an alteration in the immune system and supports immune
senescence (96). These observations made PI3K signaling
pathway a novel target for new cancer therapy (97) and we
consider its signaling may be a potential modulator of lipid
accumulation in MDSCs to enhance its suppressive activity on
T-cells proliferation.

Phosphatase and tensin (PTEN) and 5-inositol phosphatase
(SHIP) are negative regulators of the PI3K/AKT signaling
pathway (Figure 3) regulating phosphoinositide metabolism
in immune cells (98). SHIP suppresses cell growth and
survival via the movement of cell membranes (shortly after
stimulation of the extracellular compartment) leading to
the conversion of phosphatidylinositol-3,4,5-triphosphate
(PIP3) into phosphatidylinositol-3, 4- bisphosphate (PI3,4-P2),
thus inhibiting PI3K (99). The MDSCs population can be
increased through the downregulation of SHIP expression
by cancer cells secreting factors such as GM-CSF, IL-6, and
TGF-β. It was previously reported that increased MDSCs
population in SHIP−/− tumor-bearing mice lymphoid
compartment contributes to immunosuppressive allogenic
T-cell responses in vitro and in vivo (100). Hence, treatment
strategies toward enhancing the activity of SHIP could mitigate
the immunosuppressive effect ofMDSCs and serve as therapeutic
approaches in cancer (101).

The mammalian target of rapamycin (mTOR) is a major
component of the PI3K/AKT pathway involved in cell
proliferation and nutrient availability. It also controls the
innate and adaptive immune response in multiple immune cells
(102). Inhibition of mTOR signaling with rapamycin-induced
the upregulation of arginase-1 and iNOS in MDSCs (103). Thus,
enhancing MDSCs immunosuppressive activity and reduced
T-cells proliferation. Constitutive initiation of Akt has been
documented to promote lipid and sterol synthesis in addition
to glycolysis (104, 105). Given that genetic manipulation of
mTORC1 (either by deletion of TSC1 or TSC2 in fibroblast)
activate downstream transcription factors involved in lipid
biosynthesis (106), the signaling pathway via Akt-TSC-
mTORC1-S6K1-SREBP axis could be a possible pathway in
MDSC.When mTORC1 is constitutively active, the transcription
factor, SREBP is activated and drives the expression of sterol and
fatty acid biosynthesis genes (106). The role of mTORC2 in lipid
regulation unlike mTORC1 still remains unclear. Chen et al.,
recently highlighted another mTORC2 target, ATP citrate lyase
(ACLY) in lipid metabolism. It converts citrate derived from
the TCA cycle into acetyl CoA in the cytoplasm where it can be
used for lipid biosynthesis. ACLY was identified as a target of
mTORC2 in a breast cancer cell line; revealing that mTORC2
and not mTORC1 is necessary for the generation of acetyl CoA
in an ACLY-catalyzed reaction (107). Inhibition of ACLY or
mTORC2 activity altered mitochondrial function by reducing
cell proliferation and tumor growth (108). Since mTORC2 can
regulate lipid metabolism by limiting the activity of ACLY to
generate the building blocks of lipids, targeting this signaling
pathway could attenuate the immunosuppressive activities
of MDSCs.
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Increased mRNA and protein synthesis resulting from
the phosphorylation of S6K and 4EBP1 proteins via mTOR
enhanced cell proliferation (109). Reports had shown the possible
regulatory role of the mTOR pathway during inflammatory
responses by an alteration in the activity of STAT3 and NF-
κB in myeloid cells (110). Chen et al., showed the engagement
of the mTOR signaling pathway in monocytes differentiation
to TAM (111). The effect of mTOR signaling in promoting the
expression of lipid and sterol genes when they are activated
during myelopoiesis could contribute to lipid accumulation in
MDSCs thereby enhancing their immunosuppressive function.
Despite the progress made in studying this signaling pathway,
how mTOR affects the immunosuppressive function of MDSCs
is yet to be substantiated.

STAT
Members of the signal transducer and activator of transcription
(STAT) protein family has been reported to regulate MDSCs
functions by coordinating various activities (112). STAT3
signaling is crucial for the activation and expansion of MDSCs
in several pathophysiological conditions (113) (Figure 3).
STAT3 and STAT5 signaling induced by G-CSF and GM-
CSF, respectively, regulates the expression of proteins critical
for expansion, differentiation and activation of MDSC (32).
Recently, Al-Khami et al., demonstrated that the pharmacological
blockage of STAT3 by FLLL32 or STAT5 by pimozide in BM-
derived MDSCs decreased the level of intracellular accumulated
neutral lipids. More importantly, these inhibitors prevented
the induction of arginase-1 and iNOS, thereby abrogating the
development of immunosuppressive functions of MDSCs. The
effects of STAT3 and STAT5 inhibition suggest the role of lipids in
driving the immunosuppressive function ofMDSCs (25). Despite
the available evidence, there is still a gap in understanding
how STAT3/STAT5 signaling regulates lipid metabolism and
immunosuppressive mechanisms in MDSCs.

Our group previously discovered that culturing mouse bone
marrow-derived MDSCs in the presence of LA, elevated MDSCs
proliferation while co-treatment with JS1-124 (STAT3 inhibitor)
reversed this effect. MDSCs generated in vitro with or without
JSI-124 or LA treatment was co-cultured with allogenic T-cells for
3 days to evaluate the influence of STAT3 on MDSCs suppressive
activity by CFSE dilution. The proliferation of T-cell was elevated
in the co-treated group compared to LA treated group (55).
A marked decrease was observed in the suppressive ability of
MDSCs generated in the presence of LA and JS1-124-treated
cells (55). Furthermore, STAT3 inhibition or blockage in the
expression of STAT3 in conditional knockout mice led to a
decline in MDSCs number and improved T-cell response in
tumor (114).

The transcriptional factor STAT5 can be activated by GM-CSF
which has a key role in myelopoiesis and expansion of MDSCs
(115). It was recently reported that GM-CSF in PMNs control the
expression of FATP2 through the phosphorylation of STAT5 (26).
Deletion of STAT5 in PMNs slowed tumor growth in comparison
with the control mice. This was associated with a decreased
expression of FATP2 in PMNs. Hence, STAT family could be

another potential target for the immunosuppressive activity of
MDSCs via fatty acid regulation.

TIPE Family
Tumor necrosis factor alpha-induced protein 8 like (TIPE or
TNFAIP8L) family is a group of recently established regulators
of tumorigenesis and immunity (116, 117). There are four
homologous mammalian members of this family that have
been identified including TIPE (the primary member of the
family), TIPE1, TIPE2, and TIPE3 (118). TIPE and TIPE1
are ubiquitously expressed members, TIPE2 is found in the
hematopoietic cells and TIPE3 expression is restricted to
secretory epithelial tissues.

TIPE family was reported as the only defined transfer
protein of second messenger molecules, phosphatidylinositol
4,5-bisphosphate (PIP2) and PIP3 (119, 120). Research
revealed the involvement of TIPE family in the transport
of phospholipids in and out of the plasma membrane via
signaling of phosphoinositide to regulate PI3K (119) (Figure 3).
Activation of PI3K can also stimulate the STAT3 pathway
which is related to cancer and inflammation (121–123) as well
as the NF-κB signaling (124, 125). These signaling pathways
play important roles in lipid metabolism and contribute to the
immunosuppressive activities of MDSCs (25, 55, 100, 101).

TIPE2 expression is most abundant in the hematopoietic cells
(including MDSCs) and T-cells. Upon lipopolysaccharide (LPS)
stimulation, nitric oxide production was increased due to loss
of TIPE2 gene in macrophages (126). Likewise, it modulates
macrophage response to oxidized low-density lipoproteins (ox-
LDL). Its deficiency in macrophage enhanced the stimulation
of inflammatory cytokines which induced oxidative stress
associated with p38, NF-κB, and JNK signaling (127). In relation
to these findings, TIPE2 deficient bone marrow increased the
formation of atherosclerosis in Ldlr−/− mice consuming ox-LDL
and high-fat diet, suppressed TIPE2 mRNA expression (127).
Exploring the crosstalk of lipid metabolism in MDSCs with
TIPE2 could be another promising approach in cancer therapy.

PGE2
PGE2 is a pro-inflammatory molecule elicited by stromal, cancer,
infiltratingmyeloid cells, and associated with G-protein-coupling
receptors (GPCRs). PGE2 is an important bioactive lipid and
active product of cyclooxygenase 2 (COX-2). COX-2 catalyzes
metabolic pathway involving the transformation of AA to an
unstable intermediate PGG2, then to endoperoxide H2 (PGH2)
and later into five primary prostanoids (TXA2, PGD2, PGE2,
PGF2α, and PGI2) through cell-specific synthase (128). In
MDSCs, PGE2 signals via the PGE2 receptor, E-prostanoid 4
(EP4) and upregulates arginase 1 activity in this cell, thereby
enhancing its immunosuppressive role (129, 130).

Production of COX-2 increased MDSCs proliferation
(Figure 3) correlated to an upregulation in the expression of
arginase-1 and iNOS in murine tumor-infiltrating leukocytes
(131), thereby promoting tumor. Excess COX-2 stimulated
the proliferation of malignant cells, thus compromised tumor
immunity (132). PGE2/COX-2 signaling was involved in the
differentiation of DC into MDSCs in an in vitro study (133). This
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impaired DC maturation and its antigen presentation ability,
thus inhibiting MHC class II expression and T cell activation
(134). Exploring COX-2 expression as a potential target could be
a means to enhance immune surveillance and cancer therapy.

Studies on renal carcinoma cells (RCC) revealed the
immunosuppressive influence of PGE2 on tumor cells
through induction of arginase activity in MDSCs (135).
This hindered T-cell activity in the tumor microenvironment
resulting from the unavailability of L-arginine (136). Therefore,
manipulation of PGE2 expression in MDSCs could enhance
immunotherapy (137).

CXCR4 expression in differentiating MDSCs was elevated
by the involvement of PGE2 in mice tumor cells (138, 139).
Obermajer et al., established in human ovarian cancer that
tumor-related PGE2, induced CXCL12 chemokine production
and the expression of CXCR4 on MDSCs. The study also
reported that PGE2 promotes COX2 expression in MDSCs.
However, exposure of MDSCs from ovarian cancer cells to
COX2 inhibitors decreased CXCR4 expression and sensitivity
to recombinant CXCL12 (140). PGE2 possibly drives MDSCs
accumulation by mobilizing chemokines to attract them from the
circulation into the tumor microenvironment. COX-2 selective
inhibitors and conventional non-steroidal anti-inflammatory
drugs (NSAIDS) have previously been established to suppress
immune evasion in tumors. It has been proposed that COX-2
inhibitors may stimulate type 1 immune responses by inhibiting
MDSCs function (141).

A recent study reported that FATP2 promoted the suppressive
role on PMN-MDSCs through the synthesis of PGE2, following
exogenous uptake of AA (26). This suggests that regulation of
the metabolic pathway involved in the transformation of AA to
PGE2 via COX-2 may be a promising path in controlling lipid
accumulation and attenuate the immunosuppressive function
of MDSCs.

