
123

S P R I N G E R  B R I E F S  I N  I M M U N O LO G Y

David Escors
James E. Talmadge
Karine Breckpot
Jo A. Van Ginderachter
Grazyna Kochan

Myeloid-Derived 
Suppressor Cells 
and Cancer



SpringerBriefs in Immunology



More information about this series at http://www.springer.com/series/10916

http://www.springer.com/series/10916


David Escors • James E. Talmadge
Karine Breckpot • Jo A. Van Ginderachter
Grazyna Kochan

Myeloid-Derived Suppressor
Cells and Cancer

123



David Escors
Navarrabiomed-Biomedical Research
Centre, Fundación Miguel Servet

IdiSNA
Pamplona, Navarra
Spain

James E. Talmadge
Department of Pathology and Microbiology
University of Nebraska Medical Center
Omaha, NE
USA

Karine Breckpot
Faculty of Medicine and Pharmacy
Vrije Universiteit Brussel
Brussel
Belgium

Jo A. Van Ginderachter
VIB Lab Myeloid Cell Immunology,
Building E

Vrije Universiteit Brussel
Brussels
Belgium

Grazyna Kochan
Navarrabiomed-Biomedical Research
Centre, Fundación Miguel Servet

IdiSNA
Pamplona, Navarra
Spain

ISSN 2194-2773 ISSN 2194-2781 (electronic)
SpringerBriefs in Immunology
ISBN 978-3-319-26819-4 ISBN 978-3-319-26821-7 (eBook)
DOI 10.1007/978-3-319-26821-7

Library of Congress Control Number: 2016934670

© The Author(s) 2016
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission
or information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt from
the relevant protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the
authors or the editors give a warranty, express or implied, with respect to the material contained herein or
for any errors or omissions that may have been made.

Printed on acid-free paper

This Springer imprint is published by Springer Nature
The registered company is Springer International Publishing AG Switzerland



Preface

Many times in science we have witnessed the “rebirth” of old ideas and discoveries
that were abandoned for a long time and even discarded! And then suddenly, one
day they come back to stay and become very “trendy” subjects. A couple of
examples quickly come to my mind: cancer immunotherapy and regulatory T cells.
The crucial role of the immune system in controlling neoplasms was proposed more
than a century ago. However, this has been widely accepted in the biomedical
community only after the therapeutic success of, for example, immune checkpoint
inhibitors. The case of regulatory T cells is even more compelling. A significant
number of research groups during the 1970s and early 1980s described a particular
subset of immunosuppressive T cells. A careful review of these early papers reveals
that the experiments carried out with these suppressive T cells are surprisingly
similar to the current trendy “Treg” experiments. Unfortunately, research on sup-
pressive T cells abruptly stopped during the early 1980s due to the lack of specific
markers identifying these cells. These cells were difficult to isolate, and the
reproducibility of suppression assays was rather poor. Then, thanks to Sakaguchi
and colleagues, work on suppressive T cells was strongly restarted after they
identified natural regulatory T cells based on high expression of the CD25 marker.
These cells could be isolated and worked with.

Could it be possible that research on myeloid-derived suppressor cells (MDSCs)
is another example? It might be so. The pro-carcinogenic role of tumor-infiltrating
myeloid cells was evident since as early as the 1970s. These myeloid cells were
highly immature and lacked expression of other lineage markers. Then research on
immunogenic cell lineages took over the study of these “obscure” pro-carcinogenic
subsets. Everybody was studying macrophages, dendritic cells, neutrophils, eosi-
nophils, and obviously, T cells and natural killer cells. Around the year 2000, a few
groups identified these pro-carcinogenic myeloid cells by the expression (and lack
of expression) of certain markers. Suddenly the research on MDSCs increased so
much that the number of papers on MDSCs increased from about a dozen 10 years
ago up to nearly 500 in 2015 alone.
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We think that MDSC research has just started and we are experiencing a
“rebirth” of an old subject, thanks to the pioneering work of a small number of
groups. As MDSCs are relatively unknown (although this is quickly changing), the
authors of this book thought that it was worthy to write a guide to the specialized
reader who wants to know more about this myeloid subset.

We sincerely hope that we have achieved our goal of writing a concise but
thorough review on the current knowledge on myeloid-derived suppressor cells.

David Escors
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Chapter 1
Controversies in Neoplastic Myeloplasia

James E. Talmadge

Abstract The neutrophilia observed in cancer patients is associated with T-cell
immunosuppression, disease progression, and a poor prognosis. In recent years, this
has been reported to be due to the expansion of immature myelopoietic progenitors
whose differentiation has been arrested and which are identified as myeloid-derived
suppressor cells (MDSCs). However, despite the recent and intense focus on these
cells, their phenotypes and their role in tumor progression remain controversial. In this
chapter, we have focused on five of these controversies: (1) What are MDSCs phe-
notypically? (2) Is T-cell suppression by MDSCs antigen specific? (3) What are the
differences between PMN-MDSCs and neutrophils (PMNs)?; (4) What are the dif-
ferences between M-MDSCs and monocytes/macrophages?; and (5), What are the
clinically effective therapeutic interventions for MDSCs? While there are other con-
troversies in the MDSC realm, we suggest that these are currently the critical questions
on which our understanding of their basic, translational and clinical importance.

Keywords Myeloplasia �MDSC � Neutrophil �Monocyte �Macrophage � Cancer

1.1 Introduction

In cancer patients, neutrophilia, leukoplasia, and monocytosis (leukemoid reaction)
have been associated with T-cell immunosuppression and a poor prognosis [1]. The
origin of these immunologic abnormalities and their contribution to disease
pathogenesis remains a controversy, although our knowledge and understanding
has advanced significantly. Within this chapter, we discuss a few of the contro-
versies in the pathogenesis of leukemoid reactions, which we now know not only
occurs with neoplasia, but also infectious diseases, inflammatory conditions, and
autoimmunity. We have focused on several critical controversies and one appro-
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priate intervention to reduce myeloid-derived suppressor cell (MDSCs) numbers,
providing an intellectual exercise that has not yet reached the level of controversy
but rather an area warranting discussion, as we do not yet know the MDSC subtype
to be targeted. Immunotherapy is now an attractive strategy for the treatment of
neoplasia. However, there are impediments to the efficacy of the current approa-
ches. One of these obstructions is the cells that blunt spontaneous or induced
immune responses, including MDSCs, a group of pathologically activated imma-
ture myeloid cells with immunosuppressive capacity. MDSCs were initially
described in the mid-1960s when tumors were reported to induce a leukemoid

Fig. 1.1 MDSCs in myeloplasia. The differentiation of neutrophils and mononuclear cells under
steady-state conditions is shown by the blue arrows in this graphic. On a simplistic base,
hematopoietic stem cells (HSC) differentiate into common myeloid progenitors (CMP) and then
committed granulocyte-macrophage progenitors (GMP). The GMP can differentiate into mature
neutrophils via sequential steps including myeloblasts, promyelocytes, myelocytes, metamyelo-
cytes, and bands or into macrophages and DCs similarly via sequential steps including monoblasts,
promonocytes, and monocytes. The differentiation of myeloid cells under pathologic conditions
(i.e., tumor-bearing mice) is shown by the red arrows. Tumor-derived growth factors affect all
steps of granulocytic and monocytic cell differentiation and can result in the expansion of
pathologically activated PMN-MDSCs and M-MDSCs. During tumor growth and other
inflammation associated pathologies occur at a high frequency in the spleen and blood; although
non-suppressive phenotypic counterparts maybe observed in the marrow of both normal and
pathologic hosts in association with the hematopoietic progenitor characteristics of MDSCs.
Further, M-MDSCs, at a primary or secondary tumor site can differentiate to TAMs and DC2s that
are also immunosuppressive. In addition to the growth factor driven proliferation of MDSCs, their
differentiation into mature myeloid is arrested, further facilitating their numbers
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reaction [2, 3]. The expansion of myeloid cells including MDSCs is not only
associated with tumor growth, but is also a major component of inflammatory and
hematopoietic processes [4]. Subsequent studies revealed an increased cellularity in
lymphoid and some parenchymal organs during tumor growth [3, 5] following
Bacillus Chalmette-Guerin (BCG) injection [4, 6, 7]. However, it was not until
2007 that these myeloid cells were named MDSC and their murine phenotype was
formally described [8]. In recent years, an increased understanding regarding the
biology and clinical significance of MDSCs has been reported. In this short dis-
cussion, we expand on the unresolved issues associated with MDSCs. They can be
broadly defined as immature myeloid cells that differ from terminally differentiated
mature myeloid cells and include immature and progenitor myeloid cells; although,
they are morphologically and phenotypically similar to monocytes (M-MDSCs),
and polymorphonuclear (PMN) neutrophils (PMN-MDSCs) (Fig. 1.1).

1.2 Controversy 1: What Are MDSCs Phenotypically?

Phenotypic, functional, and morphologic heterogeneity are hallmarks of MDSCs. The
plasticity of this myeloid compartment and the pathologic conditions that increase
their numbers, as well as, the similar immunosuppressive activity independent of the
mechanisms has resulted in an ambiguous definition of MDSC. Critically, they are
defined functionally based on the inhibition of T-cell function and viability. In mice,
the phenotype of MDSCs is CD11b+Gr1+ cells, which are subset by the variable
expression of Gr-1 with Gr-1hi cells being identified as PMN-MDSCs and Gr-1lo cells
identified as M-MDSCs [9]. The Gr-1 antibody (RB6-8C5) binds the same epitope as
anti-Ly6G (IA8), such that cells stained with anti-Gr1 cannot be stained with
anti-Ly6G. The Gr-1 antibody also stains cells that express Ly6C (ER-MP20 or
AL-21) but not in a competitive manner [10, 11]. However, staining panels with
anti-Ly6G and anti-Ly6C allow more accurate identification of M-MDSC
(CD11b+Ly6ChiLy6G− and PMN-MDSC (CD11b+Ly6C−/loLy6G+) [12, 13]. Thus,
there has been some confusion within the literature regarding staining and expression
of Gr-1, as well as reports where investigators have stained using both anti-Gr-1 and
anti Ly-6G antibodies.

In humans, MDSCs were originally described as CD34+ hematopoietic pro-
genitors with immune suppressive activity [14]. They are found in the mononuclear
fraction following Ficoll Hypaque separation of blood as the PMN-MDSCs, which
have a segmented neutrophil morphology and are hypodense [15, 16].
PMN-MDSCs are now identified as CD14−CD11b+CD33+ and CD15+ or CD66b+

cells. It is noted that some investigators also include HLA-DR−/lo and/or Lin− as
markers. M-MDSCs are defined as CD14+HLA-DR−/lo; although, many investi-
gators include as part of this phenotype Lin− and CD15/CD66b−, primarily because
these markers are included in the staining tube. Confounding the identification of
MDSCs is the use of the Lin−HLA-DR−CD33+ phenotype, which incorporates a
mixed group of cells that incorporate myeloid progenitors including MDSCs. One
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of the challenges to studying MDSCs is that their accurate characterization in
cancer patients requires the phenotypic analysis of all three cell populations.
Several other markers contribute to the characterization of MDSCs; however, none
has emerged as a unique MDSC marker [17, 18]. One informative phenotypic
marker that can be included in a staining panel is CD34 as a marker of the
hematopoietic progenitor properties of MDSCs [14].

A reduction in MDSCs in tumor-bearing mice and cancer patients significantly
improves immune responses and in some animal models and clinical studies results
in antitumor activity [19, 20]. In addition, MDSC have a role in non-immunological
functions, including the promotion of vasculogenesis, osteolysis and tumor cell
invasion, and metastasis [21–24]. The original defining feature of MDSCs and
myeloid cells with immunosuppressive function was their in vitro ability to sup-
press immune function, which remains the sine qua none for MDSCs.

The mechanisms of MDSC-mediated immune suppression include arginase
(ARG1), inducible nitric oxide synthase (NOS) (iNOS) [9, 12, 13], TGF-β [25, 26],
IL-10 [27] and COX2 [28, 29], sequestration of cysteine [30], decreased L-selectin
expression by T cells [31], and induction/expansion of Tregs [32]. PMN-MDSCs
and M-MDSCs have differing immunosuppressive mechanisms; with M-MDSCs
utilizing mechanisms associated with NO and cytokines. In contrast, PMN-MDSCs
suppress T-cell responses by reactive oxide synthase (ROS) production. The reaction
of NO with superoxide generates peroxynitrite (PNT), which inhibits T-cells by
nitrating T-cell receptors (TCRs), reducing their responsiveness to antigen-MHC
complexes [33]. Additionally, nitration reduces binding of antigenic peptides to
MHC molecules on tumor cells [34] and blocks T-cell migration by nitrating
T-cell-specific chemokines [35]. S-nitrosylation also regulates cellular inflammation
including nitrosylation of signaling molecules, integrins, and cytokines [36].

1.3 Controversy 2: Is T-Cell Suppression by MDSCs
Antigen Specific?

A second controversy is the antigen-specific nature of MDSC-mediated immune
suppression. The issue of antigen-specific suppression of T cells is important to
understanding the biology of the immune defects in cancer patients. MDSC
accumulation, with potent non-specific immune suppressive activity, is observed in
the circulation and peripheral lymphoid organs, potentially resulting in systemic
immune suppression. Indeed, this is a common observation that is associated with
both a depression in T-cell numbers and function [37], limiting the host response to
immunization [38]. A similar controversy exists in the results reported with blood
obtained from cancer patients [39, 40]; although in most of these experiments, the
specific nature of T-cell suppression has not been investigated [41]. This is a
relevant comment as most clinical and preclinical studies of MDSC function use
irrelevant (frequently alloantigens) to assess the suppression of T-cell function. This
is not to suggest that antigen-specific suppression of T cells does not occur.
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The major subset of MDSCs responsible for CD8+ tolerance are G-MDSCs, due
to their prevalence in the lymphoid organs of tumor-bearing hosts and their
mechanism of immune suppression. G-MDSC have high levels of ROS and per-
oxynitrites (PNT) and ROS are short-lived and highly reactive, they function only
close to T cells. As such, the interface of MDSC and CD8+ T-cells interactions
during antigen-TCR recognition is such an environment [33]. The functional
activity of MDSC includes the inhibition of IFN-production by CD8+ T cells, in
response to peptide epitopes presented by major histocompatibility complex
(MHC) class I in vitro and in vivo [42]. This antigen-specific T-cell tolerance
depends on MHC class I, is not mediated by soluble factors, requires direct cell–cell
contact, and is mediated by reactive oxygen species [43, 44].

M-MDSCs suppress both antigen-specific and non-specific T-cell responses and,
on a per cell basis, may have a heightened suppressive activity relative to
PMN-MDSCs [13, 41]. In contrast to M-MDSC, PMN-MDSCs predominantly
suppress T-cell responses in an antigen-specific manner [13]. Different effects of
MDSC on T-cell responses in cancer patients and tumor-bearing mice have been
reported [41]. It has been suggested that MDSC induce antigen-specific tolerance of
CD8+, but not CD4+ T cells [43–45]. However, in some model systems, MDSC
mediate the inhibition of IFN-γ production by CD4+ T cells [46–48]. The ability of
MDSC to induce antigen-specific CD4+ T-cell tolerance in vivo may be dependent
on MHC class II expression [49]. In most tumor models that have been examined,
the expression of MHC class II molecules, on MDSC, was significantly lower than
on myeloid cells with the same phenotypic differentiation in tumor-free mice.
Indeed, in humans the lack of expression of HLA-DR is a defining characteristic of
MDSCs.

1.4 Controversy 3: What Are the Differences Between
PMN-MDSCs and Neutrophils (PMNs)?

Neutrophils with immunosuppressive and pro-tumorigenic activity are identified as
N2 neutrophils, as opposed to antitumor N1 neutrophils in some reports [50, 51].
However, as these are short-lived, terminally differentiated cells (PMNs) it has been
suggested that N1-cells represent bona fide, activated PMN cells, whereas N2-cells
are PMN-MDSCs. However, this conundrum cannot be resolved without markers
that allow the delineation of PMN cells versus PMN-MDSCs. In mice, several
markers have been identified that can distinguish PMN-MDSCs from PMNs have
been suggested [52]; however, multiple markers are required to differentiate
between the two cell types.

In humans, neutrophils can be separated from PMN-MDSCs and M-MDSCs by
density gradients or elutriation, with MDSCs separating in the mononuclear fraction
(hypodense) while neutrophils are separated in the denser fraction [15, 53]. In
normal donors, PMN-MDSCs are rare in the peripheral blood mononuclear cell
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(PBMC) fraction and while useful, cell density as a clinical biomarker is limited as
the density of PMNs is dependent on the blood collection conditions, storage, and
activation [54]. One approach that we and others have used to differentiate human
PMN from PMN-MDSCs is the co-expression of CD16 and CD11b. Both of these
markers are absent on promyelocytes and appear during neutrophil differentiation at
the myelocyte/metamyelocyte stage. During this process, expression of CD11b
precedes expression of CD16 [55]. When mature PMNs express both CD11b and
CD16, while CD16 expression is low or negative on immature myeloid cells
providing a potential marker to separate PMNs from PMN-MDSCs [56].

1.5 Controversy 4: What Are the Differences Between
M-MDSCs and Monocytes/Macrophages?

Phenotypic identification of M-MDSCs is similarly challenging, although it is less
critical in humans relative to mice as monocytes can be distinguished from
M-MDSCs by their phenotype (CD14+HLA-DRhi vs. CD14+HLA-DR−/lo, respec-
tively). However, M-MDSC infiltrating human tumors can be more challenging.
Immature M-MDSCs (as well as immature PMN-MDSCs) are CD34+ and CD117+.
Both the immature and “mature” MDSCs are CD14+ and HLA-DRlo/− allowing
differentiation from monocytes, macrophages, and PMN-MDSCs. However, human
tumor-associated macrophages (TAM) are subdivided into M1-like and M2-like
cells. The M1-like TAM are CD64+CD80+ and CXCR10+ while the M2-like TAM
are CD32+CD163+CD23+CD200R+PD-L2+. Classically activated (or M1) macro-
phages are elicited in an environment dominated by Th1 cytokines, such as IFN-γ
and TNF-α, and/or by recognition of pathogen-associated molecular patterns or
endogenous danger signals. This is a prototypical pro-inflammatory type of mac-
rophage that is implicated in the initiation and propagation of inflammation and
pathogen clearance. Macrophage functions and phenotypes are altered by Th2
cytokines resulting in alternatively activated macrophages or M2 macrophages [57].
A feature common to M2 macrophages is their ability to suppress Th1
cytokine-driven inflammation and regulate adaptive immune responses, i.e., T-cell
immunosuppressive activity similar to MDSCs that has resulted in confusion in the
literature. This has been exacerbated by the suggestion that M-MDSC may express
both M1 and M2 precursor phenotypes such that a M2 prototypic M-MDSC can be
measured based on immunoglobulin-like transcript 3 (ILT3) membrane expression
[58]. In the tumor microenvironment, MDSC with the M2-like phenotype are
dominant and produce large amounts of IL-10 and arginase, induce anergy of
antitumor immune cells, and expand immunosuppressive regulatory T cells (Treg).
Indeed, separation of non-small cell lung cancer patients on the basis of ILT3
membrane expression on MDSCs, i.e., ILT3low and ILT3high populations revealed
that patients with an increased frequency of ILT3high MDSCs had a shorter median
survival than patients with an increased frequency of ILT3lo MDSCs [58].
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1.6 Controversy 5: What Are Clinically Effective
Therapeutic Interventions for MDSCs?

Recent reports have documented that the frequency and absolute number of
MDSCs in peripheral blood of cancer patients and spleens of tumor-bearing mice
directly correlate with tumor burden and a worse clinical outcome [59] and
inversely with T-cell number/function [60]. The regulation of MDSC proliferation
and function incorporates a complex network of molecular pathways and therefore,
many different therapeutic strategies are being developed to regulate them and
restore host immunity. Controlling MDSC-mediated immune dysfunctions can be
achieved by one or more of four approaches (Table 1.1): (1) inhibition of immune
suppressive activity; (2) reducing their number; (3) regulating their development/
apoptosis or by; and (4) inducing their differentiation.

1.6.1 Inhibiting MDSC Immunosuppressive Activity

One approach to constrain MDSC activity is to target their immune regulatory
functions. For example, the selective inhibitors of the janus kinase and signal
transducer and activator of transcription (JAK2/STAT3) pathway, by cucurbitacin B
in advanced lung cancer patients, significantly reduced the Lin−HLA-DR−CD33+

immature MDSCs in the peripheral blood [61]. Phosphodiesterase-5 (PDE-5) inhi-
bitors, by increasing intracellular cyclic guanosine monophosphate (cGMP) levels
have been found to decrease IL-4Rα expression, and downregulate iNOS levels in
intratumoral MDSCs, reversing MDSC immunosuppressive activity and increasing
T-cell function in vivo [62]. In a clinical study (number NCT00894413), tadalafil in
patients with head and neck squamous cell carcinoma documented a significant
reduction in ARG1 and iNOS activity. Moreover, tadalafil also decreased
CD33+HLA-DR−IL-4Rα+ MO-MDSCs in both the blood and tumors of treated
patients [63]. In line with these results, the administration of tadalafil to a patient
with end-stage relapsed/refractory multiple myeloma reduced MDSC function and
associated with a durable anti-myeloma immune and clinical response [64].
Moreover, a clinical trial (NCT01374217) prospectively evaluating the effect of
MDSC inhibition in myeloma will analyze patients refractory to lenalidomide-based
treatments receiving tadalafil in addition to their lenalidomide-containing regimen;
the study, which is not yet concluded will provide indications whether tadalafil could
improve the outcome for patients pretreated with lenalidomide by decreasing MDSC
frequency. Very recently, tadalafil treatment (clinical trial number NCT008436359)
significantly reduced both CD33+HLA-DR−IL-4Rα+ M-MDSCs and Tregs in the
blood and in tumor of HNSCC patients and increased tumor-specific CD8+ T cells
[65]. The mechanisms by which tadalafil contributes to affect MDSC activity are not
clear: PDE5 inhibition might decrease IL-4Rα expression on MDSCs, reducing the
survival signaling provided by the receptor [66]. However, the role of IL-4Rα
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Table 1.1 Interventions targeting MDSC expansion, trafficking, and activation

Therapeutic agent Type of cancer
tested

Effect on MDSCs References

COX2 inhibitor (Celebrex) Mammary
carcinoma (mice),
ovarian cancer, and
melanoma (human)

Inhibition of
proliferation

[29, 28, 112]

Amino-biphosphonate Mammary tumors
(mice) Pancreatic
adenocarcinoma
(human)

Inhibition of
proliferation

[85, 87]

Phosphodiesterase-5 inhibitor
(sildenafil and tadalafil)

Mammary
carcinoma, colon
carcinoma, and
fibrosarcoma (all
mice) head and
neck (human)

Inhibition of
proliferation and of
suppressive effects

[62, 63, 65]

c-KIT-specific antibody Colon carcinoma
(mice)

Inhibition of
proliferation

[98]

Nitroaspirin Colon carcinoma
(mice & human)

Inhibition of
suppressive effects

[68]

Triterpenoid (CDDO-Me) Colon carcinoma,
thymoma, and lung
cancer (mice),
pancreatic
adenocarcinoma
(human)

Inhibition of
suppressive effects

[70]

All-trans retinoic acid Sarcoma and colon
carcinoma (mice)
Metastatic renal
cell carcinoma and
lung cancer
(human)

Inhibition of
proliferation

[108, 110, 113]

25-hydroxyvitamin D3 Lewis lung
carcinoma (mice)
and head and neck
and lung cancer
(human)

Moderate inhibition
of proliferation and
induction of
differentiation

[114–116]

Paclitaxel Melanoma (mice) Matures MDSCs
into DCs

[117]

Gemcitabine Lung and breast
cancer (mice),
pancreatic
adenocarcinoma

Inhibition of
proliferation

[75, 81,
82, 118]

VEGF-trap Solid tumors
(human)

No activity [104]

Antibody to VEGFA
(bevacizumab)

Lung, breast,
colorectal
carcinoma, and
metastatic renal
cell cancer
(human)

Weak inhibition of
proliferation

[39, 105, 119]

(continued)
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Table 1.1 (continued)

Therapeutic agent Type of cancer
tested

Effect on MDSCs References

Doxorubicin-cyclophosphamide Breast cancer
(human)

Weak inhibition of
proliferation

[79]

CXCR2 (S-265610) and
CXCR4 (AMD3100)
antagonists

Mammary cancer
(mice)

Altered recruitment
of immature
myeloid cells to the
tumor

[120]

Tyrosine kinase inhibitor
(sunitinib)

Renal cell cancer
(human)

Weak inhibition of
proliferation

[121]

PROK2-specific antibody Various tumors of
human and mouse
origin in nude mice

Inhibition of
polymorphonuclear
MDSC expansion
and recruitment

[122]

Neutralizing antibody to
GM-CSF

Pancreatic cancer
(mice)

Inhibit proliferation [97]

Tripeptide CDDO-Me
(RTA-402)

Pancreatic
adenocarcinoma
(human)

Inhibit proliferation [70]

Neutralizing antibody to G-CSF Colon carcinoma
(mice)

Inhibit proliferation [123, 124]

AT38 (an NO donor based on
the furoxan molecule)

Fibrosarcoma and
thymoma

Downregulation of
ARG1, iNOS, and
peroxynitrite in
MDSCs; expression
of nitrated or
nitrosylated CCL2

[35]

CSF1R and KIT receptor
tyrosine kinase inhibitor
(PLX3397)

Mammary
carcinoma (mice),
melanoma, AML,
and breast cancer
(human)

Inhibition of TAM
recruitment

[125]

CSF1R antagonist (GW2580) Lung carcinoma
and prostate cancer
(human)

Inhibition of the
expansion of
MDSC and
macrophage
populations

[23]

5-fluorouracil Thymoma Inhibition of MDSC
population
expansion

[76]

Docetaxel Mammary
carcinoma (mice)

Inhibition of MDSC
population
expansion;
macrophage
polarization to M1
phenotype

[47]

Very small size
proteoliposomes

Lymphomas and
sarcoma

iNOS
downregulation and
changes in MDSC
subset distribution

[126]

(continued)
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Table 1.1 (continued)

Therapeutic agent Type of cancer
tested

Effect on MDSCs References

Neutralizing antibody to CCL2 Mammary
carcinoma (mice)

Targeting
inflammatory
monocytes and
macrophages

[127]

IL-12 Melanoma and
colon carcinoma

Differentiation of
MDSCs, TAM, and
DCs

[128, 129]

Ab to CD40 and IL2 Renal cell
carcinoma (human)

Increased iNOS and
TIMP1 and
differentiation of
TAM

[130]

CD40 agnostic Abs and
gemcitabine

Pancreatic ductal
adenocarcinoma
(human)

Differentiation of
TAM

[131]

Histidine-rich glycoprotein
(HRG)

Fibrosarcoma,
pancreatic cancer,
and breast cancer

Down regulation of
PIGF and
differentiation of
TAM

[132]

Inhibition of NF-kB signaling
via IkB kinase

Ovarian cancer Differentiation of
TAM

[133]

Peroxisome
proliferator-activated receptor-g
(PPAR) inhibitor

Carcinoma and
myeloid sarcoma

Induces
proliferation of
MDSCs

[134]

antibody to IL-6 and
gemcitabine

Carcinoma Inhibits
accumulation of M
and PMN-MDSCs

[135]

Curcubitacin B Lung cancer Inhibition of MDSC [61]

Antibody to CSF1R (RG7155
& IMC CS4)

Advanced solid
tumors

Inhibition of
M-MDSC

[136]

Vemurafenib (B-RAF inhibitor) Metastatic
melanoma

Decrease PMN and
M-MDSC

[106]

Ipilimumab (anti-CTLA-4) Metastatic
melanoma

Decrease M-MDSC [137]

Anti-PD-L1 Multiple myeloma
(mice)

Decrease MDSCs [138]

Ab antibody; ARG arginase; B-RAF rapidly accelerated fibrosarcomas; COX2 cyclooxygenase 2;
CSF1R colony-stimulating factor 1 receptor; CCL2 Chemokine Ligand 2; CDDO-ME Methyl-2-
cyano-3,12-dioxooleana-1,9(11)-dien-28-oate; CTLA-4 cytotoxic T-lymphocyte-associated protein;
CXCR CXC chemokine receptor; DC dendritic cell; G-CSF granulocyte-colony-stimulating factor;
GM-CSF granulocyte-macrophage colony-stimulating factor; G-MDSCs granulocyte-MDSCs;
HRG Histidine-rich Glycoprotein; IkB inhibitor kappa beta; iMCs immature myeloid cells; iNOS
inducible Nitric Oxide Synthase; IIL interleukin; MDSC, c-KIT stem cell factor receptor;
myeloid-derived suppressor cell; M-MDSCs monocyte-MDSCs; NF-kB nuclear factor-kappa beta;
NO nitric oxide; PD-L1 programed death ligand; PMN polymorphonuclear; PPARγ peroxisome
proliferator-activated receptor-γ; PIGF phosphatidylinositol glycan anchor biosynthesis class F;
PROK2 prokineticin 2; TAM tumour-associated macrophage; TIMP tissue inhibitor of
metalloproteinase; VEGFA vascular endothelial growth factor A
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remains to be fully elucidated since, in some cases, this cytokine receptor does not
seem to be involved in the immune suppressive properties of MDSCs [67]. Another
possible explanation of the dramatic effect of tadalafil on MDSCs could be attributed
to a destabilization of iNOS mRNA resulting in a reduction in NO production [63].

NO has a pivotal role in MDSC-dependent immune suppression and drugs that
inhibit NOS are currently under investigation. Nitroaspirin, which inhibits iNOS,
has been shown to normalize the immune status of tumor-bearing hosts and
improve tumor-antigen-specific T-cell responses to cancer vaccination [68]. AT38,
[3-(aminocarbonyl)furoxan-4-yl] methylsalicylate, an NO-donating compound, can
decrease MDSC inhibitory activity by reducing CCL2 chemokine nitration pro-
moting T cell infiltration of primary tumors, as well as, significantly reduce iNOS
and ARG1 enzyme activity in myeloid cells and control RNS generation within the
tumor environment [35].

Synthetic triterpenoids including CDDO-Me can induce the nuclear factor
(erythroid-derived 2)-like 2 (NRF2)-mediated upregulation of antioxidant genes,
including NAD(P)H quinone oxidoreductase 1 (NQO1), thioredoxin, catalase,
superoxide dismutase, and heme oxygenase, reducing intracellular ROS levels and
controlling the immune suppressive activity of MDSCs and improving host immune
responses [69]. Clinical support for this strategy has been provided in pancreatic
cancer patients with CDDO-Me in a phase I clinical trial (RTA 402-C-0702) that
has shown a significant improvement in the host’s immune response without
reducing MDSC frequency in the patient’s peripheral blood [70]. Since CDDO-Me
might also have a role in STAT3 inhibition both in tumor and myeloid cells, in
addition to ROS elimination, it represents an attractive therapeutic option to
increase cancer immunotherapy.

Upregulation of COX2 levels is important to tumor progression and has been
reported to correlate with a poor prognosis in multiple tumor pathologies [71].
Since COX2-derived prostaglandin E2 has a role in inducing ARG1 upregulation in
MDSCs [72], COX2-based therapeutic approaches have been assessed in order to
limit cancer progression. Dietary administration of the COX2 inhibitor celecoxib in
mesothelioma-bearing mice induced a significant decrease in the number and
suppressive functions of ROS-producing PMN-MDSCs both in the spleen and
tumor microenvironment. Accordingly, celecoxib supplied in combination with
DCs pulsed with tumor lysates improved the survival of mesothelioma-bearing
mice compared with the single treatments [73].

1.6.2 Depleting MDSC Number

The antitumor activity of chemotherapy may also depend on off-target effects, most
notably immunoregulatory activity contributing to successful tumor control [74].
Indeed, some conventional chemotherapy agents, including gemcitabine [75] and
5-fluouracil [76], have a cytotoxic activity on MDSCs. Cisplatin has also been
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reported to modify myeloid cell frequency by reducing MDSCs, potentially by
inducing their differentiation into DCs and promoting antitumor T-cell responses in
melanoma-bearing mice [77]. Paclitaxel, an inhibitor of microtubule disassembly,
enforces MDSC differentiation to DCs [78], whereas docetaxel, a drug with similar
action, selectively kills and polarizes MDSCs towards an M1-like phenotype [47].
Cyclophosphamide (CTX) may have conflicting effects on MDSCs, since in
combination with doxorubicin it boosts MDSC frequency in breast cancer patients
[79] but in combination with gemcitabine, mitigates Treg- and MDSC-mediated
immunosuppression, triggering antitumor immunity in vivo [80]. It should be noted
that in the first study, the patients were also injected with G-CSF, a growth factor
for myeloid progenitors that has been shown to increase MDSC numbers
clinically [79].

The combination of a personalized peptide vaccine with gemcitabine adminis-
tration was shown to result in an additive effect, boosting immune cellular and
humoral responses in unresectable pancreatic cancer patients [81]. In another study,
a significant reduction in MDSCs (Lin−HLA-DR−CD11b+), in patients with
advanced pancreatic cancer was observed following combination therapy with
gemcitabine and capecitabine together with a GV1001 vaccine and GM-CSF as
adjuvant [82]. The adjuvant activity of MDSC control was also shown with a
reduction in the numbers of peripheral MDSCs in breast cancer patients treated with
oxidized glutathione mimetic (NOV-002) and chemotherapy with doxorubicin and
cyclophosphamide, resulting in a complete clinical response in patient with a lower
frequency than in patients who did have a positive clinical outcome [83].

1.6.3 Regulating MDSC Development/Apoptosis

Bisphosphonates (BPs) are potent inhibitors of osteoclast-mediated bone resorption
by the inhibition of farnesyl pyrophosphate synthase activity, a key regulatory
enzyme in the mevalonic acid pathway critical to the production of sterols and
isoprenoid lipids. As a result, the posttranslational modification (isoprenylation) of
many proteins is inhibited, leading to osteoclast apoptosis [84]. Treatment with
amino-bisphosphonates slows tumor growth, significantly decreasing MMP9 levels
and macrophage numbers in tumor stroma, as well as reducing MDSC proliferation
in the bone marrow and peripheral blood [85]. Therapeutic activity in mice bearing
resected pancreatic adenocarcinomas was demonstrated with zoledronic acid (ZA),
which significantly decreased Gr−1+CD11b+ MDSC accumulation in tumors,
impaired tumor growth, and prolonged survival [86]. Based on these and other
results, a phase 1 study (NCT00892242) to evaluate the safety and the efficacy of
perioperative ZA administration in 23 patients with resectable pancreatic adeno-
carcinoma was undertaken, but was not shown to reduce PMN-MDSCs [87].
Nonetheless, in three clinical trials of breast cancer patients adjuvant administration
of zoledronic acid documented clinical activity. In the ABCSG-12 trial with 1803
patients, disease free survival at 62 months was increased from 88 to 92 %
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(P = 0.009) with the addition of zoledronic acid to endocrine therapy [88]. In the
ZOFAST study, zoledronic acid administration was given either immediately or
delayed (after fracture or high risk thereof) administration with adjuvant endocrine
therapy. The disease free survival increased by immediate zoledronic acid admin-
istration from 92 to 95 % (P = 0.0314), at 36 months follow-up [89]. In the AZURE
trial, however, with 3360 patients, disease free survival was 77 % and no difference
between zoledronic acid treatment and control was seen at a median follow-up of
59 months (P = 0.79) [90, 91]. In this study, the majority of patients received
chemotherapy rather than endocrine therapy alone. A subgroup analysis in patients
being postmenopausal for more than 5 years showed an increase in disease free
survival from 71 to 78.2 % (P = 0.02) 5 years after randomization. A meta-analysis
among 17,751 breast cancer patients from 41 randomized clinical trials compared
outcomes with and without adjuvant bisphosphonate treatment and found reduction
of breast cancer mortality and bone recurrence in postmenopausal patients [91].
Together, these results suggest that ZA can increase disease free survival of breast
cancer patients, although the mechanism of action and the role of MDSC regulation
are not clear [92].