CONCLUSIONS

Metabolic alteration in cancerous cells has long been reported,
however, a salient question yet to be fully investigated
is the metabolic fate of tumor-associated immune cells.
A better understanding of immunosuppression from a

metabolic perspective may enhance the identification of
new immunotherapeutic targets (142). Lipid metabolic
reprogramming of MDSCs is a major contributing factor to its
altered phenotype and co-opted immunosuppressive function.
In MDSCs, the factors regulating the shift from glycolysis
to FAO-OXPHOS in the tumor milieu and the molecular or
transcriptional networks controlling its immunosuppressive role
have not been fully explored. Understanding the precise roles
of different forms of lipids in the tumor microenvironment is
challenging. More research focus on elucidating lipid metabolism
in MDSCs may enhance the development of therapies to treat
cancer in the clinic.
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Myeloid-derived suppressor cells (MDSC) are well-known key negative regulators of

the immune response during tumor growth, however scattered is the knowledge

of their capacity to influence and adapt to the different tumor microenvironments

and of the markers that identify those capacities. Here we show that the secreted

protein acidic and rich in cysteine (SPARC) identifies in both human and mouse

MDSC with immune suppressive capacity and pro-tumoral activities including the

induction of epithelial-to-mesenchymal transition (EMT) and angiogenesis. In mice

the genetic deletion of SPARC reduced MDSC immune suppression and reverted

EMT. Sparc−/− MDSC were less suppressive overall and the granulocytic fraction was

more prone to extrude neutrophil extracellular traps (NET). Surprisingly, arginase-I and

NOS2, whose expression can be controlled by STAT3, were not down-regulated in

Sparc−/− MDSC, although less suppressive than wild type (WT) counterpart. Flow

cytometry analysis showed equal phosphorylation of STAT3 but reduced ROS production

that was associated with reduced nuclear translocation of the NF-kB p50 subunit

in Sparc−/− than WT MDSC. The limited p50 in nuclei reduce the formation of

the immunosuppressive p50:p50 homodimers in favor of the p65:p50 inflammatory

heterodimers. Supporting this hypothesis, the production of TNF by Sparc−/− MDSC

was significantly higher than by WT MDSC. Although associated with tumor-induced

chronic inflammation, TNF, if produced at high doses, becomes a key factor in mediating

tumor rejection. Therefore, it is foreseeable that an unbalance in TNF production could

skewMDSC toward an inflammatory, anti-tumor phenotype. Notably, TNF is also required

for inflammation-driven NETosis. The high level of TNF in Sparc−/− MDSC might explain

their increased spontaneous NET formation as that we detected both in vitro and in vivo,

in association with signs of endothelial damage. We propose SPARC as a new potential

marker of MDSC, in both human and mouse, with the additional feature of controlling

MDSC suppressive activity while preventing an excessive inflammatory state through the

control of NF-kB signaling pathway.

Keywords: SPARC, myeloid-derived suppressor cells, breast cancer, neutrophil, neutrophil extracellular traps
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INTRODUCTION

Tumor growth implies a systemic state of immune suppression,
also characterized by bone marrow (BM) expansion and
circulation of myeloid cells able to suppress adaptive immune
responses through a variety of mechanisms (1, 2). The so-called
myeloid-derived suppressor cells (MDSC) are a heterogeneous
pool of myeloid cells, mainly composed by two subsets, the
monocytic (M)-MDSC and the polymorphonuclear (PMN)-
MDSC, characterized by different phenotypic markers, which
are also distinct between human and mouse. The two subsets
expand differently and are endowed with different suppressive
activities depending on the specific tumor types (3, 4). Persistent
tumor release of growth factors and cytokines (such as G-CSF,
GM-CSF, and VEGF), promote MDSC production in the BM,
whereas tumor release of chemokines (i.e., CCL2, CXCL12)
recruits them within the tumor microenvironment (TME) (5,
6). Once in the TME, MDSC acquire suppressive activity
through the chronic sensing of inflammatory cytokines and
damage-associated molecular patterns (DAMP). PMN-MDSC
are phenotypically almost indistinguishable from neutrophils,
which also share several functions in favor of tumor growth
and dissemination. M-MDSC are instead similar to monocytes
and are characterized by high plasticity: in the TME they can
differentiate in macrophages and dendritic cells (7, 8).

Neutrophils can chaperone circulating tumor cells that,
through a VCAM1-mediated embrace, gain proliferative capacity
while in circulation (9). Notably similar interaction, but via beta1
integrin, is retained by PMN even when dying of NETosis, a
peculiar type of cell death releasing neutrophils extracellular traps
(NETs) (10). NETs are double strand DNA threads decorated
with anti-microbial proteins that are extruded by neutrophils to
control bacterial and fungi infections. Several stimuli (e.g., IFN,
TNF, IL-8, and DAMP) initiate NETosis by binding to neutrophil
receptors (e.g., Fc receptors, TLRs) (11). An aberrant NET
production has been reported in autoimmune conditions, such
as systemic vasculitis and systemic lupus erythematosus (12).
Many papers are now describing NET in the context of cancer
(10, 13). In solid tumors NET have been shown in clinical samples
of triple-negative human breast cancer (TNBC). Using murine

models of TNBC Park et al. showed that NET stimulate invasion
and migration of breast cancer cells. Inhibiting NET formation
or digesting NET with DNAse I in vivo reduced lung metastasis.
Furthermore, NET can wrap circulating tumor cells (CTC)
through a β1 integrin-mediated mechanism or promote cancer
cell awakening through extracellular matrix (ECM) remodeling
(14, 15). It remains undetermined whether NETs, which are
decorated with proteolytic enzymes active on endothelial cells in
case of vasculitis, can leave tumor cells unhurt upon their contact.

In this context, we have published that inflammatory
neutrophils isolated from subcutaneous agar implants
spontaneously extrude NETs (16) and display cytostatic
activity against cultured tumor cells (17).

Tumor growth is also associated with aberrant extracellular
matrix (ECM) deposition. An increase in collagen content
enhances ECM stiffness with consequences on tumor cell survival
and migration (18). Other than contributing to the biological

and clinical heterogeneity of solid cancers the ECM can directly
affect tumor cell as well as immune cell behavior within the
TME (19). When activated, immune cells express the ITIM-
receptor LAIR-1 that specifically binds to Gly-Pro-Hyp collagen
conserved motives (20). The triggering of this receptor activates
a negative inhibitory signal that blocks cell activation including
NET formation and ROS production (21, 22) We have recently
demonstrated that an aberrant ECM deposition characterized
by secreted protein acidic and rich in cysteine (SPARC) and
high collagen content promotes the recruitment of suppressive
myeloid cells (23). SPARC belongs to the class of matricellular
proteins with regulatory functions tuning different biological
processes, including migration, proliferation, adhesion and cell
survival (24). Although not strictly endowed with structural
functions, matricellular proteins can control ECM stiffness and
composition. In Sparc−/− mice, collagen fibers are smaller and
disorganized (25, 26) whereas SPARC overexpression promotes
collagen fiber deposition and increases ECM stiffness, which in
turn activates the process of MDSC recruitment in the TME (23).
These data indicate that an ECM rich in SPARC can modulate
myeloid cell functions. Less studied and appreciated is the role of
matricellular proteins when produced directly by myeloid cells.
On this line we have previously shown that another matricellular
protein, osteopontin (OPN), when produced by M-MDSC as
intracellular protein (iOPN), tunes MDSC suppressive function,
modulating the expression of arginase-1, IL-6 and phospho-
Stat3 (27). Here we studied the role of SPARC as marker of
human and mouse MDSC and its possible regulatory function on
their activity.

MATERIALS AND METHODS

Animals, Cell Lines, and in vivo

Experiments
BALB/cAnNCrl mice (BALB/c) were purchased from Charles
River Laboratories (Calco). All experiments involving animals
were approved by the Ministry of Health (INT 16_2016,
authorization number 288/2017-PR). Sparc−/− mice on a
BALB/c background were obtained in our laboratory as
previously described (25). The mammary carcinoma cell
line SN25A was obtained from SPARC-deficient mice that
spontaneously developed mammary tumors due to the
expression of the rat HER2/neu oncogene (BALB/c; SPARC
< tm1Hwe > Tg(MMTV-Erbb2)NK1Mul/J), whereas the N3D
cell line was derived from transgenic Her2/Neu mice (BALB/c-
Tg(MMTV-Erbb2)NK1Mul/J). Both cell lines were infected with
the retroviral vector LXSPARCSH to over-express SPARC and
the co-isogenic cell lines, SN25ASP and N3DSP, were obtained
(23). Mice were injected into the mammary fat pad with SN25A,
N3D, N3DSP (all at the dose of 2x10∗5 cells) and SN25ASP (10∗6
cells) cell lines and tumors collected when they reached a 10
mm diameter.

Patient Samples and Gene Expression Data
Peripheral Blood was obtained from consecutive breast cancer
patients (12 cases) to be surgically resected at Fondazione
IRCCS Istituto Nazionale Tumori. The study was approved
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by the Medical Ethics Committee (Auth. Number 167/17),
and all clinical data were obtained after receiving informed
consent, according to institutional rules. Confocal microscopy
analysis was performed onto consecutive primary breast tumors
surgically resected at Fondazione IRCCS Istituto Nazionale
dei Tumori.

Flow Cytometry Analysis
For FACS analysis primary tumors or spleens were collected
and maintained in DMEM−10%FBS, then minced and filtered
through a 40 µm-pores cell strainer (BD). Red blood cells
were removed using ACK lysis buffer (ammonium chloride
potassium). Cells were Fc-blocked using CD16/32 antibody
(eBioscience) before staining. Antibodies used were: CD45.2; Gr-
1; CD11b; Ly6G, and Ly6C (all from eBioscience). Samples were
acquired using a BD LSR II Fortessa instrument and analyzed
with FlowJo software (TreeStar). All samples are analyzed in
single; in each experiment at least 3–4 samples were analyzed for
each group.

PBMC Flow Cytometry and Cell Sorting
Blood samples were collected in heparin and peripheral blood
mononuclear cells (PBMCs) were obtained by diluting whole
blood samples patients 1:2 with PBS 1X and subsequently
subjected to a density gradient stratification. Briefly, diluted
whole blood samples was carefully layered onto Histopaque-
1077 Ficoll (Sigma- Aldrich) and centrifuged at 1,800 rpm
for 30min at room temperature without brake. Finally, the
lymphocyte-enriched ring at the interface was transferred into a
new collection tube and washed with PBS 1X by centrifugation at
1,200 rpm for 5min. PBMCs were then stained and analyzed by
BD LSR II Fortessa instrument. For MDSC characterization 106

PBMCwere stained with the following Ab: Lin1 (FITC); HLA-DR
(APC eFl780), CD11b (BB700), CD14 (FITC), CD15 (BV650),

CD16 (Pe-Cy7), and CD33 (PE) (Supplementary Table 1). Total
MDSC were sorted from PBMC according to HLA-DR, CD33
and CD11b expression. Cells were sorted using a FACSAria
BD Instrument.

MDSC Isolation From Spleen and in vivo

Tumors for RT-PCR
For MDSC isolation, spleens and mammary lesions from tumor-
bearing mice (or naive mice as controls for spleen MDSC), were,
minced and filtered to obtain a single cell suspension. Red blood
cells were lysed by ACK lysis buffer and MDSC were sorted with
FACSAria BD Instrument with the following antibodies: CD45,
CD11b, Ly6G, and Ly6C (all from Ebioscience).