S100A8/S100A9 proteins, together with their receptor for advanced glycation
end products (RAGE), are involved in MDSC recruitment and retention [93].
Accordingly, mAbGB3.1, an anti-carboxylate glycan antibody that blocks
S100A8/A9 binding and signaling, has been shown to reduce the serum levels of
these proteins and consequently MDSC accumulation in blood and secondary
lymphoid organs of tumor-bearing mice [94]. The inhibition of CSF-1R signaling
through CSF1R kinase inhibitors is another strategy to regulate MDSCs. GW2580
has been shown to abrogate tumor recruitment of M-MDSCs in mice bearing Lewis
Lung Carcinoma and also to decrease proangiogenic and immunosuppressive genes
[23]. The relevance of blocking CSF-1/CSF-1R signaling was supported using a
tumor model in which radiotherapy was followed by an increase in CSF-1
expression in mice bearing prostate cancer. In this tumor therapy model, CSF-1R
inhibition with GW2580 or PLX3397 regulated myeloid infiltration and signifi-
cantly delayed tumor regrowth post irradiation [95]. Currently, a monoclonal
antibody against CSF-1R (IMC-CS4) is being studied in a phase I clinical trial
(NCT01346358) to establish its safety and pharmacokinetic profile in the treatment
of subjects with advanced solid tumors, either refractory to standard therapy or for
whom no standard of care is available. Moreover, PLX-3397 is being studied in an
ongoing phase I/II clinical trials with solid and hematological tumors. In preclinical
studies, therapeutic activity has been observed with antibodies to G-CSF [96],
GM-CSF [97] and SCF [98] in tumor-bearing mice. In the clinic, GM-CSF has been
used as an adjuvant, to mature DCs ex vivo and as the transfected component of
cell-based vaccines. However, high doses of GM-CSF induce the accumulation of
MDSC in mouse systems [99, 100], and studies in which tumor production of
GM-CSF was knocked down by RNA interference demonstrated that GM-CSF
expands MDSC [9]. A clinical trial in stage IV metastatic melanoma patients
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demonstrated that a GM-CSF-based vaccine induced MDSCs that suppressed
immunity [101]. Therefore, although GM-CSF matures DC, it also induces MDSC,
suggesting a need for close attention to the dosing of GM-CSF to promote DC
function without inducing immune suppression.

Anti-angiogenic therapies have also been evaluated for their impact on MDSCs
[102]. Sunitinib is a multi-kinase inhibitor of flt3, VEGFR, and c-kit signaling that
has shown regulatory activity for MDSCs. Renal cell carcinoma (RCC) patients
treated with sunitinib have documented a dramatic reduction in M-MDSCs, but no
correlation between MDSC levels and tumor burden [103]. In a study of 15 patients
with refractory solid tumors enrolled in a phase I clinical trial and treated with
VEGF-Trap, no decrease in peripheral MDSC levels was reported [104]. In con-
trast, a study with lung, breast, and colorectal cancer patients reported a decrease in
MDSCs and a slight increase in DC frequency following one cycle of bevacizumab,
a monoclonal antibody directed against VEGFA [105]. Treatment of melanoma
patients with vemurafenib, a specific inhibitor of mutant B-RAF V600E, a mutation
leading to constitutive activation of the MAP kinase pathway, reduced the fre-
quency of both M- and PMN-MDSCs in patients with cutaneous melanoma [106].

1.6.4 Inducing MDSC Differentiation

Promoting differentiation of suppressive MDSCs into mature, non-suppressive cells
has been investigated in preclinical and clinical cancer models see review in [107].
All-trans retinoic acid (ATRA) is one of the first differentiating agents tested for
MDSCs. The stimulation of myeloid maturation and the advantage induced by
ATRA treatment was initially documented in mouse models, in which ATRA
administration was associated with an increased efficacy of cancer vaccination
[108]. Moreover, ATRA supplemented with GM-CSF induced the upregulation of
HLA-DR expression, CD1a and CD40 on MDSCs isolated from RCC patients
[109]. A randomized phase II clinical trial tested whether ATRA treatment of SCLC
patients could increase the efficacy of chemotherapy associated with a vaccine
consisting of DCs transduced with P53-expressing adenoviral vector; a significant
reduction in MDSCs was only observed in patients treated with vaccination in
combination with ATRA [110]. Similar to ATRA, vitamins D3 could also act as
differentiating agents, as observed in two cohorts of newly diagnosed HNSCC
patients who did or did not receive 125(OH)2 D3 vitamin treatment for 3 weeks
before surgical resection. Only treated patients showed a reduction in intratumoral
CD34+ myeloid cells, paralleled by increased amounts of intratumoral mature
DCs [111].
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Chapter 2
Differentiation of Murine Myeloid-Derived
Suppressor Cells

David Escors

Abstract Myeloid-derived suppressor cells (MDSCs) are frequently defined as a
heterogeneous population of immature cells belonging to the myeloid lineage which
possess strong immunosuppressive activities. These cells ultimately derive from
myeloid progenitors mainly present in the bone marrow that undergo a dysregulated
differentiation pathway, ending up with the systemic mobilization of MDSCs of
“monocytic” or “granulocytic” characteristics. Here we will review the current
knowledge on MDSC differentiation mostly in murine cancer models, and reflect on
whether MDSCs represent a unique, well-defined distinct myeloid lineage or just
immature stages of myeloid cells.

Keywords Haematopoiesis � Myeloid lineage � Granulocytes � Monocytes �
Dendritic cells � Myeloid-derived suppressor cells � Bone marrow

2.1 Introduction

An extensive review of the specialized literature quickly shows to the
non-specialized reader that myeloid-derived suppressor cells (MDSCs) are defined
in many ways, depending on the cancer model and the particular standards adopted
by each research team. These variable definitions widely used by researchers
highlight the ultimate question in MDSC research: Do MDSCs belong to a distinct,
genuine myeloid lineage or are they a collection of myeloid cells halted at several
differentiation steps of a disturbed myelopoiesis?

MDSCs are most commonly defined as a “heterogenous population of immature
cells of myeloid origin with strong suppressive activities”. It is also assumed by
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many researchers that MDSCs arise from two independent myeloid lineages,
namely, monocytic and granulocytic lineages. A significant number of researchers
define these cells as “dysfunctional inflammatory monocytes” (for monocytic
MDSCs) or “dysfunctional neutrophils” (for granulocytic MDSCs). Finally, others
have adopted a nomenclature that englobes all possible immunosuppressive cells of
myeloid origin without any attempt at their distinction or classification; the “im-
mature suppressive myeloid cells” or “myeloid regulatory cells”.

Nevertheless, the existence and nature of MDSCs cannot be ignored, and the
ultimate question on the origin of MDSCs must be consequently addressed. First, it
will expand our knowledge on how cancer subverts our immune system to its
advantage. Second, from a therapeutic point of view, it is necessary to find out if we
are working with a single differentiation pathway, or if immunosuppressive MDSCs
arise independently from multiple precursors by redundant differentiation pathways.

In this chapter we will revise the physiological myeloid differentiation pathway,
MDSC differentiation, and whether we can consider MDSCs as a genuine myeloid
lineage arising from a well-defined differentiation pathway.

2.2 Physiological Myeloid Differentiation

2.2.1 Conventional Myeloid Cell Types and Their Role
in Immunity

Myeloid cells play key regulatory and effector roles in both innate and adaptive
immunity. Some of the myeloid cell lineages possess very strong antigen-presenting
capacities, and they express a wide range of pathogen pattern-recognition receptors
on their surface. These receptors, when engaged by their respective ligands, start a
process of “maturation” in these cells leading to characteristic phenotypic and
functional changes resulting in cytokine secretion, production of a wide range of
biologically active molecules and acquisition of strong antigen-presenting capaci-
ties. Classically, “mature” myeloid cells englobe four main well-defined classical
cell types. Nevertheless, it has to be pointed out that these myeloid cell types
usually present a high degree of plasticity. For example, macrophages and DCs can
differentiate from monocytes. These cell types will be described briefly as follows.

2.2.1.1 Monocytes

They represent between 2 % and 10 % of haematopoietic-derived cells. Monocytes
circulate systemically and play important roles in replenishing tissue-resident
macrophages. Although monocytes have been classically considered “only the
precursors” of macrophages, this view is certainly highly simplistic. Monocytes
quickly respond to infection, and enhance inflammation, tissue repair, and eliminate
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pathogens through phagocytosis. These cells have a life span of about 2 days.
Currently, murine monocytes are divided in two categories according to their
surface phenotype. The Ly6Chigh monocyte subset (also known as inflammatory
monocytes) is mainly involved in inflammation and antimicrobial immune
responses, while the Ly6Clow/neg subset (also known as “patrolling monocytes”) is
rather a tissue-infiltrating monocyte involved in tissue repair. In fact, monocytes are
quite capable of microbe phagocytosis and killing through production of reactive
oxygen species (ROS) following the respiratory burst. They can also trigger (in
some circumstances) T cell responses, and polarize immune responses through
cytokine secretion. Phenotypically, both subsets express the myeloid lineage mar-
ker CD11b, together with CD115, F4/80low, and MHC II [1, 2]. Importantly, the
Ly6Chigh subset lacks expression of CD62L while the Ly6Clow subset expresses this
homing surface molecule [3]. Monocytes do not express Ly6G or CD11c.

2.2.1.2 Macrophages

Macrophages comprise a very heterogeneous, highly phagocytic cell population.
These cells are further classified into several “subclasses” according to ontology,
tissue localization, and specialized functions. Thus, we can have osteoclasts,
microglia, Kupffer cells, alveolar macrophages, and ubiquitous tissue-resident
macrophages. While it was previously thought that macrophages differentiated from
bone marrow-derived monocytes, it has been shown that adult macrophages arise
from at least two other different sources, one of these being embryonic progenitors
[4, 5], and the other from tissue-resident precursors. Phenotypically, macrophages
are similar to other myeloid cells, characterized as CD11b+ CD11clow/neg, F4/80+/
high, MHC II+, and CD68+ [6, 7]. Most macrophages also express IL4Rα, CD163
and they can also express Ly6C to varying levels. Nevertheless, murine macro-
phages are Ly6Gneg/low and they are most frequently identified by high expression
levels of CD11b, F4/80, and CD68 [8].

2.2.1.3 Dendritic Cells (DCs)

Dendritic cells are probably the most immunogenic myeloid cell lineage, and they
play a fundamental role in linking innate with adaptive immunity [9–12]. DCs are
very efficiently activated through the recognition of pathogen-derived and danger
molecules, leading to strong up-regulation of T cell co-stimulatory molecules.
Therefore, they are potent activators of naive T cells. DCs are roughly classified in
two main groups; conventional (or myeloid) DCs, and plasmacytoid DCs [13]. Here
we will focus on conventional DCs. The phenotype of DCs is certainly very plastic,
and depends on their anatomical localization and their maturation degree.
Nevertheless, they are frequently identified as CD11b+, CD11chigh, and MHC II+

cells. They lack Ly6G and F4/80 expression, and they can express Ly6C at varying
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degrees. DC-SIGN and CD123 are also additional good markers frequently used to
differentiate DCs from macrophages.

2.2.1.4 Granulocytes

Granulocytes are short-lived, highly cytotoxic myeloid cells with very high
phagocytic activities. They are produced from bone marrow precursors at very large
numbers, and are subdivided in three classes: neutrophils, basophils, and eosino-
phils. This classification is based on the staining properties of their numerous
cytoplasmic granules. Possibly, the most common markers for their differentiation
from other myeloid lineages are CD11b and GR-1high. The GR-1 epitope is present
on two surface molecules, Ly6C and Ly6G. Granulocytes express high levels of
Ly6G. Apart from these molecules, granulocytes also express CD62L at varying
levels. They are also negative for CD11c, a useful marker to discriminate them from
DCs. Myeloperoxidase (MPO) is also used as a granulocyte (neutrophil) marker,
although this is still controversial as it might also be expressed in monocytes and
macrophages [14].

2.2.2 Physiological Myelopoiesis

Haematopoiesis is a highly regulated process absolutely necessary to keep the
homeostasis of the whole body. Thanks to this process, erythrocytes, platelets, and
immune cells are continuously produced to meet the demands of the organism. This
process entirely relies on a relatively low number of pluripotent haematopoietic stem
cells (HSCs, Linneg, Sca-1+, and cKit+; also called LSK stage) which are kept most
of the time quiescent within a specialized niche within the bone marrow (Fig. 2.1).
LSK cells are maintained in the presence of stem cell factor (SCF) and leukemia
inhibitory factor (LIF), mainly. The differentiation from HSCs toward myeloid cells
is usually thought to be a sequentially-regulated pathway through different inter-
mediate differentiation stages (Fig. 2.1) [15, 16]. Stromal cells and other cell types
produce cytokines that mobilize these HSCs to differentiate in all the variety of
blood cells. The specific site and cytokine combination will lead to the differentiation
of each cell lineage. Within the LSK population, a CD41high subset is committed
toward myeloid–erythroid differentiation [17]. These cells then give rise to the
common myeloid progenitor mainly by the activities of GM-CSF and SCF (CMP,
Linneg Sca-1neg cKit+ CD41low/neg CD64low CD34+ CD115neg). Other cytokines also
contribute to their differentiation, including IL3, IL6, and Flt3L. CMPs further
differentiate into the granulocyte/monocyte progenitor (GMP, Linneg Sca-1neg cKit+

CD64high CD34+). GM-CSF, IL3, and macrophage colony-stimulating factor
(M-CSF) drive further their differentiation toward monocytes, macrophages, and
DCs through a common progenitor termed the “monocyte-macrophage-DC pro-
genitor” or MDP (CD11bneg, Ly6Cneg, CD117+, CD115+ CD135+). MDPs give rise
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to at least two distinct committed myeloid precursors, the common DC progenitor
(CDP) and the common monocyte progenitor (CoMP, Linneg, CD11bneg, Ly6C+,
CD115+, CD135neg). Importantly, the CDP gives rise to both conventional and
plasmacytoid DCs [13, 18], while the CoMP leads to monocyte–macrophage dif-
ferentiation [2]. Granulocytes are differentiated from the GMP mainly by the activity
of granulocyte colony-stimulating factor.

Myelopoiesis can also take place extramedullary, in the spleen where myeloid
progenitors are present and can differentiate into several myeloid lineages including
monocytes and DCs [2, 19].

2.2.3 Transcription Factors Driving Myelopoiesis

Transcriptionally, myelopoiesis is also regulated by the coordinated expression of a
few key transcription factors that shift the commitment of precursors toward
monocyte, macrophage, or granulocyte differentiation. HSCs require the expression
of PU.1 and GABP to differentiate toward the myeloid lineages [20]. Runx1 leads
to C/EBPα expression [21], and then a regulated interplay of C/EBP-AP1 tran-
scription factors determines monocyte or granulocyte differentiation [22]. At high
AP-1:C/EBP ratios, these factors heterodimerize leading to monocytes. However,
the formation of C/EBPα homodimers favors granulocyte differentiation. IRF8
expression is also critical for monocyte/DC differentiation, as it blocks C/EBP

Fig. 2.1 Physiological myelopoiesis. A simplified scheme of myelopoiesis in physiological
conditions. Each intermediate precursor is shown with the most characteristic phenotype above.
The key transcription factors regulating lineage commitment are shown within the appropriate
arrows. HSC haematopoietic stem cell; CMP common myeloid precursor; GMP granulocyte–
monocyte precursor; MDP monocyte–macrophage-DC precursor; CoMP common monocyte–
macrophage precursor; CDP common DC progenitor; DC dendritic cell; Gr granulocyte
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activities and inhibits granulocyte (neutrophil) differentiation [23]. Additionally, its
inactivation by p38-mediated phosphorylation is enough to inhibit neutrophil
development [24]. Monocyte differentiation also seems to be controlled by NFAT
through ERK-dependent activities, while granulocyte differentiation was shown to
depend on PU.1 and STAT3 through the participation of JAK1 and calmodulin
kinase II [25]. It is important to mention that steady-state haematopoiesis can be
significantly altered under certain circumstances, resulting in nonsteady-state hae-
matopoiesis. This is the result of circumstances such as infection or cytokine
stimulation. In this situation, large numbers of neutrophils are produced through the
activities of C/EBPβ [26]. Significantly, C/EBPβ is also highly induced in
cancer-bearing patients [27].

2.3 MDSC Differentiation in Cancer

2.3.1 Myeloid Cells and Cancer Progression in Murine
Models

Since the early 70s, it was observed that tumor-bearing patients exhibited a sys-
temic increase in myeloid cells, particularly cells resembling neutrophils (neutro-
phylia) [28]. Tumor infiltration by myeloid cells also correlated with tumor
progression, metastasis, and poor prognosis. Although most studies focused on
tumor-infiltrating macrophages and DCs, there was a significant population of cells
that did not fit within these myeloid populations. These cells were highly sup-
pressive and exhibited a markedly immature phenotype, as they did not express
high levels of maturation markers and MHC molecules characteristically found in
classical myeloid cells [28, 29]. Removal of tumors reverted to the numbers of
circulating myeloid cells and neutrophylia, suggesting that tumors were directly
producing factors leading to the expansion of these cells.

2.3.2 The Definition of Myeloid-Derived Suppressor Cells

These cancer-related immunosuppressive cells exhibited a variety of phenotypes,
and they seemed to correspond to a heterogenous population of cells of myeloid
origin. These cells were known by several nomenclatures which included “null
cells”, “immature suppressive cells” or they were even confounded with tumor-
infiltrating macrophages or tolerogenic DCs. Studies in murine cancer models
showed that these cells highly co-expressed CD11b and GR1, and could be further
classified into two subtypes according to the expression of Ly6C and Ly6G [30];
monocytic Ly6ChighLy6Gneg/low M-MDSCs, and granulocytic Ly6ClowLy6Ghigh

G-MDSCs. As monocytic and granulocytic MDSCs exhibited mono- or polymor-
phonuclei, respectively, many researchers concluded that these cell subsets were
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either dysfunctional inflammatory monocytes or tumor-associated neutrophils [31,
32]. Nevertheless, although their phenotypes might resemble those of monocytes
and neutrophils, their functional differences suggested that these cells could either
represent alternative functional states of these myeloid cells, or arise independently
from monocytes and neutrophils through a perturbed myelopoiesis [30, 33]. Thus,
M-MDSCs and G-MDSCs were considered at first dysfunctional immature myeloid
cells that arose independently from each other.

Consequently, to avoid misunderstandings, the term “myeloid-derived sup-
pressor cell” was coined by a group of researchers that pioneered research in
MDSCs [34]. Although there is still some controversy on terminology, the MDSC
term is proving useful from a practical point of view until the MDSC ontology is
unambiguously unmasked.

2.3.3 Perturbed Myelopoiesis Behind MDSC Differentiation

Whether MDSCs are considered a “dysfunctional state” of monocytes/neutrophils,
or myeloid lineages that arise independently, it is evident that perturbed myelo-
poiesis caused by cancer is behind MDSC differentiation and expansion. Growing
tumors secrete a wide range of cytokines and metabolites that distribute systemi-
cally through circulation, also reaching the bone marrow. Some of these secreted
factors have been identified in vitro in cultures of a wide range of cancer cell lines.
Not surprisingly, they comprise of a collection of molecules that drive myeloid
differentiation and include cytokines such as GM-CSF, G-CSF, M-CSF, IL6, IL13,
IL4, and SCF [27, 30, 35, 36]. Other molecules have also been shown to contribute
to MDSC differentiation and acquisition of immunosuppressive functions, such as
prostaglandin E2, TGF-β, and vasoactive intestinal peptide [37–40]. Recently, it
was shown that IL18 increases the differentiation of M-MDSCs from CD11bneg

precursors [41]. Thus, the significant increase in levels of these circulating mole-
cules and tumor-derived exosomes perturbs myelopoiesis leading to the mobiliza-
tion of MDSCs [42] (Fig. 2.2).

2.3.4 Do MDSCs Belong to a Specific Myeloid Lineage?
Relationship Between M-MDSCs and G-MDSCs

So far, there has been a wide assumption within the scientific community that
M-MDSCs and G-MDSCs are largely unrelated. Possibly, their resemblance to
inflammatory monocytes and neutrophils, respectively, provides weight to this
assumption. However, a direct ontological relationship between monocytes with
M-MDSCs or neutrophils with G-MDSCs has not been shown yet. In fact, mor-
phologically and phenotypically, M-MDSCs do resemble monocytes. M-MDSCs
are mononuclear cells which express CD11b, Ly6Chigh, Ly6Glow, CD62L, CD115,
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and CD64a/b [43, 44]. The surface marker CD115 (M-CSF receptor) is expressed
early in haematopoiesis at least from the MDP progenitor stage, and this includes all
the monocytic progeny. CD64a/b is constitutively expressed by monocytes, mac-
rophages, and DCs [45]. CD49d which is expressed in a highly suppressive
M-MDSC subset is also expressed by monocytes, macrophages, and DCs.
Therefore, M-MDSCs are apparently “monocytes”, or at least of monocytic origin.
In physiological haematopoiesis, granulocytes arise from a GMP stage, expressing
their “hallmark” surface marker GR1. The GR1 epitope is present on two surface
molecules, Ly6C and Ly6G. Similarly to inflammatory neutrophils, G-MDSCs are
Ly6Ghigh cells. Several studies claim that circulating M-MDSCs can infiltrate
tumors, and then under the influence of tumor-derived factors, they differentiate
toward tumor-associated macrophages, DCs, and neutrophils-G-MDSCs [46, 47].
Some authors consider G-MDSCs as tumor-infiltrating neutrophils [48]. In fact,
transcriptomic analyses between neutrophils and G-MDSCs showed that they are

Fig. 2.2 Putative MDSC differentiation pathway. A simplified scheme of MDSC differentiation
from putative precursors (Prec) is shown in the figure. So far, the specific nature and phenotype of
these precursors are unknown, but they are likely to differ from those involved in physiological
myelopoiesis. In this scheme, monocytic MDSCs (M-MDSCs) are precursors of granulocytic
MDSCs (G-MDSC). The known phenotype of each MDSC subset is indicated in the figure. The
participation in MDSC differentiation of the transcription factor C/EBPβ is indicated, although it is
likely that this transcription factor is acting at the level of precursors
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similar cells, although there were significant differences in the expression of key
functional enzymes such as lysosomal proteins, arginase, myeloperoxidase, and
production of reactive oxygen species [49]. A second transcriptomic study between
naïve neutrophils, splenic G-MDSCs, and tumor-infiltrating neutrophils showed
that the mRNA profiles of the three cell populations were significantly different, but
MDSCs were more similar to naïve neutrophils [50]. Even so, considering all the
available experimental evidence it seems that G-MDSCs are not truly bona fide
neutrophils [33]. In agreement with the inhibitory role of IRF8 on neutrophil
development, IRF8 expression also suppresses MDSC differentiation [51].
However, there is a fundamental difference; as described above, for physiological
neutrophil differentiation the expression of C/EBP-α is required [24]. In contrast,
the C/EBP-β isoform, which is associated to nonsteady-state haematopoiesis [26] is
responsible for driving MDSC differentiation [27].

According to physiological haematopoiesis, monocytes and granulocytes share a
common progenitor early in the granulocyte–monocyte progenitor stage. Following
this “commitment model”, it seems unlikely that inflammatory monocytes in
steady-state conditions may differentiate into neutrophils. Their differentiation is
antagonistic and controlled by IRF8 expression. However, there is some evidence
of transdifferentiation from inflammatory neutrophils into monocyte/macrophages
under inflammatory conditions through the activity of p38 [52].

Surprisingly, purified M-MDSCs quickly differentiate towards G-MDSCs
in vitro, ascertained by strong Ly6G up-regulation [44]. Moreover, the same phe-
nomenon was observed in vivo, where M-MDSCs differentiated towards G-MDSCs
after infiltrating tumors [53]. Therefore, these results strongly suggest that
M-MDSCs and G-MDSCs are directly related rather than being independent
myeloid lineages arising from unrelated pathways within the bone marrow. Thus, as
the MDSC precursor cell possesses monocytic markers but acquires granulocytic
markers toward terminal differentiation, it is highly likely that MDSC subsets
directly derive from GMPs.

2.4 Summary and Conclusions

Growing tumors strongly alter physiological myelopoiesis leading to the differen-
tiation and expansion of MDSCs. These cells clearly belong to the myeloid lineage,
although their discrimination from “physiological” myeloid cell types is rather
challenging. Nevertheless, cancer is a rather unusual pathology, and it is highly
likely that the same standards for classifying myeloid cells in physiological con-
ditions do not apply in pathological situations. Classically, MDSCs have been
classified into two subsets according to their phenotype; monocytic and granulo-
cytic MDSCs, phenotypically resembling inflammatory monocytes and neutrophils,
respectively. As differentiation of granulocytic and monocytic lineages in physio-
logical conditions seems to be antagonistic and dependent on the expression levels
of IRF8, it has been assumed that M-MDSC and G-MDSC differentiation pathways
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are rather independent from each other. However, there is compelling evidence that
MDSCs derive from a CD11b+ Ly6Cneg Ly6Gneg precursor leading to M-MDSCs.
Then, these M-MDSCs within the tumor environment further differentiate to
G-MDSCs which possess a relatively short life. Therefore, rather than a “hetero-
geneous population of immature myeloid precursors”, MDSCs should be consid-
ered as an alternative “myeloid lineage” that appears in pathological conditions.
This MDSC “cell type” is expanded at large levels and it is systemically present at
different differentiation degrees, being the G-MDSC the terminal differentiation
stage.
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Chapter 3
Human MDSCs

Grazyna Kochan

Abstract Myeloid-derived suppressor cells strongly expand in many pathological
conditions including cancer, and they suppress immunological responses by
interfering with the effector functions of T cells, dendritic cells, and NK cells. The
differentiation and accumulation of MDSCs is a negative outcome caused by the
interplay between tumor cells and myelopoiesis. Since the phenotype of MDSCs
and their mechanisms of action seem to depend on the type of cancer and stage of
the disease, it is important to evaluate which MDSC subsets have prognostic values
in the outcome of the disease. In the present chapter we will systematize the current
information on the different populations of human MDSCs and their markers as
well as their similarities/differences with MDSCs from murine models.

Keywords Human MDSC � Myeloid differentiation � Cancer � MDSC phenotype

3.1 Introduction

Although the participation of myeloid cells in cancer progression was known since
1960s, MDSCs have been extensively studied in these recent years. MDSC pop-
ulations are of high interest in oncology, as the expansion of these cells in cancer is
significantly elevated. There is an increasing amount of evidence that their sup-
pressive activity correlates with negative prognosis and poor overall survival
(OS) in cancer patients. Accumulation of MDSCs is attributed to tumor progression
and thus, the presence of MDSCs was proposed as a potential biomarker associated
to disease progression and OS of patients.

However, the major problem in using MDSCs as a prognostic biomarker and
their utilization in cancer research is in fact the difficulty in defining the MDSCs
themselves, especially in humans. This is a key factor to differentiate pathological

G. Kochan (&)
Navarrabiomed-Biomedical Research Centre, Fundación Miguel Servet, IdiSNA,
Calle Irunlarrea 3, Pamplona, Navarra 31008, Spain
e-mail: grkochan@navarra.es

© The Author(s) 2016
D. Escors et al., Myeloid-Derived Suppressor Cells and Cancer,
SpringerBriefs in Immunology, DOI 10.1007/978-3-319-26821-7_3

39



MDSCs from other physiological myeloid cell types. These cells have been char-
acterized in different tumors and defined by various phenotypes. Nevertheless, the
study of MDSC surface markers leads to the conclusion that their phenotype
strongly depends on the tumor type and developmental stage of the disease.

In the case of human cancers, it is quite difficult to define MDSCs, as a growing
number of different phenotypes determined in different tumor types appear in the
specialized literature. An additional difficulty comes from the fact that the bio-
logical material for analyses comes from different stages of the disease, distinct
cancer backgrounds, and from patients receiving anticancer treatments and most of
the times from peripheral blood instead of the tumor itself.

The characteristics of murine MDSCs (described here in detail in other chapters)
are much simpler and allows to divide them into two well-defined phenotypical
types: monocytic and granulocytic MDSCs. Moreover, it has been shown by two
independent research groups that granulocytic MDSCs comprise of the final mat-
uration stage of monocytic MDSCs [1, 2]. A brief description of murine MDSCs
and theirs markers is provided below.

3.2 Murine MDSCs

Early works during the late 1990s in murine tumor models defined MDSCs by a
specific phenotype based on the expression of CD11b and Gr-1 markers [3, 4].
Some of the initial observations on the accumulation of these cells that inhibited
CD8+ cytotoxic lymphocytes in immunocompetent hosts were made by Bronte and
colleagues during the work on therapeutic anticancer vaccines [3, 5]. These cells
were further studied and additional markers such as Ly6G, Ly6C, and interleukin
4Rα were identified. However, MDSCs were soon found to be heterogeneous
population, although they could still be further classified in two main subsets based
on the basis of expression of other surface markers: monocytic Mo-MDSCs char-
acterized with the phenotype CD11b+ Gr-1int Ly-6Chi Ly-6G− and granulocytic
G-MDSC (PMN-MDSC) CD11b+ Gr-1hi Ly-6Clow Ly-6G+ [6]. Greten and col-
leagues showed that monocytic MDSCs could also be divided into CD49d+ and
CD49d− subsets, of which CD49− Mo-MDSCs were the strongest T-cell sup-
pressors, even more than G-MDSCs.

Those two subsets are found in all murine tumor models, but the proportion of
Mo-MDSC and G-MDSC varies in different tumor models. There are conflicting
results on which subset is dominant in peripheral lymphoid organs and within the
tumor itself. Relative percentage differences between these two subsets may vary
significantly from one cancer type to another. This can be explained by the fact that
there is evidence that G-MDSC is the mature stage of Mo-MDSC. Therefore, the
different tumor environments (pH hypoxia, metabolic products, and different tumor
origins) possibly influence the maturation kinetics in different ways.
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3.3 Human MDSCs

Compared to the murine system, available studies on the characterization of human
tumor-infiltrating MDSC are still very limited. One explanation is the restriction on
the availability of biological samples. In addition, the human MDSC phenotype
seems to be different from their murine counterparts. As human MDSCs lack a
homologue molecule to the murine Gr-1, a varying combination of markers is being
used to define monocytic and granulocytic human MDSC populations.
Unfortunately, some of the markers chosen to characterize human MDSCs in fact
overlap partially or completely with what are considered as the equivalents to
murine Mo-MDSC and G-MDSC populations.

The majority of research groups define the human MDSCs phenotype by the
expression of well-characterized myeloid antigens such as CD11b, or CD33 in
combination with low or absent HLA-DR expression. Then, an attempt to further
classify these cells into monocytic and granulocytic subsets has been carried out on
the basis of CD14 and CD15 expression. CD14+ cells are considered monocytic
while CD15+ cells would correspond to granulocytic MDSCs. It has also been
suggested that additional markers in combination with the ones mentioned above
could be more specific and useful to define human MDSCs such as IL4Rα, VEGFR,
and CD66b [7, 8]. Both monocytic and granulocytic MDSCs often lack other
lineage-specific antigens. In addition, some of the markers mentioned above are not
always present in all human MDSCs subsets according to a number of studies, so
the best way to definitely define MDSCs is still by the expression of functional
markers as ARG1, iNOS, and ROS production. In a significant number of reports
and publications, only the phenotypic characterization of MDSCs is reported,
without further functional analyses to complement the studies which limit the
impact of these reports. This is also explained by the intrinsic difficulty of the
“human system”, thus a reflection of the limited amount of biological material that
is obtained especially from patients [9, 10]. A major drawback on MDSC char-
acterization is that physiological myeloid populations also share all or part of the
markers currently used in human MDSC research [7, 11]. Therefore, without
functional suppression assays, it is certainly a challenge to identify bona fide human
MDSCs.

3.4 Other Proposed Human MDSC Phenotypes

Based on the numerous data available in the specialized literature, several other
markers have been identified on circulating MDSCs isolated from peripheral blood.
However, it is still unclear whether this observed phenotypic diversity is the result
of differences in protocols/models of induction and expansion, or just the result of
different antibody sets utilized to detect surface markers. In addition to the
expression of surface markers, some authors make an emphasis on cell size and
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granularity as ascertained by flow cytometry, and they have used these criteria to
support the phenotype characterization of human MDSCs [12].

While there is a plethora of publications on circulating putative MDSCs from
peripheral blood of cancer patients, only a very few studies have been carried out
based on the identification of tumor-infiltrating MDSCs. This is in contrast to
murine models, in which intra-tumor MDSCs have been studied to a much larger
extent. The table below lists some representative examples of the different human
MDSC phenotypes identified in studies from a variety of cancer types in human
patients. Apart from the phenotypes mentioned here, the literature reports several
intermediate phenotypes as the result of the different selection of markers used for
analyses.

MDSCs MDSC phenotype Tumor Ref.

Monocytic CD14+, HLA-DRlow/− Melanoma [13, 14] PB,

SCCHN [11] PB, T

CD14+, IL4Rα, CD124 Melanoma [7] PB

Colon

CD33+CD14+, IL4Rα, HLA-DRlow/− Glioblastoma [15] PB, T

CD14+, HLA-DR−/low, CD11b+, CD33+ Rectal cancer [16] PB

Granulocytic CD15+, IL4Rα+, CD124 Melanoma [7] PB, T

Colon PB

Lin−, CD33+, HLA-DRlow/−CD14−,
CD15+, CD11b+

Gastrointestinal [17] PB

Rectal cancer [16] PB

CD33+, CD15+, CD66b+ RCC [8] PB

CD15 + , FSClow, SSChigh RCC PB

Immature CD11b+, CD14−, CD15− Melanoma [18] PB, T

Linlow/−, CD33+, CD11b+, HLA-DRlow/− Breast cancer [19] PB

PB peripheral blood
T tumor

3.5 Mechanisms of Action

Multiple studies have shown that different populations of MDSCs possess distinct
suppressive mechanisms and capacities (Fig. 3.1). For example, moMDSC produce
arginase (ARG1) that metabolizes arginine to urea and L-ornitine, and iNOS that
oxidases L-arginine into citrulline and produces NO. The presence of NO inhibits
E-selectin expression on endothelial cells and impairs T-cell recruitment [20].
Depletion of L-arginine also leads to inhibition of CD3ζ expression leading to
decreased T-cell proliferation by enforcing a cell cycle arrest in the G0–G1 phase
[21]. Srivastava and colleagues observed that MDSCs inhibit T cells by cysteine

42 G. Kochan



uptake that is essential for T-cell activation [22]. Production of ROS leads to
generation of peroxynitrite and causes nitration of T-cell receptors resulting in CD8
T-cell suppression [23]. The upregulation of the NADPH oxidase expression in
MDSCs also strongly contributes to ROS production.