RNA Extraction and RT-PCR
For quantitative RT-PCR, myeloid cells were lysed with TRIzol
(Invitrogen Life Technologies) and RNA was extracted using
the RNeasy Kit (Qiagen). DNA contaminants were removed
by treatment with DNase I. cDNA was reverse transcripted
from 1 µg of total RNA. PCR was performed using TaqMan
Universal PCRmaster mix (Applied Biosystems, Foster City, CA,
USA) and a target gene assay mix containing sequence-specific
primers for the Arginase1, Sparc, TGFb, TNF, NOS-2, and Stat3

genes. Gene-specific primers were purchased from Applied
Biosystems (Tnf Mm00443260_g1; Arg Mm00475989; Stat3
Mm01219775_m1; Sparc Mm00486332_m1; Vegf Mm01281449;
Nos2 Mm00440502_m1; Gapdh Mm99999915_g1). The
reactions were set up according to the standard TaqMan qPCR
conditions reported in the Applied Biosytems protocol and
were performed in duplicate for each sample. The qPCR assays
were run using the ABI PRISM R© 7900 Fast Real Time PCR
system and the ABI PRISM 7900 HT Sequence Detection System
(Applied Biosystems), and the result data were analyzed with
SDS Software 2.3 (Applied Biosystems). The mRNA level of
the target genes was quantified by measuring the CT value
to determine its relative expression. The results are reported
using the fold change in the gene expression of the target genes
relative to the internal control gene (GAPDH). The mean-fold
change in target gene expression was calculated as 2-11CT,
where DDCT=[(CT,Target - CT,GAPDH)sample-(CT,Target -
CT,GAPDH)] internal control.

Immunohistochemistry

and Immunofluorescence
Histological and immunohistochemistry analyses of
human and mouse tissues were performed as described
previously (23). All antibodies that have been used are
listed in Supplementary Table 2. For double-marker
immunofluorescence stainings in which primary antibodies of
the same made were adopted, the tyramide signal amplification
system Opal multiplex IHC kit (Lot number 2395285,
PerkinElmer Inc.) was adopted. Briefly, after deparaffinization,
antigen retrieval was performed using microwave heating and
a pH9 buffer and the first primary antibody was incubated
overnight at 4◦C (monoclonal anti-Human Osteonectin/Sparc,
Clone ON1-1, 1:500, Life technologies). Immunofluorescence
labeling was achieved by incubating with a specific secondary
antibody, followed by the addition of one selected Opal
fluorophore and microwave treatment in pH9 buffer. The
same procedure was repeated for the second primary antibody
for 90min at room temperature (monoclonal anti-Human
CD33, Clone PWS44, 1:100, Novocastra), using a different Opal
fluoprophore and DAPI nuclear counterstain. All the sections
were analyzed under Zeiss Axio Scope A1 optical microscope
(Zeiss, Germany) and microphotographs were collected using
an Axiocam 503 Color digital camera with the ZEN2 imaging
software (Zeiss Germany).

In vitro Suppressive Assay
Myeloid derived suppressor cells were purified using
CD11b-conjugated microbeads (for overall population)
and Myeloid-Derived Suppressor Cell Isolation Kit [for
separation of the two subsets (Miltenyi Biotec)] following the
manufacturer’s instructions.

For in vitro suppression assay, 4 × 105 naïve BALB/c
splenocytes have been labeled with CFSE (Carboxyfluorescein
Succinimidyl ester; SIGMA Aldrich) and co-cultured with the
different MDSC population at different ratio in presence of
2µg/ml of soluble anti-CD3 and 1µg/ml of anti-CD28 to activate
lymphocytes. Each sample was seeded in triplicate. Proliferation
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of CD4 and CD8T cells has been assessed 2 and 3 days later,
by flow cytometry evaluating CFSE dilution in the CD4+ and
CD8+ gated populations. Results are shown as percentage of
proliferated cells.

ROS Detection
The detection of ROS was performed on the overall population
of myeloid derived suppressor cells purified using CD11b-
conjugated microbeads using the CellROX R© Green Reagent (Life
technologies)a fluorogenic probe for measuring ROS in live cells.
Oxidation of the cell-permeant dye by ROS generate a bright
green fluorescence detectable at FACS.

Evaluation of p50 and p65

Nuclear Translocation
To assess p50 and p65 nuclear translocation BM-derived MDSC
were seeded onto poly-D-lysine coated glasses for 2 h in presence
of TM supernatants or LPS (10 ng/ml).

Cell permeabilization was obtained after 1 h incubation with
PBS 0.1% Triton-X100 (Sigma-Aldrich) plus 5% normal goat
serum (Dako Cytomation, Carpinteria, CA USA) and 2% BSA,
(Amersham Biosciences, Piscataway Township, NJ USA). Cells
were then incubated with rabbit anti-mouse p50 NF-kB (NLS,
sc-114; Santa Cruz) or rabbit anti-mouse p65 NF-kB (c-20,
sc-372; Santa Cruz). After 1h of incubation at RT, goat anti
rabbit AlexaFluor 488 conjugated (LifeTechnologies) were used
as secondary antibodies. Nuclei were counterstained with DAPI
(Invitrogen, Molecular Probes). Samples were mounted with
FluorPreserve Reagent (Calbiochem San Diego, CA USA) and
analyzed with a Leica SP8 I laser scanning confocal microscope
using a fine focusing oil immersion lens (40X, N.A. 1.3) at 1
Airy Unit resolution and operating in channel mode with 405
and 633 nm excitations. The mean fluorescence intensity of the
nucleus was quantified after a freehand drawing considering the
nucleus as regions of interest using Image-pro Premium 9.2.

In vitro PMN Cytostasis Assay
PMN were collected from blocks of 2% agarose and 0.2% gelatin
in saline 5 days after subcutaneous implant, as described (17).
PMN-mediated cytostasis was evaluated in a spectrophotometric
assay in 96-well microplates to be read on a microplate
spectophotometer. Briefly, after 72 h culture. cells were fixed with
5% formalin and stained with 1% methylene blue in 0.01M
borate buffer, pH 8.5. After eluting the dye from cells with 0.1N
HCl, absorbance was read at 620 nm. The percentage of growth
inhibition was calculated as [1–(A-B-C)/(D-C)] × 100, where A,
B, C, andD are absorbance of cultures of tumor cells and PMN, of
PMN alone, of 10∗4 target cells after adhesion for 2 h, and of the
dye in wells containing tumor cells cultivated for 72 hr. Results
are presented as mean (+SD) of three to six replicates.

Statistical Analysis
Statistical analysis of single treatments was performed using the
Mann-Whitney t-test. The significance of different combined
treatments was assessed through one-way ANOVA with Dunn’s
multiple comparison test. For other analyses related to MDSC
frequency or ELISA data, differences between groups were tested

for significance using a two-tailed unpaired t-test. Values were
considered statistically significant at p < 0.05. All of the analyses
were performed using Prism software Version 5.0d (GraphPad).

RESULTS

Frequency of MDSC in High-Grade Breast

Cancer Patients and Their Expression

of SPARC
The peripheral blood (PB) of high-grade breast cancer (BC)
patients (n = 12) was analyzed for the frequency of early-
stage MDSC (eMDSC), identified, by flow cytometry as Lin-
HLA-DR-CD33+CD11b+ [as described in (3)]. We found
that high-grade BC patients have a significantly increased
frequency of eMDSC if compared to healthy donors (HD)
(Figure 1A and Supplementary Figure 1A for gating strategy).
Using a different flow cytometry panel that includes HLA-
DR, CD33, CD11b, CD14, and CD15 (3, 28) it is possible
to define the PMN and M-MDSC subsets in BC patients,
being PMN-MDSC HLA-DR-, CD33+CD11b+CD15+ and M-
MDSC HLA-DR-CD33+CD11b+CD14+. According to this
panel we found that the vast majority of MDSC expanded
in BC patients are HLA-DR-CD33+CD11b+ CD14-CD15-
therefore not expressing the differentiation markers (Figure 1A
and Supplementary Figure 1B for gating strategy). However, the
few M-MDSC were increased in BC patients compared to HD
(Figure 1A).

To assess the expression of SPARC in circulating human
MDSC total HLA-DR-CD33+CD11b+ MDSC were FACS-
sorted and evaluated, by real-time (RT)-PCR and confocal
microscopy, for the expression of SPARC at RNA and protein
level, respectively (Figures 1B,C). RT-PCR analysis showed that
the expression of SPARC was significantly higher in MDSC
obtained from BC patients compared to HD (Figure 1B). In
line, confocal microscopy analysis confirmed SPARC expression
in MDSC of BC patients and less on the fewer HLA-DR-
CD33+CD11b+ cells obtained from one HD (Figure 1C).
To evaluate whether human myeloid cells express SPARC in
situ in the tumor microenvironment (TME) we performed a
double staining confocal microscopy analysis of BC paraffin
sections. The representative picture in Figure 1D shows SPARC
expression in CD33+ cells within the TME.

Next we moved to mouse models to assess whether also
murine MDSC express SPARC. To perform this analysis
we used 4 different mouse mammary tumors, previously
characterized for their different capacity to promote MDSC
expansion and activation (23). Indeed, these models were
used to demonstrate that SPARC over-expression in BC
cells support MDSC development and expansion. In detail,
SPARC-deficient (SN25A) or low expressing (N3D) did not
promoted MDSC expansion, whereas the SPARC-transduced
counterparts (SN25ASP and N3DSP) strongly supported
MDSC recruitment and suppressive capacity (23). Using
RT-PCR (Figure 1E) and immunofluorescence (IF, Figure 1F
and Supplementary Figure 1C, for the M-MDSC subset)
analyses we show that SPARC is expressed by both PMN- and
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FIGURE 1 | SPARC marks human and murine MDSC. (A) Cumulative FACS analysis showing the frequency of early MDSC (eMDSC), PMN- and M-MDSC, and

CD11b+CD33+CD14-CD15- in the PB of 12 consecutive BC patients. CD11b+CD33+ eMDSC were defined within HLA-DR-Lin- cell gate. The frequency of

e-MDSC was calculated as frequency of CD11b+CD33+ x Frequency of HLA-DR-/100. HLA-DR-CD33+CD11b+CD15+ PMN-MDSC and

HLA-DR-CD33+CD11b+CD14+ M-MDSC were identified within the CD11b+CD33+ gate. The CD11b+CD33+ gate was defined on HLA-DR- cells. HLA-DR+

cells were identified within the gate of live cells after doublets exclusion. The frequency of PMN and M-MDSC was calculated as Frequency of CD11b+CD33+ x

(Continued)
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FIGURE 1 | Frequency of CD14+ or CD15+/100. The gating strategies are shown in Supplementary Figure 1D. (B) Semiquantitative real-time PCR analysis for

SPARC and STAT3 performed on FACS-sorted MDSC isolated from breast cancer patients (BC PT; n = 5) compared to healthy donors (HD; n = 6);

(C) Representative confocal microscopy analysis showing SPARC (red) expression in FACS-sorted HLA-DR-CD33+CD11b+ cells from two representative BC

patients and one healthy control. (D) Representative confocal microscopy analysis for SPARC (green) and CD33 (red) showing the presence of CD33+ cells

expressing SPARC in representative BC patient paraffin sections (white arrows). One representative case is shown. Additional cases are shown in

Supplementary Figure 1. (E) Semiquantitative real-time PCR analysis for Sparc performed on murine MDSC subsets sorted from SN25A, SN25ASP, N3D and

N3DSP tumors. The Student’s t-test was used for statistical analysis (*p < 0.05; **p < 0.01). (F) Cytospin preparations of FACS-sorted PMN-MDSC isolated from

SN25ASP tumors and stained for Gr1 (green) and SPARC (red). The same staining for M-MDSC is shown in Supplementary Figure 1C.