The main prostaglandin receptor found in MDSC is for PGE2. PGE2 leads to
upregulation of arginase and as a result, immune suppression by inhibiting T-cell
activities. Obermayer and colleagues observed that PGE2 promotes MDSC
recruitment to the tumor environment through induction of stromal cell-derived
CXCL12. Granulocytic MDSCs express arginase and myeloperoxidase, producing
large quantities of reactive oxygen species (ROS). A study carried out in breast
cancer has also shown that IDO upregulation correlates with the immunosuppres-
sive activity of MDSCs [24]. Similar results were obtained from moMDSC in
melanoma patients [25]. Novitskiy and colleagues suggested the involvement of
IL17 in a mammary carcinoma model as they observed increases in MDSC

Fig. 3.1 Main immunosuppressive mechanisms of MDSCs. A simplified scheme of the
mechanisms used by MDSCs to suppress immune responses. The key factors affecting the immune
response are presented in the figure: On the top left, the two subsets of MDSCs are shown
(polymorphonuclear granulocytic MDSCs and mononuclear monocytic MDSCs). As shown on the
left, MDSC populations exhibit significant cross talk through the expression of IL10 (interleukin
10) and TGFβ (transforming growth factor β) with macrophages (M2, tumor associated
macrophages polarized to M2) and regulatory T cells (Tregs); On the right, the main effects over
effector T cells and EC (endothelial cells) are indicated; CD3ζ, CD3 zeta chain of the T-cell
receptor complex; iNOS inducible nitric oxide synthetase; IDO Indoleamine 2,3-dioxygenase;
CD62 selectin; MHC major histocompatibility complex; Arg arginine; Trp tryptophan; Cys
cysteine; NO nitric oxide; ROS reactive oxygen species; RNS reactive nitrogen species
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immunosuppressive function by upregulation arg-1, matrix metalloproteinase-9,
IDO, and cyclooxygenase-2 (cox-2), all of them as a result of IL17 action [26].

There is increasing evidence that MDSCs are not only suppressing immune
responses in the tumor site but they also significantly contribute to tumor metas-
tasis. It was observed by Yang and colleagues that accumulation of
Granulocytic-MDSC in the tumor site was associated to increased bone metastasis
[27]. Those MDSC upregulated expression of several MMPs that were critical for
the increased invasive capacities of tumor 4T1 cells, both in vitro and in vivo.
Different chemokines and chemokine receptors expressed by tumor cells promote
MDSC accumulation and as a result of this, there is a rapid tumor growth and
dissemination of tumor cells. The role of MDSC in tumor metastasis has been
characterized in detail in a review by Condamine et al. [28].

3.6 Models of Human MDSC Differentiation

As mentioned above, one of the complex problems is the identification and char-
acterization of the different subsets of human MDSC. To try to solve this issue,
there is an increasing collection of published methods to generate human MDSCs
in vitro. It was shown that MDSC (CD11b, or CD33 and HLA-DRlow/− CD66b) can
be differentiated in vitro from PBMCs by incubation with recombinant GM-CSF
and IL6 or GMCSF, IL1β, TNFα, VEGF, and PGE2 [29]. Valenti and colleagues
generated CD14+ HLA-DRlow/− from monocytes of healthy donors by incubation
with IL4 and GM-CSF in the presence of tumor-derived microvesicles [30].
Nevertheless, most published protocols exhibit poor efficiencies of MDSC differ-
entiation. Unlike the murine differentiation systems, most in vitro protocols to
derive human MDSCs start from rather differentiated monocytes instead of bone
marrow precursors.

These pioneering works represent significant steps forward. However, it is
important to establish and standardize protocols to increase the efficiency of in vitro
human MDSC differentiation. Additionally, it is yet unclear whether in
vitro-generated MDSCs following current protocols are equivalent to
tumor-infiltrating subsets. Finally, an efficient system to generate human MDSCs
ex vivo will not only help to generate valuable data sets which will ease the
characterization of MDSC populations, but would also allow the screening of
multiple therapeutic drugs and experimental treatments against them.

3.7 Summary and Conclusions

The difficulty in working with human MDSCs lays in the limited accessibility of
material from human tumors. Therefore, the majority of the studies are performed
on circulating peripheral blood MDSCs. The identification of numerous populations
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of MDSCs strongly stresses the necessity of standardization in this field. To help
solving this problem, the Association of Cancer Immunotherapy has founded a
human MDSC proficiency panel that helps in standardization of immunopheno-
typing across different MDSC groups.

A proper characterization of MDSC types should lead to a defined panel of
antibodies permitting the classification of MDSCs present in the tumor microen-
vironment. Accurate characterization of these MDSCs would strengthen also the
existing few studies on correlation between increased MDSC numbers and subtypes
and overall survival index.

Additional in-depth analyses using molecular high throughput technologies
(such as genomic, transcriptomic, and proteomic techniques) in the proper MDSC
populations would allow the identification of additional key factors and mecha-
nisms responsible for their suppressive activities. High throughput technologies
have been already used to generate interactome maps of murine neoplastic MDSCs
[31–33].

A way to definitely finish with the current heterogeneity in the classification of
human MDSC types could be the use of intra-tumor MDSCs for in-depth pheno-
typic and mechanistic studies. It has to be taken into account that circulating
MDSCs from peripheral blood may include a plethora of myeloid cells at different
maturation stages recently released from the bone marrow. Moreover, there are
always tumor-associated macrophages, neutrophils, and even basophils that can
complicate these analyses. On the other hand, tumor-infiltrating MDSCs probably
represent the end stage of MDSC differentiation, being the direct effectors of
immunosuppression within the tumor mass. All these considerations suggest that
for better understanding of MDSC mechanisms of action more work should be
performed on tumor-infiltrating MDSC. While it is challenging to isolate sufficient
MDSC numbers from human biopsies, the development of efficient ex vivo MDSC
differentiation methods with characteristics of tumor-infiltrating subsets would
solve this problem. These methods should help to speed up the collection of
information and the assessment of the activity of different therapeutics on human
MDSCs.
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Chapter 4
Ex Vivo MDSC Differentiation Models

David Escors and Grazyna Kochan

Abstract The development of adequate ex vivo cell differentiation models is the
key for the study of cell ontology and functions. For example, since ex vivo dif-
ferentiation systems for conventional myeloid dendritic cells (DCs) were devel-
oped, research in these important regulators of immunity was significantly
increased. However, for other myeloid cell types such as myeloid-derived sup-
pressor cells (MDSCs) this is more challenging. These cells are quite heterogeneous
in phenotype and function, especially human MDSCs. Therefore, their mechanisms
of differentiation are very poorly understood compared to other myeloid cell types.
In recent years, several ex vivo differentiation methods have been developed to
obtain cancer-specific MDSCs. Here we will describe some representative examples
and briefly discuss their use and impact in MDSC research.

Keywords In vitro MDSC � GM-CSF � G-CSF � IL13 � IL6 � M-CSF �
Macrophage � Tumor environment

4.1 Introduction

MDSCs differentiate from myeloid precursors present in the bone marrow of
tumor-bearing patients. Growing tumors produce many cytokines and factors that
distribute systemically through blood and lymphatics. These tumor-derived prod-
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ucts reach the bone marrow, and disturb physiological myelopoiesis leading to fast
mobilization of immature myeloid cells. These cells distribute systemically through
the blood stream and accumulate at large numbers in immune organs and within the
tumor itself. These myeloid cells possess strong immunosuppressive properties,
particularly tumor-infiltrating subsets. There, MDSCs favor tumor progression and
metastasis through the production of pro-angiogenic products and by inhibition of
antitumor immune responses. These MDSCs also counteract chemo- and radio-
therapy through the synthesis of ROS scavenging proteins and enzymes that
degrade xenobiotics. Finally, as they acquire strong immunosuppressive properties,
they inhibit antitumor immune cells including cytotoxic T cells, natural killer (NK),
and dendritic cells (DCs).

The process of MDSC differentiation is thought to be quite complex and
cancer-specific. The bone marrow microenvironment differs from that found in the
spleen or within the tumor itself. Additionally, each tumor type secretes a different
cytokine-chemokine profile. Thus, MDSC differentiation and the resulting MDSC
subsets differ from cancer to cancer. Undoubtedly, intra-tumor MDSC subsets
should be the target cells for research. However, their isolation is certainly a
challenge, as low numbers of viable MDSCs are obtained from within tumors after
a cumbersome isolation process. One way to circumvent this problem is to obtain
MDSCs in vitro that model intra-tumor subsets. Therefore, appropriate ex vivo
differentiation systems would eliminate the need of obtaining these MDSC subsets
from in vivo. There are currently a “plethora” of different protocols and systems to
generate MDSCs and MDSC-like cells, both in murine and human cancer systems.
However, so far there is not a single protocol that has completely substituted MDSC
subsets isolated from animals and human patients.

4.2 Ex Vivo Murine MDSC Differentiation Models

4.2.1 Differentiation Methods Based on Cancer
Cell-Derived Conditioning Medium (Fig. 4.1a)

From early studies, it was apparent that medium from cultures of cancer cells
contained cytokines that stimulated differentiation and expansion of suppressor
cells from bone marrow precursors. This was clearly shown using supernatants
from Lewis lung carcinoma cell cultures, which differentiated a monocyte-like
population from bone marrow cells with immunosuppressive activities [1]. The
authors concluded that the presence of a colony-stimulating factor secreted by these
cells were responsible for differentiation of immunosuppressive cells.

Using a multiplex cytokine detection assay, it was demonstrated that a murine
breast carcinoma cell line secreted high levels of GM-CSF, VEGF, and MCP-1. Out
of these, the presence of GM-CSF was sufficient to induce MDSC differentiation
from bone marrow haematopoietic precursors and keep these cells viable [2].
Interestingly, they showed that only the monocytic MDSC subset was suppressive.

50 D. Escors and G. Kochan



Nevertheless, neutralization of GM-CSF with specific blocking antibodies did not
completely eliminate the capacity of the cancer-derived conditioning medium to
differentiate MDSCs. However, the importance of GM-CSF in driving MDSC
differentiation was demonstrated by the addition of recombinant GM-CSF to the
breast cancer cell-derived medium, which improved cell viability.

Youn and cols demonstrated that MDSCs could be differentiated from mouse
bone marrow by supplementing medium derived from different cancer cell types
with GM-CSF and IL-4 [3, 4]. The authors observed a correlation between MDSC
expansion in vivo with the capacity of the different conditioning media to differ-
entiate MDSCs in vitro. Supernatants from cultures of EL4 lymphoma, B16

Fig. 4.1 Current methods for ex vivo MDSC differentiation. a In the scheme, the methods
based on the use of conditioning medium obtained from cultures of cancer cells (lef). Precursors
can be obtained either from bone marrow (usually murine) or peripheral blood (usually human).
While MDSCs are obtained, differentiation cultures also contain a variable proportion of other
contaminating myeloid cells types (right). HSC, haematopoietic stem cell; DC, dendritic cell. b,
c Murine haematopoietic stem cells (HSC) or GR1+ myeloid cells can be transformed with
retrovirus vectors expressing genes that favor myeloid differentiation (such as HBOX4) or
immortalize cells (v-myc and v-raf), leading to homogeneous MDSC-like cultures. d Immortal
MDSC-like cells have been isolated from lipase KO-SV40T mice, leading to homogenous cell
lines, with strong suppressive activities
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melanoma, and CT26 colorectal cancer cells were particularly efficient in driving
MDSC differentiation in combination with recombinant GM-CSF and IL4.
Nevertheless, the efficacy of this ex vivo method was limited, reaching not higher
than 25% of CD11b+ GR1+ MDSCs, compared to 10% when using cell culture
supernatants from control 3T3 mouse fibroblast cells. Importantly, using this
ex vivo differentiation system and in vivo data, the authors described and charac-
terized the two MDSC subsets for the first time in 10 different murine cancer
models.

Most of the ex vivo protocols add recombinant myeloid-promoting cytokines to
medium from cancer cell cultures. An interesting variation of this method relies on
cytokine overexpression directly from cancer cells [5, 6]. These cytokine-
expressing cancer cells produce conditioning medium which very efficiently
drives MDSC differentiation from bone marrow precursors. These MDSC-like cells
shared the phenotypic characteristics found in intra-tumor MDSCs, including
specific iNOS upregulation and TGF-β secretion. A comparative analysis of their
proteome with that of DC and noncancerous MDSC controls showed that these
ex vivo MDSCs were metabolically active, and used lipid metabolism to obtain
energy [6]. This metabolic profile was recently confirmed in MDSCs purified
directly from tumors [7]. Using these ex vivo differentiation methods, it was con-
firmed in vitro that M-MDSCs are precursors of G-MDSCs, in agreement with
in vivo observations [8].

Some of the previous studies indicated that apart from GM-CSF, other cytokines
and molecules contribute to MDSC differentiation. Thus, Xiao and cols engineered
murine prostate tumor cell lines to express the soluble version of the human NKG2D
ligand MICB [9]. MIC expression on the surface of tumor cells contributes toward
anti-tumor immunity by mediating NK and CD8 T-cell activation. However, tumor
cells activate a protease that sheds a soluble version of MIC with strong immuno-
suppressive activities. The tumor cell conditioning medium expressing sMICB was
supplemented with recombinant GM-CSF and used to differentiate MDSCs ex vivo
from mouse bone marrow within 3 days. Interestingly, the authors achieved up to
70 % of differentiated MDSCs. This makes this system one of the most efficient
described so far, together with cytokine overexpression directly from cancer cells.

De Veirman and cols demonstrated murine MDSC differentiation from
BM-derived CD11b cells cultured in multiple myeloma 5T33MMvt cell-derived
conditioning medium without GM-CSF supplement [10]. The authors showed that
GM-CSF was already produced from murine myeloma cells. These ex vivo dif-
ferentiated CD11b+ MDSCs efficiently inhibited the proliferation of
anti-CD3/anti-CD28-activated T cells. Thus, it is undeniable that tumor cell-derived
medium contains all the factors necessary for MDSC differentiation from myeloid
precursors [11]. Xiang and cols demonstrated that those factors reside in
tumor-derived exosomes, which contain PGE2 and TGF-β. Neutralisation of these
two molecules inhibits MDSC differentiation and abrogates the tumor-promoting
effects of cancer cell-derived exosomes.
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4.2.2 Differentiation Methods Based on Defined Media
(Fig. 4.1a)

Using cancer cell-derived supernatants to induce MDSC differentiation is an
experimental approach that tries to mimic the in vivo situation. However, tumors
and cancer cells are heterogeneous, and it is likely that ex vivo differentiation
systems that use cancer cell-derived supernatants may lack reproducibility, or
achieve different outcomes depending on the cell lines or number of passages.
Moreover, conditioning media obtained from cell cultures may significantly differ
from batch to batch. Finally, the complex combination of cytokines and cell-derived
products makes the study of the effects of single cytokines on MDSC differentiation
a challenge. Therefore, the development of ex vivo MDSC differentiation systems
based on defined cytokine combinations rather than culture supernatants should
solve all these caveats. However, although MDSCs can be differentiated by adding
certain recombinant cytokines to cell culture medium, the efficiency of differenti-
ation is still rather poor [12].

Dendritic cells (DCs), the myeloid immunostimulatory counterparts, are easily
differentiated ex vivo with recombinant GM-CSF. Interestingly, about 15 years ago
it was observed that the simultaneous addition of lipopolysaccharide (LPS) and
GM-CSF to mouse bone marrow cells resulted in the differentiation of a type of
“immature DC”-like cell that exhibited T-cell immunosuppressive activities [13].
The authors described these cells as MHCneg/low, CD14+ and F4/80+, and very
likely corresponded to MDSCs. These cells were poor T-cell stimulators in mixed
lymphocyte reactions (MLRs), and induced T-cell anergy, both classical features of
MDSCs. In fact, it was later shown that these cells expanded from myeloid pre-
cursors generated in bone marrow-derived DC cultures especially with high
GM-CSF concentrations. In addition, MDSC differentiation was shown to be
enhanced by proinflammatory cytokines [13, 14].

Nevertheless, even though GM-CSF seems to be a very important cytokine for
MDSC differentiation [15], the use of GM-CSF on its own is not sufficient to obtain
fully competent MDSCs [16]. Marigo and cols tested GM-CSF, G-CSF, and IL6
either alone or in combination and found that either GM-CSF+G-CSF or
GM-CSF + IL6 increased the efficiency of MDSC differentiation from mouse bone
marrow compared to any of the above cytokines on their own [16]. These MDSCs
were fully suppressive toward activated T cells and induced antigen unrespon-
siveness when inoculated in vivo. Furthermore, these cells could establish thera-
peutic tolerance in a mouse model for diabetes.

Highfill and cols used a combination of GM-CSF and G-CSF to obtain bone
marrow-derived MDSCs. These MDSCs expressed both IL4R and F4/80 (a
macrophage-specific marker). Ex vivo MDSCs were readily differentiated within
5 days, and the addition of IL13 significantly increased arginase 1 expression.
Coadministration of MDSCs with T cells from C57BL/6 mice significantly
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inhibited graft-versus-host disease in Balb-c mice, without impairing the capacity of
transferred T cells of mediating graft-versus-leukemia effects. Their strong regu-
latory activities correlated with arginase-1 expression, and the therapeutic effects
could be replicated by direct administration of arginase-1. Thus, this study showed
that ex vivo differentiated MDSCs can be utilized in cell-based therapies.

Apart from GM-CSF, production of proinflammatory cytokines by cancer cells
was shown to drive MDSC differentiation from bone marrow precursors. Thus, IL6
in combination with GM-CSF leads to differentiation of an MDSC-like population
with strong T-cell suppressive activities. MDSCs generated with this method by
Hammami and cols showed a downregulation of central carbon metabolic pathway,
including glycolysis, Kreb’s cycle and glutaminolysis [17]. Importantly, these
authors showed with this ex vivo system that MDSCs were metabolically active,
causing a decrease in intracellular ATP concentration and consequently, AMPK
activation. This AMPK activation was shown to regulate L-arginine metabolism
and MDSC suppressive activities. In fact, AMPK was shown to be associated to
tumor-infiltrating MDSCs, regulating glutathione metabolism [18].

Following the study by Xiao and cols mentioned in the previous section, the
authors used purified sMICB in combination with recombinant GM-CSF to drive
MDSC differentiation without the need of using tumor cell-derived conditioning
medium [9]. Their method elicited a dose-dependent MDSC differentiation from
bone marrow cells through STAT3 phosphorylation.

4.3 Ex Vivo Human MDSC Differentiation Models

Compared with murine MDSCs, much is unknown of human MDSCs. The ease of
use of murine models facilitates MDSC research in this experimental system.
Research in human MDSCs is still a challenge. Similarly to the mouse system,
human bone marrow can be certainly used to isolate myeloid precursors and study
in vitro MDSC differentiation. However, obtaining bone marrow from either
healthy or cancer patients is an invasive procedure. Therefore, the use of
haematopoietic precursors present in peripheral blood is preferred for human
MDSC differentiation. Blood can be easily obtained in large quantities from human
subjects without subjecting them to excessively invasive techniques. On the other
hand, circulating haematopoietic precursors are present at low numbers in periph-
eral blood. For instance, mobilization of myeloid precursors to peripheral blood can
be achieved by administration of G-CSF. However, this treatment may alter MDSC
differentiation itself. According to published work, monocytes isolated from
PBMCs are the preferred and most widely used source to obtain human MDSCs
ex vivo. Even so, human MDSC differentiation is still less efficient compared to the
murine system. And it is yet unclear whether ex vivo differentiated monocyte-
derived MDSCs are a suitable working model for intra-tumor human MDSCs.
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4.3.1 Differentiation Methods Based on Cancer
Cell-Derived Conditioning Medium (Fig. 4.1a)

Myeloid conventional human DCs can be easily differentiated from PBMCs in the
presence of recombinant GM-CSF and IL4. Thus, in analogy to the DC differen-
tiation system, similar approaches were undertaken to derive MDSCs from human
monocytes. Valenti and cols achieved MDSC differentiation from isolated mono-
cytes following a protocol similar to DC differentiation, but adding tumor-derived
microvesicles [19]. The resulting myeloid cells exhibited the “consensus” pheno-
type for human MDSCs (CD14+ HLA DRneg and low expression of co-stimulatory
molecules). These cells exerted dose-dependent T-cell suppressive activities which
were mediated in part by TGF-β secretion. A similar result was obtained with
microvesicles isolated from the plasma of melanoma patients, and MDSCs with
similar phenotypic and functional characteristics were also shown to be circulating
in peripheral blood from patients.

De Veirman and cols also demonstrated that MDSCs could be differentiated
from human PBMCs in the presence of myeloma cell line-derived conditioning
media [10]. Very interestingly, in this case GM-CSF was shown not to be expressed
by human multiple myeloma cell lines, and alternative GM-CSF-independent
mechanisms for MDSC differentiation were very likely implicated. The authors
demonstrated that tumor cell-derived media contained factors that promoted MDSC
survival, particularly Mcl-1.

4.3.2 Differentiation Methods Based on Defined Cytokine
Combinations (Fig. 4.1a)

Lechner and cols quantified the expression of 15 different MDSC-inducing factors
in a relatively large collection of tumor cell lines [20]. By separating cell lines
known to induce MDSCs from those that do not, the authors were capable of
identifying several molecules which could potentially drive MDSC differentiation.
From these, COX2, IL1β, IL6, M-CSF, and IDO correlated with MDSC induction.
Surprisingly, while Flt3L and SCF were expressed in by tumor cell lines, the
expression of GM-CSF, TGFβ, and arginase 1 was downmodulated in
MDSC-inducing tumor cell lines. Then, several cytokine combinations were tested
to drive MDSC differentiation from PBMCs. Out of these, GMCSF+IL6 and
GMCSF+IL6+VEGF yielded MDSCs with the strongest suppressive activities.
GM-CSF alone, GM-CSF+IL1β, GM-CSF+TNF-α, and GM-CSF+VEGF combi-
nations generated less potent immunosuppressive MDSCs. Interestingly, in the
experimental conditions described in this study, MDSCs differentiated with
GM-CSF and PGE2 were weakly immunosuppressive while TGFβ seemed to
interfere with MDSC-promoting cytokines. This study confirmed that in humans
there are several distinct pathways leading to MDSC differentiation in cancer.
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Similarly to the murine systems and the studies described above, Marigo and
cols showed that human CD11b+ CD16neg MDSC-like cells could also be derived
from human bone marrow precursors [16]. Bone marrow-derived myeloid cells
using GM-CSF+G-CSF or GM-CSF+IL6 cytokine combinations showed strong
T-cell inhibitory activities.

Obermajer and cols showed that human DC differentiation from monocytes was
inhibited by the addition of PGE2 to differentiation cultures using GM-CSF and IL4
[21]. Instead, PGE2 induced the expression of COX2 in monocytes, shifting their
differentiation toward MDSCs. It is well known that tumor cells overexpress PGE2

and COX2, providing a mechanistical explanation for MDSC differentiation within
the tumor environment. Ex vivo PGE2-induced MDSCs from monocytes exhibited
the expected phenotype for human MDSCs, which also corresponded to MDSCs
isolated from human ovarian cancer ascites. These MDSCs also expressed COX2
and possessed strong T-cell suppressive activities.

The necessity of proinflammatory cytokines such as IL6 to drive human MDSC
differentiation was clearly demonstrated for squamous cell carcinoma of the
esophagus, both in a mouse model and also in human patients. Ex vivo MDSCs as
defined by the CD11b+ CD14+ HLA DRneg phenotype were derived from PBMCs
by incubation with GM-CSF and IL6 [22]. Using this ex vivo system, IL6 was
shown to stimulate hallmark immunosuppressive pathways in MDSCs, including
STAT3 phosphorylation, ROS production, and arginase activity.

4.4 MDSC-Like Cell Lines

An attractive alternative to ex vivo MDSC differentiation is to develop established
MDSC cell lines. Although it could be argued that MDSC cell lines may not fully
reflect the in vivo complexity, these cell lines present many practical advantages.
Large numbers of homogeneous MDSC-like cell preparations can be obtained in a
short period of time. Ideally, these cell lines could be immortalized and grown
indefinitely in vitro. These MDSC-like cell lines could be used for basic research
and to screen anti-MDSC treatments. One of such strategies is the use of murine
embryonic stem cells (ESCs) to derive MDSC-like cells [23]. This has been
achieved by the overexpression of homeobox B4 in ESCs (Fig. 4.1b). In this way,
myeloid differentiation was enhanced and MDSC-like cells were obtained using
defined cytokine cocktails through three different culturing steps. Again, the
manipulation of ESCs to enhance myeloid differentiation may not reflect a
“physiological” situation, but the MDSC-like cells obtained in this fashion will
surely be useful for cell therapy and drug screening.

Apolloni and cols generated immortalized murine spleen CD11b+ Gr1+ myeloid
cells by retroviral expression of two oncogenes, v-myc and v-raf [24] (Fig. 4.1c).
These MDSC-like cells possessed T-cell inhibitory activities. However, it has to be
taken into account that spleen MDSC subsets are slightly different in phenotype and
function from tumor-infiltrating subsets [25, 26]. In addition, the constitutive
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expression of two oncogenes will very likely perturb cell signaling pathways.
Although for some studies this might not be important, this approach may interfere
significantly with some applications such as screening of anticancer compounds.

Ding and cols employed a different approach to obtain cells modeling MDSCs.
Thus, they obtained an immortal myeloid cell line that functionally resembled
MDSCs. This cell line was isolated from peritoneal macrophages of mice generated
by breading a SV40-T transgenic mouse with a lysosomal acid lipase knock-out
strain [27] (Fig. 4.1c). These cells possessed strong T-cell immunosuppressive
capacities, although it lacked expression of representative MDSC markers such as
CD11b and Ly6G. The authors showed that this “MDSC” cell line had increased
glucose metabolism. However, it has been shown that primary MDSCs strongly
decrease glucose metabolism and precisely use lipid metabolism to generate the
energy they need [6, 7]. Consequently, it is yet unclear whether these cells are truly
MDSC-like or rather, macrophage-like.

4.5 Summary and Conclusions

The diversity of MDSC subsets and subtypes is a direct reflection of the in vivo
high complexity. Growing tumors secrete high levels of cytokines and molecules
that perturb haematopoiesis, leading to the mobilization of MDSCs with potent
immunosuppressive and procarcinogenic properties. While physiological haema-
topoiesis is fairly well-known, the changes that take place during cancer progres-
sion are not well understood. This is also complicated by the fact that each tumor
type will secrete cytokine profiles that are unique to that specific tumor. Attempts at
replicating the tumor environment in vivo have shed some light in MDSC biology,
particularly in murine experimental systems. Additionally, some specific and
defined cytokine combinations drive MDSC differentiation from haematopoietic
precursors. In contrast, human MDSCs are by far harder to study. Cancer patients
are diagnosed and subjected to treatments that surely have an impact on MDSC
types and numbers. Apart from this, obtaining bone marrow as a source of MDSC
precursors subjects patients and donors to an invasive technique that does not yield
high precursor numbers. Therefore, researchers have used monocytic cells isolated
from peripheral blood as MDSC precursors. These protocols have been set up in
analogy to DC differentiation methods that produce high DC numbers in vitro.
However, these protocols are not as efficient in generating MDSCs. This is likely
due to the lack of the presence of the “MDSC progenitor” in circulating peripheral
blood. It is quite possible that this progenitor is different from DC precursors.

So, concluding, although major steps forward are being undertaken, an efficient
protocol for human MDSC differentiation is still lacking. Once that human MDSC
differentiation pathways have been defined, it is highly likely that very large MDSC
numbers will be obtained in vivo for research and therapy.
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Chapter 5
Immunoregulatory Myeloid Cells
in the Tumor Microenvironment

Jo A. Van Ginderachter

Abstract For decades, cancer therapies have been focused on attacking the cancer
cells. However, in recent years it became clear that myeloid cells infiltrating the
tumor are important players mediating tumor progression and metastasis.
A prominent feature of tumor-associated myeloid cells is their immunoregulatory
capacity, often leading to the subversion of antitumor T-cell immunity. Myeloid-
derived suppressor cells (MDSC) are well known for their immunosuppressive
capacity, while tumor-associated macrophages perform multiple functions includ-
ing the skewing of T-cell responses. Tumor-associated dendritic cells consist of
distinct populations with either pro- or antitumoral properties. A better under-
standing of the mechanisms that regulate the immunoregulatory capacity of myeloid
cells in the tumor microenvironment will yield new avenues for therapeutic inter-
vention that will be complementary to existing cancer cell-targeting approaches.

Keywords Macrophage � Dendritic cell � MDSC � Myeloid cell populations �
Cancer � Tumor-associated macrophage � Tumor-associated dendritic cell

5.1 Introduction

Tumors comprise not only cancer cells, but also a heterogeneous group of non-
cancerous cells such as endothelial cells, immune cells, and fibroblasts, as well as
soluble factors and extracellular matrix. The tumor microenvironment regulates
many aspects of cancer, from promoting neoplastic transformation, fostering ther-
apeutic resistance, and protecting the tumor from host immunity leading to the
promotion of tumor growth [1]. Notably, the tumor microenvironment is in constant
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evolution due to tissue remodeling, metabolic dysregulation, and the recruitment of
various immune cell types to the tumor site.

The dominant populations of leukocytes in the tumor microenvironment are
myeloid cells. Though these cells play a crucial and beneficial role as first line
defenders against pathogens, they can be detrimental in cancer by supporting pri-
mary tumor growth and progression [2] and by enhancing metastasis through the
induction of immature blood vessels and preparing the premetastatic niche [3].
Cancer cell–myeloid cell interactions are very complex, but these cells can use
common pathways/mediators that lead to immune regulation and go hand in hand
with angiogenesis [4]. This, together with emerging evidence on the plasticity of
myeloid cell polarization opens the door to therapeutic strategies.

5.2 Myeloid Cells Within the Tumor Microenvironment
and Their Immunoregulatory Role

Myeloid cells are the most abundant immune cells within the tumor and include at
least four different populations.

(1) Tumor-associated macrophages (TAMs)

In solid tumors, TAM represents the dominant leukocyte population and their
presence is associated with poor prognosis [5] due to (i) their promotion of
angiogenesis and tissue remodeling via molecules such as VEGF, Bv8, and MMP9,
and (ii) their inhibition of T-cell responses via the secretion of immunosuppressive
cytokines such as IL-10 and TGF-β the L-arginine metabolism and the production
of reactive oxygen species [6]. Importantly, plasticity is a hallmark of macrophages.
On one hand, macrophages can acquire strong pro-inflammatory, tissue-destructive,
antitumoral, and antimicrobial properties upon exposure to inflammatory cytokines
and bacterial moieties (classically activated macrophages or M1). Conversely,
alternatively activated macrophages or M2 are generally anti-inflammatory, pro-
mote tissue remodeling, repair, and angiogenesis upon exposure to a variety of
triggers such as immunosuppressive or Th2 cytokines, glucocorticoids, or growth
factors such as M-CSF [7]. The M1–M2 concept is obviously an oversimplification
of the real-life situation. A spectrum model of human macrophage activation has
been proposed [8] and novel nomenclature and experimental guidelines have been
reported [9].

In a tumor context, chronic inflammation associated with the presence of M1
macrophages and the production of inflammatory mediators (TNFα, IL-6, ROS)
may support neoplastic transformation [10]. At later stages of the disease, M2-type
macrophages promote immune escape, tumor growth, and malignancy, and an M2
profile correlates with poor prognosis in several carcinomas [11, 12]. Most recently,
differentially activated TAM subsets were reported to coexist in several trans-
plantable mouse tumors residing in different tumor regions and performing distinct
functions [13, 14]. These TAM subsets may include another specialized population,
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Tie2-expressing macrophages (TEMs), which perform a nonredundant role in
angiogenesis [15, 16].

The immunoregulatory role of macrophages in the tumor microenvironment

It has been demonstrated that the immune contexture of a tumor, i.e., the type,
density, and location of immune cells in the tumor predicts the outcome [17]. In this
context, the presence of CD8+ cytotoxic T lymphocytes is often significantly cor-
related with an improved prognosis for the patient. As a countermeasure, tumors
employ the immunoregulatory capacities of macrophages to suppress this acquired
immunity and macrophages possess a plethora of mechanisms to do so.

A metabolic pathway well known to contribute to macrophage-mediated T-cell
suppression is the L-arginine metabolism. L-arginine can be catabolized to the toxic
moiety NO via the enzyme iNOS (inducible nitric oxide synthase or NOS2), or to
polyamines and urea via arginase. High levels of aginase-1 are expressed by mature
myeloid cells, presumably macrophages, in the tumor microenvironment of a
mouse lung carcinoma model (Lewis lung carcinoma) [18]. Arginase-1 depletes
L-arginine from the environment resulting in a downregulated CD3zeta expression
in activated T cells. The importance of this pathway in vivo is demonstrated by a
reduced tumor growth in mice treated with the arginase inhibitor N-
hydroxy-nor-L-arginine. Notably, a high arginase expression level may be restricted
to subsets of TAM, while iNOS activity may be more prominent in others.
Employing MHC-II expression levels to discriminate between TAM subsets
(M2-like MHC-IIlow and M1-like MHC-IIhigh TAM), Movahedi et al. demonstrated
an iNOS-dependent T-cell suppression by MHC-IIhigh TAM, while arginase-1 may
be more relevant for the MHC-IIlow cells [13]. Along the same line and employing
the same model, MMRhi TAM (which are likely similar to MHC-IIlow TAM) were
shown to express high levels of arginase-1 [19]. Interestingly, the Ron receptor
tyrosine kinase was implicated in the arginase-1 expression through the induction of
MAPK signaling, Fos activation, and binding to the AP-1 site in the Arg promoter.
In addition, the intratumoral localization of TAM determines their immunosup-
pressive phenotype. MHC-IIlow TAM are located in the most hypoxic areas [13]
and prevent macrophages from entering the hypoxic tumor areas by blocking
Neuropilin-1 function on these cells results in a reduced T-cell suppressive capacity
[20]. Hence, while hypoxia does not govern monocyte-to-macrophage differentia-
tion in tumors as such, it fine-tunes the protumoral functions of established TAM
[21]. In accordance with these findings, HIF-1α was demonstrated to specifically
regulate the immunosuppressive capacity of TAM, while not affecting their
angiogenic capacity [22]. This is related to the high upregulation of arginase-1
under the combined effect of hypoxia-induced HIF-1α and soluble factors produced
by mammary epithelial cells.

Arginase-1 is not the only immunosuppressive molecule that is induced by
hypoxia. Also PD-L1, which shuts down T-cell activation by interacting with the
immune checkpoint receptor PD-1, is upregulated under the influence of HIF-1α in
macrophages and myeloid-derived suppressor cells (MDSC) [23]. Of note, PD-L1
can also be regulated on TAM via autocrine/paracrine IL-10 signaling, a
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mechanism which is shown to be responsible for glioma-induced immunosup-
pression [24]. Likewise, autocrine IL-10, but also TNFα, were reported to induce
PD-L1 expression on peritumoral stromal macrophages and monocytes in human
hepatocellular carcinoma, which is crucial to shut down antitumor T-cell responses
[25] or to induce protumoral Th22 cells [26]. Interestingly, the autocrine production
of IL-10 and TNFα may be controlled by exposure of the macrophages/monocytes
to IL-17 [27]. Moreover, it is important to realize that TAM also express CD80
(B7-1) and CD86 (B7-2), ligands for the T-cell inhibitory molecule CTLA-4, which
may further contribute to a dampening of antitumor T-cell immunity. On the other
hand, CD80 on tumor-associated phagocytes may also stimulate T-cell activity
(upon interacting with CD28), but the expression of this costimulatory molecule
can be inhibited by prostaglandin E2 in breast tumors [28]. B7-H4 is another
member of the B7 family of costimulatory molecules, for which the receptor is still
elusive. B7-H4 is expressed on a subset of human ovarian carcinoma-associated
TAM and contributes to the T-cell suppressive potential of these cells [29]. Finally,
also HLA-G, a nonclassical MHC-I molecule that interacts with the inhibitory
receptor ILT2 on T cells, can be upregulated on tumor-associated macrophages and
released by these cells under the influence of neuroblastoma secreted factors [30].