M-MDSC dependently on concomitant tumor expression of
SPARC, being associate to N3DSP and SN25ASP, but not to
N3D and SN25A tumors. These data point to SPARC as a
potential new marker for MDSC. Notably, human BC samples
in which SPARC was absent on tumor cells were also devoid of
CD33+ cells expressing SPARC, in parallel with mouse results
(Supplementary Figure 1D).

Myeloid-Derived SPARC Is Required for

Epithelial-to-Mesenchymal Transition
To determine the relevance of SPARC when directly produced
by MDSC we took advantage from our SN25ASP and N3DSP
models in which we showed that the recruitment of MDSC
activates an EMT program in vivo but not in vitro (23).

SPARC-producing SN25ASP cells were injected into SPARC-
competent (WT) and SPARC-deficient (Sparc−/−) mice.
Histopathological analysis showed that tumors developing
into Sparc−/− mice had reduced EMT features than those
growing into WT recipients (Figures 2A,B). Indeed, in WT
mice the tumor mass was composed mainly by cells with
spindle morphology intermingled with abundant collagenic
matrix forming ill-defined nest-like infiltrates. On the contrary,
the EMT phenotype was almost entirely reverted in tumors
grown into Sparc−/− hosts that showed well-formed nest-like
ytumor structures stained for membrane-expressed E-cadherin
and reduced frequency of ZEB-1+ nuclei (Figures 2A,B).
These data demonstrated that the robust EMT observed in
SN25ASP tumors grown in WT mice was likely dependent on
microenvironment-derived SPARC. Notably, SN25ASP tumors
grew significantly less in Sparc−/− than WT mice (Figure 2C),
although in presence of reduced EMT. To test whether SPARC
produced endogenously by MDSC contributed to EMT, 106

MDSC isolated from the spleen of SN25ASP tumor-bearing WT
or Sparc−/− mice, were injected, once a week for 4 consecutive
weeks (Figure 2D), intra-tumorally into SN25ASP lesions grown
in Sparc−/− mice. Results show that SN25ASP tumors gained
the EMT marker ZEB-1 and lost E-cadherin, thanks to the
supplement of SPARC-producing MDSC, despite the SPARC-
deficiency in the host (Figures 2E,F). In presence of WT MDSC
we observed also an increased tumor growth (Figure 2G). The
data support the hypothesis that SPARC from MDSC is required
for immune-mediated EMT.

SPARC Specifies PMN-MDSC

Suppressive Functions
To test the functional relevance of SPARC expressed by MDSC,
PMN- and M-MDSC subsets were purified from the spleen

of tumor-bearing WT or Sparc−/− mice and evaluated for
their capacity to inhibit T cell proliferation in vitro. PMN-
MDSC from Sparc−/− mice had a marked reduced ability to
suppress T cell proliferation (Figure 3A). Comparison between
PMN- and M-MDSC subsets, in this model, was however
cumbersome being PMN-MDSC the population that expands
mostly in the spleen of tumor-bearing mice, accounting
for nearly 80% (77.8 ± 9.6) of the CD11b+ cells, in
comparison to the M-MDSC that account for 1% (1.10 ± 0.3).
Additionally, the expansion of PMN-MDSC (Ly6Ghigh cells)
in Sparc−/− hosts was even higher than in WT counterparts,
whereas the M-MDSC (Ly6C high cells) fraction was reduced
(Figures 3B,C).

To explain the reduced suppressive capacity of PMN-MDSC
from Sparc−/− vs. WT mice, we evaluated the expression of
genes that are involved in MDSC suppressive activity in FACS-
sorted MDSC from both tumors and spleens (29). Despite
their paucity, we also included FACS-sorted M-MDSC obtaining
enough material at least for RT-PCR analysis.

Expecting differences, we were surprised of finding similar
or higher expression of Stat3 and Arginase-I in Sparc−/−

MDSC (both from spleen and tumor) (Figure 3D and
Supplementary Figure 2). Different, however, was Nos2
that was higher in Sparc−/− than WT PMN-MDSC. NO, the
product of NOS2 activity, is a well-recognized pro-inflammatory
agent involved, for example, in ulcerative colitis. In support of
this idea, Tnf mRNA level was higher in Sparc−/− than WT
MDSC (Figure 3D).

Trying to explain the reduced suppressive activities of
Sparc−/− MDSC we evaluate ROS expression in total MDSC
(CD11b+ fraction, as described in Melani et al. (6) isolated from
the spleen of WT and Sparc−/− tumor-bearing mice. We found
a significantly decreased ROS expression by MDSC isolated fro
Sparc−/− hosts (Figures 3E,F).

To further study the mechanisms behind SPARC induction

of a pro-tumoral phenotype in MDSC, we look at NF-kB
signaling, as this pathway is involved in monocytes to M-

MDSC reprogramming (30–32). To test whether Sparc−/−

MDSC have defective NF-kB activation, we evaluated p65
and p50 translocation into the nucleus of BM-differentiated

MDSC (28) from WT and Sparc−/− mice, after exposure

to tumor supernatants or, as control, to LPS. Confocal
microscopy analysis revealed that SPARC-deficient MDSC

showed a significantly lower amount of p50 but not of p65
into the nucleus (Figure 3G and Supplementary Figure 3) than
SPARC-competent MDSC, at baseline or when in culture
with SN25ASP tumor supernatant (Figure 3G). This suggests
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FIGURE 2 | SPARC from MDSC supports EMT. (A) H&E and IHC analysis for E-cadherin and Zeb-1 markers performed in SN25ASP tumors obtained from WT and

Sparc−/− mice. Scale bars, 100µm. (B) Quantitative IHC data for EMT markers are shown as the fraction of positive nuclei for Zeb-1 (*p < 0.05; Unpaired T-test) in

tumors. (C) Mean tumor volume of SN25ASP tumors injected in WT and Sparc−/− mice. (D) Graphical abstract for the MDSC transfer experiment. (E) H&E and IHC

analysis for E-Cad and ZEB-1 showing the increased expression of EMT markers in SN25ASP tumors grown in Sparc−/− mice transferred with WT but not Sparc−/-

MDSC. (F) Quantitative IHC data for EMT markers are shown as the fraction of positive nuclei for Zeb-1. (G) Tumor Volume of SN25ASP tumors grown in Sparc−/−

mice transferred with MDSC from WT and SPARC-deficient mice.

that SPARC-deficient PMN-MDSC may be skewed toward an
inflammatory phenotype.

Endogenous SPARC Reverts

Tumor-Induced PMN Education

Toward Cytostasis
Inflammatory PMN, isolated from subcutaneous agar-implants,
exert cytostatic activity toward G-CSF releasing tumor cells (17).
Using inflammatory PMN isolated fromWT and Sparc−/− mice,

we evaluated whether tumor cells, according to their ability to
promoteMDSC differentiation (SN25ASP> SN25A), can inhibit
such PMN function and whether PMN from SPARC-competent
and -deficient mice are differently susceptible to tumor induced
re-education and therefore capable of different cytostatic activity
on tumor cells. To this end PMN from WT or Sparc−/− mice,
were co-cultured with SN25A or SN25ASP tumor cells. Both
SN25A and SN25ASP cells lines express G-CSF at similar level,
whereas they release different amounts of GM-CSF, IL-6 and
COX-2, all significantly higher in the SPARC-over-expressing cell
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FIGURE 3 | SPARC-deficient MDSC are less suppressive than WT counterparst. (A) Immunosuppressive activity of PMN-MDSC isolated from the spleens of WT and

Sparc−/− tumor-bearing mice evaluated as the ability to suppress a-CD3/a-CD28-induced CD4 and CD8T cell proliferation in vitro. (B) FACS analysis of CD11b+,

PMN- and M-MDSC performed on peripheral blood of WT and Sparc−/− mice injected with the SN25ASP cell line. The Student’s t test was used for statistical

analysis (*p < 0.05). (C) IHC analysis of the myeloid markers Gr-1 and Ly-6C performed on WT and Sparc−/− tumors, showing the enrichment in Gr-1+ cells in

Sparc−/− tumors. Scale bars, 100mm. (D) Semiquantitative real-time PCR analysis for Stat3, Arginase1, Nos2 and Tnf genes performed on PMN-MDSC and

(Continued)
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FIGURE 3 | M-MDSC subsets sorted from SN25ASP tumors grown in WT and Sparc−/− mice (n = 4 for per group). The Student’s t test was used for statistical

analysis (*p < 0.05; **p < 0.01). (E) Representative histogram plots for ROS detection in WT and Sparc−/− MDSC. Oxidation of the cell-permeant dye by ROS

generate a bright green fluorescence detectable at FACS in the FITC channel. (F) Cumulative day showing ROS production by MDSC in terms of percentage of cells

oxidating the dye and therefore expressing ROS or the MFI of expression of the oxidated permanent dye. (Student t-test **p< 0.01). (G). Quantitative data showing

p50 and p65 nuclear translocation in MDSC differentiated in presence of G-CSF, GM-CSF, and IL-6 from the BM of WT and Sparc−/− mice. MDSC were culture for

2 h in presence of SN25ASP tumor supernatants or LPS (*p < 0.05; ***p < 0.001).

line (23). Co-culturing these cells with PMN we found that WT
PMN had cytostatic activity only against SN25A cells, whereas
they were significantly less cytostatic when co-cultured with
SN25ASP cells (Figure 4A). Sparc−/− PMN were similarly able
to inhibit the growth of SN25A cells (Figure 4A) but contrarily
to WT PMN, were also able of cytostasis against SN25ASP cells
(Figure 4A). These results suggest that SPARC, endogenously
produced by MDSC, contributes to tumor-induced education
of myeloid cells toward a pro-tumoral phenotype. In line with
the pro-inflammatory, anti-tumor activity of myeloid cells from
Sparc-deficient mice, histological analysis of SN25ASP grown in
Sparc−/− mice showed features of stromal and vascular damages
with vascular lacunae characterized by infiltrating granulocytes
undergoing lytic activities (Figure 4B).

Altered Tumor Vascularization in

SPARC-Deficient Hosts
MDSC can support tumor growth also promoting angiogenesis,
for example through the production of VEGF. We investigated
whether SPARC can influence tumor angiogenesis as part of their
pro-tumorigenic activities. We evaluated VEGF expression by
RT-PCR in spleen and tumor MDSC from WT and Sparc−/−

mice and the serum level of VEGF in SN25ASP tumor-
bearing Sparc−/− mice, receiving or not a transfer of WT
or Sparc−/− MDSC. Vegf mRNA expression was higher in
Sparc-deficient PMN-MDSC and M-MDSC (Figure 5A), as it
was the amount of VEGF in the serum of Sparc−/− mice
injected with Sparc-deficient rather thanWTMDSC (Figure 5B),
suggesting that the lack of SPARC in MDSC may favor tumor
vascularization. However, IHC analysis of tumor sections showed
a reduced staining of CD31, a marker of endothelial cells, in
Sparc−/− than in WT mice (Figures 5C,D). Therefore, despite
a potential increase in tumor angiogenesis because of higher
VEGF availability, the concomitant pro-inflammatory nature of
Sparc−/− PMN likely limits the formation of an efficient vascular
network. In favor of this interpretation, IHC analysis performed
onto tumor sections shows the presence of PMN destroying
the vascular wall of CD31+ vessels (Figure 5E). Overall these
results point to less suppressive Sparc−/− MDSC, endowed
with cytostatic activities, and of the capacity of damaging
tumor vasculature, thus explaining the reduced growth of tumor
implanted into Sparc−/− mice.

The Absence of SPARC Increases

Neutrophil Extracellular Trap Extrusion

by PMN-MDSC
NETs are extruded by activated PMNafter exposure to a variety of
factors (i.e., immune complexes, IFNs, TNF and others). Recently

it has been shown that NETs can be extruded byMDSCwithin the
TME via IL-8 stimulation (33). This finding prompted us to assess
whether the absence of SPARC could impact NET formation by
MDSC expanded in presence of a tumor. To this end PMN-
MDSC were isolated from the spleen of tumor-bearing Sparc−/−

and WT mice, seeded onto poly-D-Lysine coated glasses and
stimulated or not with PMA to induce NETosis. We observed
that MDSC from tumor-bearing WT and Sparc−/− mice were
equally able to extrude NETs in presence of PMA, but in its
absence only MDSC isolated from Sparc−/− mice were able to
extrude NETs (Figure 6). This might suggest that the sensing of
different specific factors or the lack of some brakes produced
in vivo in the absence of SPARC could differently prime PMN-
MDSC for NET formation.

DISCUSSION

Myeloid cells expand within the bone marrow and migrate into
the periphery where they are skewed toward MDSC.

We propose that SPARC expression in MDSC is required
for their pro-tumor “education.” In the absence of endogenous
SPARC, MDSC are indeed less suppressive and have reduced
capacity to sustain EMT and tumor outgrowth. The reduced
suppressive capacity was particularly evident on PMN-MDSC.
However, due to the very low amount of M-MDSC in our
mammary tumor models we were unable of testing whether
SPARC could also influence the activity of the monocytic
subset. Although not subverting numerically the PMN-MDSC,
in the majority of mouse tumor models a prevalent function
is given to M-MDSC (34). However, in few cases the relevance
of the suppressive activity of PMN-MDSC has been clearly
shown (4). Furthermore, other matricellular proteins have
been demonstrated relevant for immunosuppression, such as
osteoactivin, also known as glycoprotein nonmetastatic B
(GPNMB) (35) and intracellular ostepontin (iOPN) (27).

Different transcription factors have been involved in the
acquisition of MDSC suppressive phenotype, among which
the best-characterized are STAT3, STAT1 and NF-kB. STAT3
works preferentially on PMN-MDSC and is largely involved in
MDSC expansion. In our models, Arginase-I and NOS2, whose
expression can be controlled by STAT3, were surprisingly not
down-regulated in Sparc−/− MDSC, which are low suppressive.
Flow cytometry analysis showed equal phosphorylation of STAT3
in WT and Sparc−/− MDSC. Also, STAT1, which contributes
to suppression, was equally phosphorylated in MDSC from the
two strains. Although in contrast with the expected immune
suppression, the high STAT3 pathway found in Sparc−/− MDSC
is in line with the increased VEGF that is regulated by, but
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FIGURE 4 | In the absence of SPARC PMN display increased cytostatic activity over tumor cells. (A) PMN-mediated cytostatic activity against SN25A and SN25ASP

cells. Bars represent the PMN-mediated growth inhibition, means +/- SD of triplicate are shown (*p < 0.05). (B) H&E analysis showing PMN infiltrating granulocytes

undertaking lytic activity (arrows) on both tumor cells and vascular structures.

also regulate, STAT3 (36, 37). We have already described that
VEGF expandsMDSC suggesting that STAT3may concur to both
suppression and expansion of MDSC, but through uncoupled
mechanisms (6). Thus, in Sparc−/− mice MDSC expansion can
largely depend on VEGF, whereas other mechanisms can account
for the reduced MDSC suppression, in presence of key mediators
like Stat3, Nos2, and Arginase1. Searching for possible relevant
differences between Sparc−/− and WTMDSC we found reduced
nuclear translocation of the NF-kB p50 subunit, in the former.
This may suggest that reduced level of p50 subunits may limit
the formation of immunosuppressive p50:p50 homodimers in
favor of the p65:p50 inflammatory heterodimers. Supporting

this hypothesis, the production of TNF by Sparc−/− MDSC
was significantly higher than by WT MDSC. Furthermore, very
recently Veglia et al. reported that the deletion of the fatty acid
transport protein 2 (FATP2) abrogated the suppressive activity
of PMN-MDSC leaving unaffected the expression of Arginase 1
andNos2 (4). This discrepancy in expression of suppressive genes
and MDSC suppressive activity was explained showing reduced
PGE2 production by PMN-MDSC from Fatp2-KO compared to
WT mice. We previously shown that the intracellular retention
of SPARC in tumor cells through the over-expression of SCD5,
an enzyme that mediated the synthesis of monounsatured fatty
acids (MUFA), suppressed tumor growth through an alteration
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FIGURE 5 | Increased VEGF expression in MDSC from Sparc−/− mice. (A) Semiquantitative real-time PCR analysis for Vegf performed on PMN-MDSC and

M-MDSC subsets sorted from SN25ASP tumors grown in WT and Sparc−/− mice (n = 4 for per group). The Student’s t-test was used for statistical analysis (***p <

0.001) (B) Representative IHC analysis for CD31 of SN25ASP tumors grown in WT and Sparc−/− mice (*p < 0.05; **p < 0.01) (C) Quantification of the vessel areas

calculated as (CD31+ area/total tumor area)*100. (D) Representative IHC analysis for CD31 in SN25ASP tumor sections from Sparc−/− mice. (E) The representative

picture highlights the presence of PMN (box) destroying the vessel wall.
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FIGURE 6 | Increased NET formation by Sparc−/− MDSC in comparison to WT counterpart. Representative IF analysis showing increased presence of NETs (white

arrows) in Sparc−/− MDSC seeded onto poly-D-Lysine coated glasses in presence of the DNA dye Sytox green.

of satured and monounsatured FA balance. The last impacted
on tumor growth and metastasis (38). It is reasonable that
knocking-down SPARC in MDSC would result in an alteration
of FA balance that might ultimately impact on PMN-MDSC
functions, as occurred in the case of Fatp2-KO mice. Differently
from Veglia et al. (4) we found that PMN-MDSC isolated from
the spleen of tumor-bearing WT and Sparc−/− mice showed a
strongly reduced ROS expression in those from Sparc−/− mice.
However, our findings are in line with the role of fatty acids in the
induction of cytosolic and mitochondrial reactive oxygen species
(ROS) (38).

Overall these results suggest that the reduced ROS expression
combined to the high production of TNF could account for the
anti-tumor activity of Sparc−/− myeloid cells.

In fact although associated with tumor-induced chronic
inflammation (39), TNF if produced at high doses becomes a
key factor in mediating tumor-rejection (40). Therefore, it is
foreseeable that an unbalance in TNF production could skew
MDSC toward an inflammatory, anti-tumor phenotype. Notably,
TNF is also required for inflammation-driven NETosis. Indeed,
we previously showed impaired NET formation in TNF-KO
mice (16) and high TNF in Sparc−/− MDSC might explain
their increased spontaneous NET formation obtained in vitro
by seeding MDSC onto poly-D-lysine coated glasses. In vivo,
spontaneous NETosis was observed mainly in the case of SN25A,
a Sparc-null tumor when injected into Sparc-deficient mice, and
less in the case of SN25ASP tumors. The likely explanation
should consider that NET formation is negatively regulated
by collagens (via LAIR-1) and that collagen is more abundant
in SPARC-transduced tumors. This context, associated with a

robust inflammatory environment of Sparc−/− mice, exacerbates
NET formation and their pathogenicity in vivo. As occurring
in systemic vasculitis (41), in which NETs promote endothelial
damage, we found sign of vascular damages in tumors grown in
Sparc-deficient mice.

Unexpectedly, despite the influence of MDSC-derived SPARC
on EMT markers and immune suppression, the tumor volume
of SN25ASP tumors injected in WT and Sparc −/− mice was
similar at the end, although the differed kinetics of growth
that was initially faster in WT mice. Several years ago we
published that neutrophils can control tumor growth and favor
the elicitation of anti-tumor immune responses (42). Our data
suggest that PMN-MDSC from Sparc−/− mice behave as N1-like
neutrophils rather than MDSC, a condition that allows them to
initially control tumor growth until other immune suppressive
mechanisms take over (i.e., CD8T cells exhaustion). Indeed,
tumors injected in Sparc−/− mice show higher infiltration by
CD8T cells characterized by the expression of multiple markers
of exhaustion (not shown).

These results prompt the hypothesis that NET could come
in different flavors, according to the context in which they are
generated, to sustain either pro-tumor or anti-tumor immunity.
An additional level of complexity is introduced by the ECM,
as the amount of collagen influences NET formation, despite
the presence of an inflammatory environment suitable for such
an event.

In conclusion, this paper proposes SPARC as a new potential
marker of MDSC, in both human and mouse, with the additional
feature of controlling MDSC suppressive activity with the aim of
preventing an excessive anti-tumor inflammatory state.
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Myeloid-derived suppressor cells (MDSCs) are a heterogeneous cell population with

potent immunosuppressive functions. They play major roles in cancer and many of the

pathologic conditions associated with inflammation. Long non-coding RNAs (lncRNAs)

are untranslated functional RNA molecules. The lncRNAs are involved in the control

of a wide variety of cellular processes and are dysregulated in different diseases.

They can participate in the modulation of immune function and activity of inflammatory

cells, including MDSCs. This mini review focuses on the emerging role of lncRNAs in

MDSC activity. We summarize how lncRNAs modulate the generation, recruitment, and

immunosuppressive functions of MDSCs and the underlying mechanisms.

Keywords: myeloid-derived suppressor cell, long non-coding RNA, inflammation, cancer, immunosuppressive

function, accumulation

INTRODUCTION

The chronic inflammatory conditions typically observed in many diseases can promote the
accumulation ofmyeloid-derived suppressor cells (MDSCs) (1). This heterogeneous cell population
with a strong immunosuppressive function has been principally studied in cancer. However, in
recent years, the role of MDSCs has been assessed in other conditions, such as diabetes mellitus,
obesity, autoimmune diseases, and infectious diseases (2–4).

Different subsets of MDSCs have been reported; in mice, monocyte MDSCs
(M-MDSCs) are described as cluster of differentiation (CD)11b+Ly6G−Ly6C+ cells, and
polymorphonuclear MDSCs (PMN-MDSCs) as CD11b+Ly6G+Ly6Clow. In humans, M-MDSCs
are characterized as CD11b+CD33+HLADR−CD14+, whereas PMN-MDSCs are defined as
CD11b+CD33+HLADR−CD15+ (5). However, other phenotypes have been described in different
tumors and infectious diseases (2, 4, 6).