TAM also secretes multiple factors that create an immunosuppressive network in
the tumor microenvironment. For example, naturally occurring Treg is attracted to
the tumor site under the influence of several chemokines that are mainly produced
by TAM. In human ovarian carcinoma, TAM-secreted CCL22 recruits CCR4+

Treg, thereby fostering tumor growth [31], while in colorectal carcinoma, CCL20
secreted by TAM recruits CCR6+ Treg [32]. Also CCR5 can mediate Treg
attraction to the tumor site and several CCR5 ligands (such as CCL5) were shown
to be produced by TAM. Finally, CCL18 has been reported as a chemokine that is
highly expressed by TAM from human breast tumors [33]. CCL18 has the capacity
to recruit Treg to the lung [34], but its involvement in Treg recruitment to tumors
awaits further experimentation.

Typical immunosuppressive cytokines, such as IL-10 and TGF-β, are also
produced by TAM. These cytokines have the capacity to induce Treg de novo. In
addition, IL-10 has a major impact on adaptive immunity by functioning as a
negative regulator of Th1 and Th2 immunity [35], and so does TGF-β [36].

(2) Myeloid-derived suppressor cells (MDSC)

MDSC are a heterogeneous myeloid cell population whose common characteristics are
an immature state and their ability to suppress T-cell responses. They have been
abundantly observed in cancer, both in mice and in humans, and they accumulate within
primary and metastatic tumors, bone marrow, spleen, and blood [37, 38]. Two main
MDSC subpopulations have been characterized in mice—monocytic MO-MDSC
(CD11b+Ly6G−Ly6Chi) and granulocytic PMN-MDSC (CD11b+Ly6G+Ly6Clow) [39,
40]. Their equivalents in humans have been described, and are recognized as
Lin−CD11b+MHC-IIloCD14+ MO-MDSC and Lin−CD11b+MHC-IIloCD15+ PMN-
MDSC [41]. These two populations depend on different factors for their
expansion/survival—MO- but not PMN-MDSC are expanded by GM-CSF [42, 43]—
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and exert their suppressive function via different mechanisms. MO-MDSC have been
reported to be more suppressive on a per cell basis [39, 42], mainly via iNOS [39] and in
a contact-dependent but nonantigen-specific manner [44]. In contrast, PMN-MDSC
suppress antigen-specific responses in a ROS-dependent manner [45]. Furthermore,
their distribution in tumors and periphery is different: while PMN-MDSC are most
abundant in blood, spleen, and bone marrow,MO-MDSC are more abundant within the
majority of tumors [40]. The reasons for this may be due to differential recruitment or
intratumoral expansion.

The immunoregulatory role of MDSC in the tumor microenvironment

The vast majority of studies on the immunoregulatory functions of MDSC have
been performed with cells isolated from the spleen. Though secondary lymphoid
organs are typically the sites of antitumor immunity induction, activated T cells
may also undergo suppression at the tumor site. Findings with splenic MDSC may
not be easily translatable to tumor-associated MDSC, since it has been demon-
strated that the suppressive capacity of MDSC is heavily influenced by their
location. In models of acute prostate inflammation and prostate cancer, only the
MDSC derived from the inflammatory or tumor site (and not from the spleen)
possess an immediate T-cell suppressive capacity, linked with their high expression
of arginase-1, iNOS, and the MDSC-inducing transcription factor c-EBPβ [46].
These authors, hence suggested that an efficient suppression of T cells is restricted
to the site of inflammation and is absent in the periphery. Along the same line,
MDSC isolated from mouse lymphoma and melanoma tumors are more suppressive
on a per cell basis than their splenic counterparts from the same mice, which was
shown by two independent studies [47, 48]. Besides an increased NO production
and arginase activity, the tumor-derived cells also expressed higher levels of CD80,
which seem to be mediated via cell contact with the cancer cells. Remarkably,
CD80+ MDSC are more suppressive than CD80− cells, suggestive of a
CD80-CTLA-4 interaction as mediator of suppression [48]. Moreover, CD80 can
also bind to PD-L1, which results in the delivery of inhibitory signals to T cells.
The upregulation of CD80 on MDSC was also seen in a mouse model of ovarian
carcinoma, which again depended on an interaction of the MDSC with the cancer
cells [49]. In this model, CD80 seems to activate Treg through its interaction with
CTLA-4, and an antibody-mediated blockade of either CD80 or CTLA-4 alleviates
suppression. Notably, though arginase-1 and iNOS are higher in tumor-associated
MDSC, ROS production is elevated in the splenic counterparts [47]. Hence, the
tumor microenvironment drives the gene expression of Arg1 and Nos2, while
lowering the expression of p47phox and gp91phox. In addition, MDSC reaching the
tumor site rapidly acquire a propensity to differentiate into macrophages.

An important microenvironmental cue that drives the phenotype of MDSC in
tumors is hypoxia. Culturing splenic MDSC under hypoxic conditions recapitulates
the characteristics of tumor-associated MDSC, including the expression levels of
Arg1, Nos2, and the NADPH oxidase complex [47]. The hypoxia inducible tran-
scription factor HIF-1α appears instrumental, since MDSC with a conditional
HIF-1α deficiency fail to adopt the tumor-associated phenotype, do not differentiate
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into macrophages and lose viability more rapidly. Recently, PD-L1 was shown to
be induced in MDSC by hypoxia due to the presence of a hypoxia responsive
element (HRE) in the gene’s proximal promoter region [23]. PD-L1 is at least partly
involved in the suppressive capacity of hypoxic MDSC as blocking this molecule
reduces T-cell suppression upon polyclonal or antigen-specific stimulation.
Remarkably, the suppressive role of PD-L1 is not direct, but rather due to its
indirect effect on enhancing IL-6 and IL-10 secretion by hypoxic MDSC. IL-10 is
ultimately the effector molecule, since anti-IL-10 antibodies also lower the sup-
pressive capacity of hypoxic MDSC [23]. How PD-L1 ligation is linked to the
regulation of the il10 gene is currently unclear. Of note, IL-10 has also been shown
to be highly produced by MDSC and to be one of the main drivers of MDSC’s
suppressive capacity in a model of ovarian carcinoma [50].

(3) Tumor-associated Dendritic cells (TADC)

Dendritic cells are differentiated myeloid cells that specialize in antigen processing
and presentation to naïve T cells. Human and mouse CD11c+ DC subsets can be
organized into four broad subsets—based on shared phenotypic markers and
functional specialization—irrespective of their primary location in secondary
lymphoid organs or in the parenchyma of nonlymphoid organs: (i) CD8α+ DC-like
cells (cDC1), (ii) CD11b+ DC-like cells (cDC2) (iii) CD11b+Ly6C+ monocyte-
derived DC and (iv) SiglecH+ plasmacytoid DC (pDC) [51]. The main character-
istic of DC is their ability to mature in response to stimuli such as pathogen- or
danger-associated molecular patterns. Like macrophages, classically activated DCs,
through the upregulation of costimulatory molecules and cytokines such as IL-12,
are immunogenic, while “alternatively” activated or semi-mature DCs induce T-cell
tolerance via deletion, anergy, or induction of regulatory T cells [52]. This again is
an oversimplified view and it is likely that TADC exist in a multitude of functional
states, and may be conditioned by the tumor to maintain immune tolerance or
suppression [53].

The immunoregulatory role of DC in the tumor microenvironment

The infiltration of tumors by DC has been associated with good prognosis in several
cancers [54], in particular at early stages [55], suggesting an active involvement of
tumor-associated DC (TADC) in initiating antitumor adaptive immunity.
Nevertheless, numerous defects in TADC have been reported as well, which may
indicate that the pro- versus antitumoral role of TADCs depends on the stage of
tumor growth. Indeed, in a spontaneous model of ovarian carcinoma development,
immunostimulatory DC were present in the early stages of tumor growth—when
the tumor was still kept under control by the immune system (equilibrium phase)—
while immunosuppressive TADC were induced in the progressive phase of the
tumors [56]. Tumor-derived prostaglandin E2 and TGF-β1 were involved in the
promotion of this immunosuppressive phenotype.

Even during later stages of tumor growth, a minor population of TADC could
still be responsible for the initiation of antitumor T cells. CD8α+ cDC (also known
as cDC1) are not very abundant in a spontaneous mouse model of breast carcinoma,
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but are unique in their antigen processing and presenting capacity and their ability
to stimulate naïve and activated T cells [57]. These rare cells contribute to T-cell
interactions in tumors and compete for T-cell occupancy when located near the
tumor margins. In addition, their presence is crucial for adoptive T-cell therapy. The
presence and maturation of these cDC1 cells may be dependent on type I interferon.
Indeed, IFNAR1 (IFNα/β receptor 1)-deficient CD8α+ TADC display defects in
their cross-priming capacity to CD8+ T cells [58]. Remarkably, IFN-β is produced
by the TADC themselves, illustrating the presence of an autocrine activation loop
[59]. In a melanoma model with a cancer cell-intrinsic β-catenin signaling, the
transcriptional repressor ATF3 is induced, which results in a strongly diminished
production of the chemokine CCL4 that is responsible for the attraction of
immunostimulatory CD8α+ cDC [60].

As indicated above, TADC in bulkier tumors are often dysfunctional and mul-
tiple mechanisms have been reported. The lipid metabolism inside tumors may be
one driver of TADC skewing. Human and mouse tumors produce ligands for the
nuclear hormone receptor LXR that inhibit CCR7 expression on maturing DCs, and
therefore their migration to secondary lymphoid organs. Preventing the cancer cells
from producing these lipid LXR ligands result in the induction of an effective
antitumor T-cell response [61]. Also other extracellular lipids are taken up by
TADC via the scavenger receptor A [62]. Accumulation of these lipids in the DC
caused a major defect in their antigen processing capacity and hence, their ability to
stimulate T cells. More specifically, oxidized lipids (including triglycerides,
cholesterol esters, and fatty acids), but not nonoxidized lipids, blocked
cross-presentation by TADC by reducing the expression of peptide-MHC class I
complexes at the cell surface [63]. Remarkably, besides lipid uptake, intracellular
triglyceride biosynthesis due to the activation of the ER stress response factor
XBP1 results in TADC lipid accumulation and a reduced support for antitumor T
cells [64]. ER stress in TADC appears to be the result of lipid peroxidation
byproducts. Finally, a reduced ability to present antigens can also be mediated by
an altered metabolism that involves the interaction between pyruvate kinase M2 and
SOCS3, leading to a reduced ATP production [65].

Besides hampering antigen presentation, TADC may also play a protumoral role
by inducing tumor-specific T-cell tolerance via the upregulation of inhibitory
molecules such as B7-H1 [66], or by the production of arginase [67],
oxygen-dependent pathways that downregulate CD3 [68] or IDO [69].

5.3 Concluding Remarks

Cross talk between cancer cells and myeloid cells is complex and dynamic.
However, common mechanisms, cellular players, and factors underly angiogenesis
and immune suppression, thereby opening the door to therapeutic intervention.
Further efforts are needed to fully understand the plasticity of tumor-associated
myeloid cells, not only in terms of their activation state, but also in terms of their

5 Immunoregulatory Myeloid Cells in the Tumor Microenvironment 67



differentiation and interconversion. This emerging field holds the promise of
identifying novel strategies aimed at manipulating the phenotype of these
tumor-promoting cells.
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Chapter 6
Signal Transducer and Activation
of Transcription 3: A Master Regulator
of Myeloid-Derived Suppressor Cells

Karine Breckpot

Abstract Cancer progression is determined by cancer cells as well as various
immune cells that make up the tumor microenvironment (TME). These immune
cells consist of so-called effector cells such as natural killer cells and cytotoxic T
lymphocytes, which fight cancer progression, and of immunosuppressive immune
cells including regulatory T cells and immature myeloid cells, which aid tumor
progression. Immature myeloid cells in the TME are further divided into several
populations, amongst which are tumor-associated dendritic cells (TADC), tumor-
associated macrophages (TAM), and myeloid-derived suppressor cells (MDSC).
While TADC and TAM can be found in different activation states, MDSC can be
further subdivided in two subsets: polymorphonuclear and monocytic MDSC. In
recent years, MDSC received much attention as they are believed to exert a plethora
of inhibitory mechanisms to create a tumor promoting TME. The recruitment,
activation, and function of MDSC in the TME are largely determined by the
transcription factor signal transducer and activator of transcription 3 (STAT3).
Therefore, this review will focus on the role of this key signaling pathway during
the MDSC life cycle.

Keywords STAT3 � Growth factors � Tumor microenvironment � Macrophages �
Tregs � Phosphorylation

6.1 An Introduction to Tumor Immunology
and Myeloid-Derived Suppressor Cells

The immune system can discriminate cancer cells from the healthy cells they
originate from based on the expression of tumor antigens [1]. Tumor antigens can
be ingested by antigen-presenting cells (APC) such as dendritic cells (DC) that
infiltrate the tumor. While these APC migrate towards tumor-draining lymph nodes,
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Fig. 6.1 Role of STAT3 in accumulation, differentiation, and functional regulation of MDSC in
cancer. Cytokines such as M-, G- and GM-CSF stimulate myeloid cell development from HSC.
Increased production of these cytokines during tumorogenesis interferes with normal myeloid
development resulting in the generation of iMC. In presence of factors such as IL-6, L-1β and
TNF-α, iMC differentiate into MDSC. Furthermore, cancer cells secrete factors including PGE2
and CXCL12 that help in the recruitment of MDSC to the TME. Finally, the activation of STAT3
pathway results in the expression of several factors such as ARG-1, IDO, TGF-β, ROS, etc. These
are involved in mediating the tumor promoting function of MDSC. Abbreviations: ARG-1
arginase-1; CXCL12 chemokine C-X-C motif ligand 12; G-CSF granulocyte-colony stimulating
factor; GM-CSF granulocyte macrophage-CSF; HSC hematopoietic stem cell; IDO indoleamine
2,3 deoxygenase; IL interleukin; iMC immature myeloid cell; M-CSF macrophage-CSF; MDSC
myeloid-derived suppressor cell; PC progenitor cell; PGE2 prostaglandin E2; ROS reactive
oxygen species; STAT3 signal transducer and activator of transcription 3; TGF-β transforming
growth factor-β; TME tumor microenvironment; TNF-α tumor necrosis factor-α
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they process the exogenously acquired tumor antigen into peptides. These are
presented in major histocompatibility complex (MHC) class II molecules to the
T-cell receptor (TCR) of CD4+ T cells. Moreover, certain APC subsets such as
CD8α+ DC are able to shuttle peptides from exogenously acquired tumor antigens
to the MHC I pathway, as such enabling cross-priming of CD8+ T cells [2, 3].
Activation of CD4+ T helper 1 cells (TH1) and CD8+ cytotoxic T lymphocytes
(CTL) by APC occurs when the tumor antigen is acquired in the context of
“danger” as this provides signals to the APC to become fully stimulatory cells [4].
Once activated, TH1 and CTL egress from the lymph node in search of tumor cells
that present their cognate antigen. At the tumor site, TH1 and CTL act in concert to
kill cancer cells [5]. Tumor cells however adapt at escaping T-cell killing [6] and
while some tumor cells are successfully eliminated, other more harmful variants can
escape the initial immune attack. During their development, cancers become highly
infiltrated with different subsets of immune cells of lymphoid and myeloid origin
that exert suppressive activities. These subsets are referred to as regulatory immune
cells and include regulatory T cells (Treg), tumor-associated DC (TADC), tumor-
associated macrophages (TAM), and myeloid-derived suppressor cells (MDSC).
Together with tumor cells, regulatory immune cells actively quench T-cell activity
and enable cancer cells to grow undisturbed [7].

The main goal of cancer immunologists is to empower CTL to reject cancer cells.
Much attention has been devoted to the stimulation of tumor-specific CTL. However,
it has become increasingly clear that a cancer-curing immunotherapy also has to
interfere with pathways that affect their function at the TME. Defining which inhi-
bitory pathway is a “universal obstacle” and as such an ideal target has been a
challenging endeavor as the infiltration of suppressive immune cells and the
mechanisms they exert can vary considerably between cancer types. In this regard,
MDSC have come to the forefront as a target population, because they are prevalent
in most cancer patients and because they exploit a plethora of mechanisms to directly
or indirectly abrogate antitumor immunity [8, 9]. However, the heterogeneity of
MDSC and the diversity of inhibitory mechanisms they employ have faced us with
the challenge of finding a “one fits all” strategy to deplete and/or functionally
modulate them. Fortunately, the behavior of a cell in large is dictated by transcrip-
tional programs. In the case of MDSC, it has been suggested that the transcription
factor signal transducer and activator of transcription 3 (STAT3) is a main regulator
[9–15]. This is further highlighted by the observation that STAT3 expressed by
MDSC is implied in their accumulation, differentiation, and functionality (Fig. 6.1).