In addition to their high heterogeneity, MDSCs present functional heterogeneity (2).
The immunoregulatory functions of MDSCs include the generation of immunosuppressive
cells (e.g., regulatory T cells and M2 macrophages) by the production of interleukin
(IL)-10; the production of reactive oxygen species (ROS) using the isoforms of nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase (NOX1, NOX2, NOX3, and NOX4);
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and production of reactive nitrogen species, predominantly nitric
oxide (NO), by the activation of inducible nitric oxide synthase
(iNOS). These reactive species can inhibit the proliferation of
T cells, induce the apoptosis of T cells, and reduce both the
expression of the ζ chain of T-cell receptors (TCRs), as well
as TCR nitration. Moreover, NO can induce the expression
of cyclooxygenase 2 (COX2), which regulates the production
of prostaglandin-E2, an important molecule that promotes
the upregulation of IL-10 and arginase-1 (Arg-1) expression
(1). In addition, MDSCs impair the metabolic functions and
proliferation of T cells by producing Arg-1, NOS, arginine-
glycine amidinotransferase, and L-arginine decarboxylase. The
MDSCs can express regulatory molecules, such as programmed
death-ligand-1 and Fas ligand to induce the anergy and apoptosis
of T cells (1).

The MDSCs originate from common myeloid progenitors in
the bone marrow. In addition, extramedullary myelopoiesis in
pathologic conditions can generate MDSCs (7, 8). The chronic
inflammatory stimuli generated in cancer or infections can
induce “emergency myelopoiesis,” which is characterized by
the expansion of immature myeloid cells to counterbalance
the loss of cells (9, 10). Previously, a “two-signal” model
of MDSC accumulation was suggested (11), in which the
expansion of immature myeloid cells would be supported
by growth factors, such as granulocyte-macrophage colony-
stimulating factor, granulocyte colony-stimulating factor,
and macrophage colony-stimulating factor. However, a “first
signal” would also be required to maintain these cells in
an undifferentiated state. A “second signal” would promote
the activation of immunosuppressive functions, and thereby
generate MDSCs (11).

Transcription factors, such as signal transducer and activator
of transcription (STAT)3, interferon regulatory factor-8,
retinoblastoma protein (RB)1, and CCAAT/enhancer binding
protein (C/EBP)β have been linked to the first signal. Stimulation
of the immunosuppressive program has been related, for
example, to the activation of the transcription factor, nuclear
factor-kappa B (NF-kB) through myeloid differentiation factor
(MyD)88, the activation of the STAT1 and STAT6 pathways,
and endoplasmic reticulum stress-related pathways associated
with the transcription factor, C/EBP homologous protein
(CHOP) (11, 12). In addition, the factors associated with the
two signals could overlap (11, 12). For example, C/EBPβ, a
member of the C/EBP leucine zipper domain-containing family,
has three isoforms because of different initiation codons: the
liver-inhibitory protein (LIP), liver-activating protein (LAP),
and full-length liver-activating protein (LAP∗). The LAP and
LAP∗ have been considered transcription activators, whereas
LIP is considered a repressor or a dominant negative inhibitor
of other C/EBP family members (13, 14). Furthermore, C/EBPβ

is involved in the regulation of “emergency granulopoiesis”
generated by infections or cytokines (15). McPeak et al.
showed that reduced expression of C/EBPβ in the myeloid
cells of conditional knockout mice was associated with reduced
accumulation of MDSCs in a polymicrobial sepsis model
(16). In addition, when all CEBPβ isoforms were deleted in
hematopoietic lineage cells using tumor mouse models, MDSC

accumulation was diminished. Moreover, the MDSCs of these
mice showed reduced activity and production of Arg-1 and
iNOS proteins (14). In vitro studies have suggested that the LAP
isoform can bind specific sequences in the regulatory regions of
Arg-1, COX2, NOX2, and iNOS, and promote their expression in
MDSCs. In addition, LIP can supposedly interact with LAP to
inhibit its transcription function (17, 18). Thus, C/EBPβ could
regulate the expansion and suppression of MDSCs.

The MDSCs have been considered to be central regulators in
tumor microenvironments. Elimination of MDSCs by targeting
the pathways or molecules involved in their generation,
expansion, activation, or recruitment at distant sites, and
immunosuppressive function in the local microenvironment
could improve the response to cancer treatment (19). Thus, a
deeper understanding of the mechanisms involved in the control
of these processes is important.

In this context, the epigenetic regulation of the biologic
behavior of MDSCs has emerged as a novel field and promising
tool in therapy (20). “Epigenetics” refers to heritable changes
without variations in DNA sequences, and the study of chromatin
(21). Thus, epigenetic mechanisms analyzed in MDSCs involve
DNA methylation, histone modifications, and regulation by
non-coding RNAs (2, 20, 22). In this review, we summarize
current knowledge about the central role of long non-coding
RNAs (lncRNAs), a type of non-coding RNA that modulates
the generation, recruitment, and immunosuppressive function
of MDSCs (Table 1). In addition, the underlying molecular
mechanisms will be described in some cases.

lncRNAs

The lncRNAs are transcripts larger than 200 nucleotides
without coding capacity (31). It has been predicted that the
human genome encodes >28,000 lncRNAs, most of which are
uncharacterized (32). The biogenesis of lncRNAs has several
similarities with the biogenesis of messenger RNA (mRNA)
(33). In most cases, lncRNA production is carried out by RNA
polymerase II. Modifications include the elimination of introns
and the addition of a poly-A tail at the 3′ end, and many
(but not all) lncRNAs have a cap in their structure at the 5′

end (33–35).
Based on their genomic localization, lncRNAs can be classified

as “intronic” (encoded in the introns of genes), “intergenic”
(encoded in the regions between two genes), “enhancer”
(encoded in the regions of enhancer promoters), “bidirectional”
(encoded in the vicinity of a gene of the opposite strand), “sense-
overlapping” (encoded in the introns and exons of different genes
in the sense strand of DNA), and “antisense” (encoded in the
antisense strands of DNA) (32).

The lncRNAs are highly heterogeneous and have substantial
functional versatility based on their capacity to be adapted
to different structures and molecular interactions (36). In
the nucleus, lncRNAs can act as regulators of transcription
(regulating DNA methylation, joining transcription factors, and
modifying chromatin); be involved in RNA processing (by means
of splicing and antisense alignment); act as “molecular decoys”
for proteins, such as p53; and be precursors of microRNAs
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TABLE 1 | LncRNAs and their mechanisms implicated in the accumulation and function of myeloid-derived suppressor cells (MDSCs).

Name Target/mechanism Biologic effects on MDSCs Associated disorders References

lnc-C/EBPβ lnc-C/EBPβ binding to the LIP isoform

promotes interaction with the LAP isoform and

stops its activity

lnc-C/EBPβ impedes the

immunosuppressive function of

MDSCs

Patients with rectal cancer or colon cancer

overexpress lnc-C/EBPβ in MDSCs

Inflammatory and tumor environments

stimulate expression of lnc-C/EBPβ in MDSCs

in vitro and in vivo

(18)

lnc-CHOP lnc-CHOP binds to the LIP isoform and CHOP,

and contributes to LAP activation

lnc-CHOP instigates accumulation of the

epigenetic marker H3K4me3, commonly

associated with transcription activation, in the

promoters of Arg-1, NOX2, iNOS, and COX2

lnc-CHOP promotes the

immunosuppressive activity and

generation of MDSCs

Inflammatory and tumor environments

stimulate expression of lnc-CHOP in MDSCs in

vitro and in vivo

(17)

RNCR3 RNCR3 sponges mir-185-5p to increase

CHOP expression

RNCR3 promotes the generation

and immunosuppressive

capacity of MDSCs

Inflammatory and tumor environments

stimulate expression of RNCR3 in MDSCs in

vitro and in vivo

(23)

Olfr29-ps1 Olfr29-ps1 sponges miR-214-3p and promotes

MyD88 expression

N6-methyladenosine modification in Olfr29-ps1

is necessary to exert these effects

Olfr29-ps1 promotes the

accumulation and

immunosuppressive activity of

MDSCs

Increased expression of Olfr29-ps1 is observed

in the MDSCs of patients with colon cancer or

rectal cancer

Inflammatory and tumor environments

stimulate expression of Olfr29-ps1 in MDSCs in

vitro and in vivo

(24)

Pvt1 Not described Pvt1 promotes the

immunosuppressive activity of

MDSCs

Hypoxic, inflammatory and tumor environments

stimulate expression of Pvt1 in MDSCs in vitro

and in vivo

(25)

MALAT1 Not described MALAT1 negatively regulates

MDSC generation

Low expression of MALAT1 has been reported

in the PBMCs of patients with lung cancer

showing increased proportions of MDSCs

(26)

HOTAIRM1 HOTAIRM1 increases expression of HOXA1,

which reduces Arg-1 levels and ROS

production in MDSCs

HOTAIRM1 promotes MDSC

generation

Decreased expression of HOTAIRM1/HOXA1

has been observed in the MDSCs of patients

with lung cancer

Negative association between the expression

of HOTAIRM1/HOXA1 and presence of

MDSCs, as well as Arg1 levels has been

observed in patients with lung cancer

Positive association between expression of

HOTAIRM1/HOXA1 and proportions of

Th1/cytotoxic T cells in patients with

lung cancer

(27)

RUNXOR RUNXOR reduces RUNX1 expression RUNXOR promotes the

generation and suppressive

activity of MDSCs

Increased expression of RUNXOR and

decreased expression of RUNX1 in the MDSCs

of patients with lung cancer

Positive association between expression of

RUNXOR and presence of MDSCs, as well as

Arg-1 levels in patients with lung cancer; in

contrast, a negative association has been

observed with RUNX1

Negative association between RUNXOR

expression and proportions of Th1/cytotoxic T

cells in patients with lung cancer

(28)

HOTAIR Not described Increased expression of HOTAIR

in hepatocellular carcinoma cell

lines promotes MDSC generation

Negative association between HOTAIR

expression and the presence of MDSCs in the

blood of HPV-positive patients with HNSCC

(29, 30)

PROM1

CCAT1

MUC19

Not described Not determined Negative association between expression of

PROM1, CCAT1, and MUC19, and the

presence of MDSCs in the blood of patients

with HPV-positive HNSCC

(29)

(miRNAs). In the cytoplasm, they can act as molecular decoys
for miRNAs, and “scaffolds” for cytoplasmic proteins (37).

Although only a small proportion of all identified lncRNAs
have been studied in depth, they are fundamental in many

cellular contexts and diverse biological processes (38). In this
context, these functional transcripts regulate the differentiation
of megakaryocytes, granulocytes, monocytes, and macrophages,
and modulate the inflammatory response (39, 40).
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EXPRESSION AND FUNCTION OF

LNCRNAS IN MDSCS

lnc-C/EBPβ
The lnc-C/EBPβ (also named E130102H24Rik) is an intergenic
lncRNA conserved in mice and humans that is encoded in
chromosome 1 and chromosome 4, respectively. In addition,
it has been found predominantly in cellular nuclei. High
expression of lnc-C/EBPβ in the myeloid cells (e.g., macrophages
and dendritic cells) of mice has been reported. Importantly,
differential expression of lnc-C/EBPβ has been observed in
mouse MDSCs if variations in the inflammatory environment
occur. Moreover, IL-6 can promote lnc-C/EBPβ expression in
MDSCs. Expression of lnc-C/EBPβ has also been reported
in M-MDSCs, as well as the PMN-MDSCs of patients with
colon cancer or rectal cancer (18). The lnc-C/EBPβ can inhibit
expression of enzymes, such as Arg-1, iNOS, NOX2, and COX2,
in mouse MDSCs and humanMDSC-like cells, resulting in lower
concentrations of their metabolic products.

Overexpression of lnc-C/EBPβ in MDSCs promotes the
expression of interferon (IFN)-γ in T cells. Tumors in murine
models show slower growth if mice are treated with MDSCs

overexpressing lnc-C/EBPβ, and tumor-infiltrating T cells
demonstrate increased expression of IFN-γ, as compared
with controls (18). Thus, lnc-C/EBPβ can attenuate the
immunosuppressive function of MDSCs. The suggested
mechanism by which this is achieved is the binding of lnc-
C/EBPβ to C/EBPβ (specifically to the LIP isoform), which
promotes the interaction of LIP with the transcription activator
LAP. These interactions prevent the accumulation of LAP in
the promoters of Arg-1, iNOS, NOX2, and COX2, resulting in
decreased expression of these enzymes (18).

Expression of lnc-C/EBPβ can block the generation of
murine M-MDSCs (18). Because lnc-C/EBPβ has conserved
expression and negatively regulates the differentiation and
immunosuppressive activity of MDSCs, it could be a potential
target for future studies in immunotherapy. To our knowledge,
only one report has analyzed this lncRNA. Hence, further
studies on the additional functions of lnc-C/EBPβ in various
physiological processes and cancer, as well as the molecular
mechanisms involved in its regulation of the immune response
are necessary.

lnc-CHOP
The lnc-CHOP (also named GM16727) is an intronic lncRNA
that has not been widely characterized. It is encoded in
chromosome 11 and localized in cellular nuclei. Interleukins,
such as IL-6 and tumor necrosis factor (TNF)-α, and tumor-
associated factors can induce the increased expression of
lnc-CHOP in mouse MDSCs. Overexpression of lnc-CHOP
promotes the expression of Arg-1, NOX2, iNOS, and COX2 and
their metabolites in MDSCs, and contributes to the reduction
of IFN-γ produced by T cells (17). Thus, lnc-CHOP fosters the
immunosuppressive activity of mouse MDSCs.

Furthermore, lnc-CHOP positively regulates MDSC
generation and promotes tumor growth in murine models.
It has been suggested that lnc-CHOP binds to the transcription

factor CHOP and the C/EBPβ isoform, LIP. This allows the
activation of LAP and its accumulation in the promoters of target
genes, thereby promoting the expression of Arg-1, NOX2, NOS2,
and COX2. In addition, increased expression of these enzymes
could be the result of enrichment of trimethylation of the amino
acid, lysine, at position 4 in the histone H3 (H3K4me3) marker
of their promoter regions. The H3K4me3 marker is usually
enriched at active chromatin regions and its accumulation is
promoted by overexpression of lnc-CHOP in MDSCs (17).
The lnc-CHOP could use different mechanisms to promote the
accumulation and activation of MDSCs. The conservation and
role of lnc-CHOP in human MDSCs, as well as its contribution
in tumor biology, has yet to be determined. Future studies
could ascertain the additional functions of lnc-CHOP and its
potential applications.

Retinal Non-coding RNA (RNCR)3
The RNCR3 is an intergenic lncRNA that is highly conserved
in mammals (in which it is also known as LINC00599) (41).
The RNCR3 expression is reportedly related to glioblastoma,
prostate cancer, atherosclerosis, and retinal microvascular
abnormalities (41–44). Mouse MDSCs express nuclear and
cytoplasmic RNCR3, the expression of which is increased in mice
with tumors. In addition, IL-6 induces the increased expression
of this lncRNA in the MDSCs of mice (23). Downregulation
of RNCR3 expression prevents MDSC differentiation in
vitro and in vivo, whereas RNCR3 expression promotes the
preferential differentiation of PMN-MDSCs. Importantly,
RNCR3 contributes to the immunosuppressive function of
MDSCs to induce the expression of Arg-1 and iNOS in vitro.

Furthermore, IFN-γ production by T cells is increased in
the presence of MDSCs with reduced expression of RNCR3.
A tumor model in mice treated with MDSCs down-regulating
the expression of RNCR3 showed increased tumoral growth

(23). One possible mechanism for this is the use of RNCR3
to “sponge” mir-185-5p. The latter impedes MDSC generation
and the production of INOS and Arg-1 by targeting CHOP. In
the presence of RNCR3, mir-185-5p binds to it preferentially,
resulting in the upregulation of CHOP expression (23). The
immunosuppressive function of MDSCs is promoted by CHOP,
as CHOP-deficient MDSCs show increased expression of the LIP
isoform and reduced binding of C/EBPβ to promoters of Arg-
1 and IL-6. This results in the reduced expression of IL-6 and
activation of STAT3, as well as impaired immunosuppressive
function (45). Thus, RNCR3 supports the accumulation and
immunosuppressive program of MDSCs. Additional studies
could determine whether RNCR3 exerts biological effects
on human MDSCs for potential applications against chronic
inflammatory diseases in humans.

Olfactory Receptor 29, Pseudogene 1

(Olfr29-ps1)
The Olfr29-ps1 is a lncRNA in mice (OR1F2P in humans)
that has not been characterized previously. It is conserved and
expressed in the nuclei and cytoplasm of murine and human
MDSCs and macrophages. Tumor-associated factors and IL-6
can increase the expression of Olfr29-ps1 in the MDSCs of mice.
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Mononuclear cells with a MDSC phenotype in patients with
colon cancer or rectal cancer have shown increased expression
of Olfr29-ps1 (24). The overexpression of Olfr29-ps1 in bone
marrow cells (BMCs) has been shown to promote the generation
of mouse M-MDSCs in a differentiation model using cellular
cultures, and an in vivo BMC chimera model. In addition,
augmented accumulation of M-MDSCs has been observed in
the tumors and spleen of a tumor model in mice with Olfr29-
ps1-overexpressing MDSCs. The immunosuppressive activity
of human and murine MDSCs is increased by Olfr29-ps1
overexpression (24).

In vitro analysis showed that IFN-γ production by T cells is
reduced in the presence of Olfr29-ps1-overexpressing MDSCs,
and that these MDSCs show increased protein expression of Arg-
1, COX2, NOX2, and iNOS, as well as increased production
of their metabolites. Tumors in a mouse model with Olfr29-
ps1-overexpressing MDSCs show greater growth and fewer
infiltrating T (especially CD8+) cells. In vitro analyses suggest
that the effects generated by Olfr29-ps1 could be explained (at
least in part) by its capacity to sponge miR-214-3p (24). The
latter inhibits the expression of themRNA and protein expression
of MyD88, so interactions between Olfr29-ps1 and miR-214-3p
result in the augmented expression of MyD88 (24). Thus, the
immunosuppressive activity of MDSCs is promoted by MyD88.

Interestingly, modification of N6-methyladenosine in regions
of the Olfr29-ps1 sequence is essential for the stability and
function of Olfr29-ps1 in MDSCs. This modification is common
in mRNAs and generated by methyltransferases, such as
methyltransferase-like (METTL)3. Notably, the downregulation
of METTL3 expression reduces Olfr29-ps1 production, as well
as the immunosuppressive activity and generation of MDSCs
(24). Mechanistically, these observations are important because
modification of N6-methyladenosine is reversible and could have
potential therapeutic benefits. However, only additional research
will show whether this is possible.

Plasmacytoma Variant Translocation (Pvt)1
The Pvt1 is an intergenic lncRNA. It is conserved in humans
and mice. Notably, it is over-expressed in several human cancers,
including melanoma, cervical cancer, gastric cancer, prostate
cancer, hepatocellular cancer, esophageal cancer, and acute
myeloid leukemia (25, 46, 47). Tumor-infiltrating PMN-MDSCs
and M-MDSCs show increased expression of Pvt1 in tumor
mousemodels, and overexpression in the splenicMDSCs of those
mice. In addition, the presence of IL-6 increases the expression
of Pvt1 in PMN-MDSCs generated in cultures. Interestingly,
hypoxic conditions and expression of hypoxia-inducible factor
(HIF)-1α increases Pvt1 production in PMN-MDSCs in vitro
(25). Thus, inflammatory and tumor microenvironments could
promote the increased expression of this lncRNA in MDSCs.

Downregulation of Pvt1 expression in PMN-MDSCs can
induce reduced production of ROS and Arg-1 activity, as well
as a slight increase in T-cell proliferation in co-cultures. A
tumor mouse model treated with Pvt1-down-regulating PMN-
MDSCs showed reduced growth in the generated tumors and
a modest increase in the number of CD8+ T cells producing
IFN-γ in lymphatic nodules (25). These results suggest that

Pvt1 promotes immunosuppressive activity in PMN-MDSCs.
Whether Pvt1 modulates the immunosuppressive functions of
human MDSCs warrants future exploration. In addition, the
molecular mechanisms involved in MDSC regulation by this
lncRNA should be investigated.

Interestingly, similar microenvironmental factors (e.g., IL-6 or
tumor-associated factors) can induce the overexpression of lnc-
C/EBPβ, lnc-CHOP, Olfr29-ps1, Pvt1, and RNCR3 in MDSCs.
These microenvironmental factors produce contrasting effects
because lnc-CHOP, Olfr29-ps1, Pvt1, and RNCR3 promote,
whereas lnc-C/EBPβ prevents, the immunosuppressive functions
and differentiation of MDSCs (17, 18, 23–25). These actions
could indicate “fine tuning” of gene regulation and the
importance of lncRNAs in the control of the biological behavior
of MDSCs. In addition, the final biological effect could result in
crosstalk among the diverse pathways regulated by lncRNAs.

Metastasis-Associated Lung

Adenocarcinoma Transcript (MALAT)1
The MALAT1 (also named nuclear-enriched abundant
transcript-2) is a nuclear intergenic lncRNA. It is highly
conserved among species and involved in various diseases. The
MALAT1 is considered an oncogene because it can promote the
proliferation, invasion, and metastasis of many types of human
cancer cells (48). Thus, this lncRNA has been studied to develop
new strategies in the diagnosis and treatment of cancer (48).
Using an in vitro differentiation model, Zhou and colleagues
recently reported that the reduced expression of MALAT1 in
peripheral blood mononuclear cells (PBMCs) promotes their
differentiation to MDSC-like cells. Interestingly, the reduced
expression of MALAT1 has been reported in the PBMCs of
patients with lung cancer, as well as an increased proportion
of MDSCs (26). Thus, MALAT1 could negatively regulate the
differentiation of MDSCs in patients with lung cancer. More
studies evaluating the role and mechanisms through which
MALAT1 regulates MDSC differentiation in different diseases
could lead to new directions in potential therapeutics.

HOXA Transcript Antisense RNA

Myeloid-Specific (HOTAIRM)1
The HOTAIRM1 is an intergenic lncRNA localized between
homeobox (HOX)A1 and HOXA2 genes, and is expressed
preferentially in the myeloid lineage. It has been associated
with glioblastoma and myeloid leukemia, as well as colorectal,
pancreatic, lung, and breast cancer (49, 50). Importantly,
HOTAIRM1 regulates the differentiation of myeloid cells (27,
50). Reduced expression of HOTAIRM1 has been reported in
the MDSCs of tumors of patients with lung cancer. In addition,
the overexpression of HOTAIRM1 has been shown to reduce the
differentiation of MDSCs and production of Arg-1 in cellular
cultures using human PBMCs (27). Consistent with those data,
diminished expression of HOTAIRM1 was found in the PBMCs
of patients with lung cancer, as well as increased proportions of
MDSCs. Moreover, a negative association was observed between
HOTAIRM1 expression and the presence of MDSCs, as well as
Arg-1 production; whereas a positive association was observed
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with respect to the percentage of T-helper (Th)1 cells and
cytotoxic T cells in the same patients (27).

The mechanism by which HOTAIRM1 regulates MDSCs
could be associated with HOXA1 expression. The HOTAIRM1
can induce HOXA1 expression in MDSCs, which reduces
Arg-1 expression and ROS production. In addition, increased
expression of HOXA1 has been shown to reduce tumor
growth, decrease the percentage of MDSCs, and enhance the
immune response in a tumor mouse model. Moreover, a
positive association has been observed between the expression
of HOTAIRM1 and HOXA1 in patients with lung cancer
(27). These observations suggest that HOTAIRM1 inhibits the
differentiation and suppressive activity of human and mouse
MDSCs. Further studies analyzing the effects of HOTAIRM1
on MDSCs in other tumor types should be conducted. In
addition, the mechanisms involved in the reduced expression of
HOTAIRM1 in lung cancer have yet to be determined.

Runt-Related Transcription Factor-1

Overlapping RNA (RUNXOR)
The RUNXOR is an intragenic lncRNA that has been very
rarely studied. It is localized in the locus of the runt-related
transcription factor (RUNX)1 gene, and its expression is
increased in the bone marrow of patients with acute myeloid
leukemia (51). The MDSCs generated in cell cultures using
the PBMCs and MDSCs of tissue from patients with lung
cancer express high levels of RUNXOR. Furthermore, the down-
regulated expression of this lncRNA in PBMCs disturbs their
differentiation to MDSCs in a cell-culture model. Moreover, Arg-
1 expression is reduced if RUNXOR expression is decreased in
MDSCs. Thus, RUNXOR is involved in promoting the generation
and immunosuppressive function of MDSCs (28).

Interestingly, the increased expression of RUNXOR has been
reported in the PBMCs of patients with lung cancer, and
a positive correlation has been described between RUNXOR
expression and the presence of MDSCs, as well as Arg-1
production in such patients. In contrast, a negative correlation
has been observed between RUNXOR expression and the
percentage of both Th1 cells and cytotoxic T cells (28). It
has been suggested that RUNXOR exerts its biologic effects
on MDSCs through its target RUNX1. Wang and co-workers
suggested that RUNXOR binds the enhancer of zeste homolog
2 (histone H3K27 methyltransferase component of polycomb
repressive complex 2) and RUNX1 protein to the RUNX1
promoter; and the RUNXOR promoter could compete with
the RUNX1 promoter for the transcription machinery (51).
Thus, RUNXOR could reduce RUNX1 expression in MDSCs
in vitro and in patients with lung cancer. Reduced expression
of RUNX1 in mouse MDSCs promotes the production of Arg-
1, iNOS, and ROS in vitro. Moreover, RUNX1 expression
induces the differentiation of MDSCs into myeloid cells with
a mature phenotype (52). Therefore, RUNXOR could promote
the expansion and immunosuppressive activity of MDSCs in
lung cancer.

Evidently, MALAT1, HOTAIRM1, and RUNXOR regulate
important biological activities (e.g., expansion, differentiation,

and immunosuppressive functions) of MDSCs in lung cancer.
Hence, these lncRNAs could offer opportunities for potential
therapeutic applications against lung cancer; nevertheless, a
considerable amount of research would be necessary.

Hox Antisense Intergenic RNA (HOTAIR)
The HOTAIR is an oncogenic lncRNA positively associated with
initiation, growth, angiogenesis, progression, drug resistance,
and poor prognosis in cancer (53). The expression of HOTAIR
has been indirectly related to MDSC recruitment. A negative
association has been reported between HOTAIR expression and
the proportion of MDSCs in the blood samples of patients
with human papillomavirus-positive head and neck squamous
cell carcinoma (HPV-positive HNSCC) (29), but a causal
relationship has not been established. Furthermore, HOTAIR
overexpression in cell lines of hepatocellular carcinoma can
induce increased production of the C-C motif chemokine ligand
(CCL)2 (30). The CCL2 is not a specific chemokine for MDSCs
and is a chemoattractant for several tumor-related myeloid
cells (including monocytes and tumor-associated macrophages).
Hence, HOTAIR expression could exert a more generalized
function by promoting inflammation and immunosuppression
within the tumor microenvironment. In addition, using a
differentiation model of PBMCs from human donors, cell
lines of hepatocellular carcinoma overexpressing HOTAIR
promoted MDSC differentiation in co-cultures (30). Thus,
HOTAIR expressed by tumor cells could positively regulate
MDSC generation in vitro; nevertheless, the associated molecular
mechanisms have not been determined. Studies are needed to
ascertain the functional role of HOTAIR in the recruitment or
differentiation of MDSCs.

Other lncRNAs
In addition to HOTAIR, three other lncRNAs have been
negatively associated with MDSCs in the blood samples of
patients with HPV-positive HNSCC: prominin (PROM)1, colon
cancer associated transcript (CCAT), and mucin (MUC)19
(29). However, the molecular mechanisms implicated in the
recruitment or expansion of MDSCs have not been determined,
because a direct molecular role of these lncRNAs in MDSC
biology has not been reported. In future studies, these lncRNAs
could be evaluated as potential biomarkers in patients with HPV-
positive HNSCC, because the proportion of MDSCs is increased
in these patients as compared with precancerous lesions and
normal oral mucous tissues (29).

To our knowledge, only one study has focused on the
relationship between lncRNAs and MDSCs in non-cancer-
related diseases. The lncRNA expression was analyzed in the
MDSCs generated in mice infected with Echinococcus granulosus
(54) (the causal agent of cystic echinococcosis in humans).
This zoonotic disease principally affects the liver and lungs.
In mice infected with E. granulosus, the expansion of MDSCs
that down-regulate the activity of T cells has been reported
(55). These MDSCs, in the presence of this infectious agent,
showed 649 differentially expressed lncRNAs. Bioinformatics
analyses based on mRNA expression revealed alterations
in biologic processes (e.g., signaling by mechanistic target
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of rapamycin) and the involvement of 288 lncRNAs in the
cis-regulation of their sense-overlapping genes. Interestingly,
Rb1 regulation by the lncRNA NONMMUT021591s was
predicted; 60 transcription factors regulating expression
of 372 lncRNAs predicted the regulation of the lncRNA,
FR015378, by C/EBPβ (54). Additional studies could determine
the biological contribution of lncRNAs in modulating
the function and differentiation of MDSCs in the context
of infections.

CONCLUSIONS AND FUTURE

PERSPECTIVES

Studies have suggested that specific lncRNAs control the
differentiation of MDSC subsets and immunosuppressive
function. Furthermore, lncRNAs show specific patterns of
expression depending on the cell and tissue types (39).
Thus, lncRNAs could be potential specific markers of MDSC
subsets and several MDSCs with diverse phenotypes that
have been observed in various diseases, but these have
yet to be determined. In addition, controversy has been
generated because the close relationship among MDSCs,
neutrophils, and monocytes. Analyzing the expression profile
of lncRNAs in MDSCs compared with that of lncRNAs in
myeloid cells could provide new insights into the differences
described among these cell types. Studies analyzing lncRNAs
exclusively in mouse MDSCs should be viewed with caution,
considering that lncRNAs seem to be poorly conserved
among various species (56). Therefore, investigations into the
modulation of MDSC activity by lncRNAs should consider the
evolutionary conservation of lncRNA in human MDSCs
for potential applications against human diseases. The
lncRNA expression profile in human MDSCs has yet to
be reported.

Understanding the regulation of immunosuppressive function
and the accumulation of MDSCs to find therapeutic targets
that modulate immunosuppression is more important than the
classification of MDSCs among myeloid cells. The lncRNAs
regulate the activity of different transcription factors (e.g.,
C/EBPβ, CHOP, and RUNX1) involved in the differentiation
and suppression of MDSCs. Thus, these non-coding RNAs
might play significant roles in the two-signal model (11), in
which lncRNAs (such as Olfr29-ps1, lnc-CHOP, RNCR3, and
RUNXOR) could participate in the first phase during expansion
of the MDSCs, and then in the second phase to promote
MDSC activation. The Pvt1 could participate only in the
second phase. The versatility of lncRNAs in the recognition
of different targets could facilitate their participation in both
phases. In addition, the factors produced by tumors, hypoxia,
or an inflammatory microenvironment could support the
expression of some non-coding RNAs. Moreover, the chronic
and low-dose stimuli generated by inflammatory and tumoral
factors could promote the downregulation of lncRNAs that
inhibit the accumulation or immunosuppressive function of
MDSCs. Future studies will determine whether this perception
is correct.

In addition to intracellular regulation, lncRNAs can exert
intercellular effects via exosomes (57, 58). These extracellular
nanovesicles are derived from endosomes, have a diameter of
30–100 nm, and are secreted by different cell types, including
cells with a myeloid lineage, such as MDSCs (59, 60). Limited
information on MDSC exosomes indicates that they can exert
effects associated with immunosuppression and the promotion
of tumorigenesis (61). The MDSC exosomes carry proteins,
RNAs, and miRNAs (62), but the presence of lncRNAs in MDSC
exosomes has not been investigated. Future studies addressing
this issue would be important, because lncRNAs are supposedly
selectively packaged in exosomes and secreted by cancer cells and
stroma cells to modulate the growth, metastasis, angiogenesis,
and chemoresistance of cancer cells (57, 58). Moreover, the
characterization of lncRNAs in exosomes secreted by myeloid
lineage cells is not widely understood.

The lncRNAs involved in the biological behavior of
MDSCs could facilitate the development of novel therapeutic
approaches. However, if these lncRNAs are involved in multiple
physiological functions or have contrasting effects in different
cell types, then alteration/manipulation of lncRNAs could
also generate undesirable side effects. Thus, one cannot
suggest that targeting lncRNAs is feasible or practical. A more
comprehensive understanding of lncRNA functions and the
molecular mechanisms implicated in the modulation of MDSCs
is necessary.

The central role of MDSCs in generating immunosuppressive
tumor microenvironments supports the growth and progression
of tumor cells. In addition, a general understanding of the
modulation of the inflammatory response by MDSCs in other
diseases has been improved in recent years. Thus, molecules that
regulate the biological behavior of MDSCs could be the targets of
therapies against these diseases.

The lncRNAs are involved in the control of MDSC
differentiation and immunosuppressive programs in cancer
via various molecular mechanisms (Table 1). Nevertheless, the
functional link between some lncRNAs and MDSCs does
not seem to be sufficiently strong. Thus, the study of the
mechanisms by which lncRNAs modulate MDSCs is in its
infancy. The lncRNAs control gene expression and diverse
biological functions in health and disease in both cell- and
tissue-specific manners. Hence, future studies should aim
to identify the novel lncRNAs that regulate MDSC activity,
so they can be applied in immunomodulatory therapy or
as biomarkers.
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