6.2 Signal Transducer and Activator of Transcription 3:
The Basics

The STAT family is comprised of seven members that are encoded by distinct genes.
Similar to its other family members, STAT3 is present in non-stimulated cells in an
inactive cytoplasmic form. Activation of STAT3 can be triggered through amultitude
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of factors amongst which are interleukin-6 (IL-6)-like cytokines [16],
colony-stimulating factors (CSF), leptin [17], interferon (IFN) family members, IL-2
family members, and growth factors such as epidermal growth factor [18]. Depending
on the trigger, STAT3 activation occurs through its phosphorylation on tyrosine 705
or serine 727. Phosphorylation on tyrosine 705 can be regulated by different tyrosine
kinases and by members of the Janus-activated kinases (JAK) [19], whereas phos-
phorylation of serine 727 can be regulated by protein kinase C, mitogen-activated
protein kinases, and cyclin-dependent kinase 5 [15]. Phosphorylation of STAT3
results in its dimerization, which enables STAT3 to act as a transcriptional activator
of various target genes. Also acetylation of lysine 685 has been described as amode of
STAT3 activation [20] and a way to enhance the stability of STAT3 dimers [15]. All
transcriptional activity requires tight control, which in the case of STAT3 is per-
formed by various negative regulators such as protein inhibitor of activated STAT
(PIAS) proteins [21], suppressors of cytokine signaling (SOCS) proteins [22], and
protein tyrosine phosphatases [23, 24]. These families of STAT3 regulating proteins
interfere with STAT3 binding to DNA, hamper tyrosine kinases and remove phos-
phates from activated STAT3, respectively. In addition, STAT3 levels can be regu-
lated through ubiquitination-dependent proteosomal degradation [25].

A large body of evidence has shown that STAT3 is constitutively activated in
many mouse tumor models [13, 26–28] and more importantly in human cancers
including breast, liver, lung, pancreas, prostate, skin, and hematological cancers
[29–35]. This is explained by the fact that many of the triggers that activate STAT3
are abundantly present in the TME. Moreover, a number of genes induced by STAT3
provide a positive feedback and as such keep the STAT3 pathway continuously
activated. Importantly, STAT3 activation occurs in both cancer cells and the many
immune cells that infiltrate tumors, including MDSC [9–15]. It has been described
that STAT3 is one of the factors that allows crosstalk between the different cell types
that are part of the TME and therefore represents an attractive target for modulation.
Although activated STAT3 is not only linked to the life cycle of MDSC, we will
limit the remaining of this book chapter to the role of STAT3 on MDSC accumu-
lation and function (Fig. 6.1), since in contrast to other tumor-infiltrating immune
cells such as TADC, TAM, and T cells, MDSC are abundantly present in most
mouse tumor models and human cancers [8, 9]. Moreover, it is becoming increas-
ingly clear that many cancer therapies, amongst which anticancer vaccination, are
more effective when MDSC have been depleted [36–42].

6.3 Signal Transducer and Activator of Transcription 3
Play a Role in the Accumulation and Differentiation
of Myeloid-Derived Suppressor Cells

Although MDSC were described in 1970 as natural suppressor cells [43], it took
until 2007 for the term MDSC to get established. Generally, the name MDSC is
used to categorize a heterogeneous mix of immature myeloid cells, which can be
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found in various pathological conditions including cancer [44]. In healthy indi-
viduals’ immature myeloid cells, which differentiate into mature macrophages, DCs
and granulocytes are constantly generated in the bone marrow. In cancer-bearing
subjects, the differentiation of immature myeloid cells is disturbed through the
presence of many tumor-derived factors that favor immature myeloid cell accu-
mulation and differentiation to MDSC both at the tumor site and secondary lym-
phoid organs [45]. Cancer-derived factors that drive the generation of MDSC in the
bone marrow include granulocyte-colony stimulating factor (G-CSF) and granu-
locyte macrophage-CSF (GM-CSF), various interleukins like IL-6 and IL-1β,
prostaglandin E2 (PGE2), tumor necrosis factor-α (TNF-α), and vascular
endothelial growth factor (VEGF) [46]. Many of these activate the STAT3 path-
way, so it is no surprise that STAT3 signaling has been implicated in the stimu-
lation of myeloid cell differentiation into MDSC. STAT3 has been shown to interact
with CCAAT-enhancer-binding protein β (C/EBPβ), a transcription factor that has a
key role in myeloid development [47]. Importantly, bone-marrow cells deficient for
C/EBPβ lose the ability to differentiate into functional MDSC [47]. Furthermore, a
correlation between C/EBPβ and accumulation of CD11b+ Gr-1+ cells in response
to G-CSF was reported [48, 49]. This observation and the finding that STAT3
deficiency makes myeloid progenitors refractory to growth stimulation by G-CSF
[50], suggest that STAT3 and C/EBPβ are inextricably linked to MDSC generation.
This is further supported by the observation that STAT3 prolongs the binding of
C/EBPβ on the myc promoter [47]. Besides myc, other cell survival and cell cycle
regulating proteins including Bcl-xL, survivin, and cyclin D1 are upregulated by
STAT3 [8, 15], as well as multiple other proteins critical for MDSC differentiation
such as S100A proteins [51] and protein kinase C βII (PKCβII) [52]. The latter two
inhibit DC differentiation from myeloid progenitor cells and thereby promote
MDSC accumulation. The studies described above clearly point towards a role for
STAT3 in the expansion and differentiation of hematopoietic stem cells and mye-
loid progenitor cells into MDSC.

6.4 Activated Signal Transducer and Activator
of Transcription 3 can be Found in Monocytic
and Polymorphonuclear Myeloid-Derived Suppressor
Cells

MDSC can be found at elevated levels in the periphery and are recruited to the
TME through the secretion of chemokines such as chemokine C-C motif ligand 2
(CCL2), chemokine C-X-C motif ligand 5 (CXCL5), and CXCL12 [46], as well as
other factors including IL-6, IL-1β, G-CSF, and VEGF [53]. In mice, MDSC are
defined as CD11b and Gr-1 expressing cells [54]. Antibodies recognizing the
granulocyte-specific marker Gr-1 target an epitope that is shared amongst the
antigens Ly6C and Ly6G, two markers that have been used to divide MDSC in
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monocytic (MO)-MDSC or Ly6ChighLy6Glow cells, and polymorphonuclear
(PMN)-MDSC or Ly6ClowLy6Ghigh cells [55]. Corresponding populations have
been described in cancer patients. In general, human MDSC are characterized by
the expression of CD33, CD11b and the absence of significant levels of other
lineage markers and HLA-DR [56]. Human MO-MDSC are further characterized as
CD14+ but CD15− cells, while human PMN-MDSC are defined as CD14− CD15+

[9]. Although these phenotypes have generally been accepted to define MDSC,
several other surface markers have been put forward to distinguish MDSC subsets
based on their function, amongst others CD40, CD49 (VLA4), CD80 (B7.1),
CD115 (M-CSFR), and CD124 (IL4Rα) [10, 57–62]. Although these markers are
undoubtedly expressed on MDSC, it is generally accepted that they do not define
specific MDSC subsets [63], and that at least the expression of some markers such
as CD80 varies considerably depending on the cancer type and MDSC location
[64]. Because of this phenotypic heterogeneity, it has frequently been suggested
that the suppressive activity of MDSC is the ultimate defining characteristic [65].
The latter is in part dictated by the activation of STAT3 in MDSC. Of note,
expression of phosphorylated STAT3 has been described in both subsets.

6.5 Signal Transducer and Activator of Transcription 3
and its Role in the Tumor Promoting Activity
of Myeloid-Derived Suppressor Cells

Several mechanisms are employed by MDSC to promote tumor growth including
suppression of antitumor responses, stimulation of angiogenesis as well as tumor
cell metastasis. These activities have been linked to activation of STAT3 in the
MDSC.

Immunosuppression is an important biological characteristic of MDSC. To that
end, MDSC deplete nutrients required by T cells, generate oxidative stress, activate
and expand Treg, and finally inhibit T-cell trafficking [8]. Several mechanisms that
are at the basis of these MDSC activities have been linked to phosphorylation of
STAT3. For instance, expression of arginase-1 (ARG-1) is under the control of
STAT3 and results in consumption of L-arginine and L-cysteine [9, 66–70].
Depletion of these amino acids results in downregulation of the CD3ζ-chain in the
TCR complex and growth arrest of antigen-activated T cells [71, 72]. Moreover,
Serafini et al. [73] linked the expression of ARG-1 to expansion of Treg by MDSC
in a B-cell lymphoma model. In this model, transforming growth factor-β (TGF-β)
produced by the MDSC had no effect on Treg. Nonetheless, TGF-β has been linked
to T-cell suppression [74] and Treg expansion [75, 76]. Importantly, a link between
TGF-β and STAT3 was proposed based on the presence of two STAT3 binding
sites in the TGF-β promoter [77]. Moreover, it was shown that TGF-β production
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was reduced after myeloid-specific STAT3 knock down [75]. This reduction in
TGF-β was correlated to a reduction in Treg numbers. Another enzyme that is under
the control of STAT3 is indoleamine 2,3 deoxygenase (IDO) [78]. This enzyme
depletes tryptophan, thereby generating the toxic metabolite kynurenine. The mode
of action of IDO is similar to that of ARG-1, suppression of TCR-mediated effector
T-cell activation, growth arrest and induction of effector T-cell apoptosis, and
expansion of Treg [79, 80]. Besides depletion of nutrients required for T cells and
Treg expansion, STAT3 has also been linked to the generation of oxidative stress,
another mechanism that dampens antitumor immunity [81]. Elevated production of
reactive oxygen species (ROS) has been linked in a variety of mouse cancer models
and human cancers to the enhanced expression of NAPDH oxidase, which in turn is
controlled by STAT3 [15, 81]. It was postulated that S100A8/A9 hetrodimers assist
in the formation of the NADPH oxidase complex [50]. Moreover, ARG-1 can also
contribute to ROS production [82, 83]. Importantly, ROS play a role in the sup-
pression of antigen-specific T cells [84–86] and have been shown to induce T-cell
apoptosis [87], much in the same way as ARG-1. These studies show a central role
for STAT3 in the active quenching of antitumor immunity by MDSC.

Immunosuppression is not the only way by which MDSC support tumor growth.
These cells also promote tumor progression by enhancing blood vessel develop-
ment, tumor cell invasion, and metastasis. Angiogenesis has been linked to
enhanced production of VEGF and basic fibroblast growth factor (bFGF) by
MDSC. These angiogenic factors are under the control of STAT3 [88]. Moreover,
STAT3-driven proteases such as metaloproteinase 9 (MMP9), and TGF-β have also
been linked to angiogenesis [89]. In this regard, MMP9 was shown to enhance the
bioavailability of VEGF and as such support vascular stability [90]. In addition to a
role in vasculogenesis, MMPs also play a role in promoting tumor cell metastasis.
Furthermore, MDSC expressing active STAT3 have been implicated in the for-
mation of pre-metastatic niches [91, 92]. These cells condition organs by creating
an immunosuppressive environment that allows growth of metastatic tumor cells
[93–95]. Herein, STAT3-regulated factors such as bFGF, IL, MMP9, and S100A
proteins play a role [93, 96]. It was recently shown that CD8+ T cells are able to
induce MDSC apoptosis at distant sites and as such might inhibit MDSC accum-
mulation in pre-metastatic niches. However, activation of STAT3 compromises the
ability of effector T cells to kill MDSC [91, 92]. This was linked to a lower
granzyme B expression by CD8+ T cells and resistance of MDSC to T-cell killing.
Importantly, Zhang et al. [91] showed a positive correlation between STAT3
activation and myeloid cell accumulation, increased IL-10, IL-6, and VEGF, while
they observed an inverse correlation between STAT3 activation and CD8+ T cell
numbers as well as the expression of granzyme B by T cells in melanoma draining
lymph nodes. These data from patients highlight the relevance of the mouse study
and further point towards STAT3 as a master regulator of the MDSC’s tumor
promoting activity.
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6.6 Targeting Signal Transducer and Activator
of Transcription 3 as a Strategy to Manipulate
Myeloid-Derived Suppressor Cells

As mentioned previously, MDSC have come to the forefront as a target in cancer
(immuno) therapy because of several reasons. Firstly, MDSC are abundantly pre-
sent in most cancer patients, irrespective of the cancer type [9]. Secondly, the
presence of MDSC correlates with cancer stage and metastatic disease [97].
Thirdly, MDSC accelerate tumor progression by inhibiting antitumor immune
responses, stimulating angiogenesis and tumor cell metastasis [8, 9]. Throughout
this book chapter, we showed that STAT3 is implicated in the accumulation, dif-
ferentiation, and function of MDSC. Consequently, several research teams have
evaluated STAT3 targeting drugs as a means to interfere with these processes and
as such put a brake on tumor progression [39, 98]. The list of drugs includes
curcumin derivatives and other JAK2/STAT3 inhibitors including AZD1480 [14,
99–102], Icariin flavone and its derivative 3,5,7-trihydroxy-4′-emthoxy-8-
(3-hydroxy-3-methylbutyl)-flavone [103], tyrosine kinase inhibitors including
sunitinib [104–107], VEGF inhibiting molecules such as VEGF-trap (a VEGF
receptor fused to the Fc part of human IgG1) [108, 109] and anti-VEGF antibodies
(bevacizumab) [110, 111], monoclonal antibodies specific for IL-6 [112], and
molecules such as bardoxolone methyl (CDDO-Me) [37, 113–115].

Curcurmin and its derivatives are naturally occurring phenols that are used for
their anti-oxidant and anti-inflammatory activities. Furthermore, these have been
used to selectively inhibit the JAK2/STAT3 pathway [99–102]. Administration of
cucurbitacin B (CuB) to lung cancer patients was shown to decrease the numbers of
bona fide MDSC (Lin− HLA-DR− CD33+), while it increased the numbers of
mature Lin− HLA-DR+ CD33+ myeloid cells in peripheral blood. Moreover, it was
shown in vitro that CuB induced DC differentiation and increased the sensitivity of
tumor cells to antigen (p53)-specific T cells [100]. Other JAK2/STAT3 inhibitors
have been tested including AZD1480 [14]. In a study on mouse MDSC, it was
shown that AZD1480 has a direct effect on the levels of MDSC. However, it did not
abrogate the ability of MDSCs to suppress T cells. In contrast, when evaluated on a
per cell basis, it was shown that the suppressive activity of the MDSC was higher
after treatment with AZD1480. Similar to JAK2/STAT3 inhibitors, flavanoids such
as Icariin and its derivative were reported to downregulate MDSC numbers [103].
These natural compounds were shown to inhibit STAT3 signaling and expression
of S100A8 and S100A9, resulting in differentiation of immature myeloid cells to
mature cells. Sunitinib is a small-molecule multikinase inhibitor that targets
amongst others the VEGF receptor, platelet-derived growth factor receptor and
c-kit, and as such hampers the phosphorylation of STAT3. Ko et al. [104] showed
that sunitinib efficiently eliminates peripheral MDSC, whereas it did not reduce
MDSC in tumors. This was linked to high levels of GM-CSF in the tumor and
STAT5 signaling in MDSC. Nonetheless, other studies show that MDSC depletion
by sunitinib is irrespective of the location [106]. Importantly, treatment of
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metastatic renal cell cancer patients with sunitinib reduced the level of MDSC in
peripheral blood by half and was associated with improved TH1 function (reduced
IL-4 and higher interferon-γ [IFN-γ]) and lower Treg numbers [105, 107]. Although
sunitinib, which affects downstream VEGF receptor signaling and as such STAT3
activation, was shown to modulate MDSC levels, other strategies that impact on
VEFG receptor signaling, such as VEGF-trap [108, 109] and anti-VEGF antibodies
demonstrated no effect on MDSC levels in peripheral blood of cancer patients
[111]. This is an unexpected finding, since the link between VEGF and MDSC
accumulation is longstanding and as it was shown that anti-VEGF antibodies
successfully reduce MDSC numbers in mice [110]. Besides antibodies to capture
VEGF and as such inhibit STAT3 activation upon VEGF receptor interaction,
researchers have developed monoclonal antagonsitic antibodies specific for the IL-6
receptor, as its triggering is directly linked to STAT3 activation and MDSC. These
anti-IL-6 receptor antibodies neutralize tumor-derived IL-6 and suppress expansion
of cancer-associated MDSC [112]. Finally, a molecule that was shown to inhibit
STAT3 activation in MDSC, at least when used at high concentrations (1-5 µM), is
CDDO-Me. Treatment with this synthetic triterpentoid (a methyl ester of
2-cyano-3,12-dioxooleana-1,9 (11)-dien-28-oic acid) resulted in reduced produc-
tion of ROS, improved T-cell function, and more importantly reduced tumor growth
[37, 113–115].

The studies above show the potential of targeting STAT3 in MDSC as an
anticancer strategy. At the same time, these studies show that although the afore-
mentioned drugs act on STAT3 activation, their mode of action can differ from
MDSC depletion, maturation to functional modulation. Moreover, treatment of
cancer-bearing subjects with only these drugs was shown to be insufficient to
provide a cure. As MDSC represent a confounding factor for antitumor immunity
and as it was shown that MDSC depletion improves the outcome of cancer vaccines
[36–42], it is not surprising that drugs such as CDDMO-Me [37] and sunitinib [41,
42, 116] have been evaluated in combination with cancer vaccination. In these
studies, the combination therapy showed improved curative potential when com-
pared to either component alone. However, instead of combining therapies it would
be more elegant if one drug could lead to activation of tumor-specific CTLs while
inhibiting MDSC. Importantly, various studies have shown that MDSC can be
reverted into stimulatory APC under the influence of cytokines such as IL-12 [117,
118] or Toll-like receptor (TLR) ligands such as CpG oligonucleotides [119, 120].
The latter has offered an opportunity to design a drug consisting of CpG
oligonucleotides conjugated to STAT3-specific small interfering RNA (referred to
as CpG-siSTAT3 conjugates) [121–123]. It has been shown in mouse cancer
models and using STAT3+ PMN-MDSC of prostate cancer patients that
CpG-siSTAT3 conjugates mediate selective delivery of silencing siSTAT3 to
TLR9+ myeloid cells, resulting in disruption of the STAT3-regulated suppressive
signaling network and stimulation of antitumor immunity. These findings indicate
that this gene- and cell type-specific inhibitory oligonucleotides represent novel
therapeutic approaches to mitigate immunosuppression in cancer patients.
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6.7 Conclusions

There is ample evidence on the association of MDSC to poor prognosis both in
primary and metastatic tumors regardless of the heterogeneity of MDSC, particu-
larly in cancer patients. This observation provides a rationale for therapeutic
approaches that target MDSC. But which property of MDSC should we target, their
ability to suppress antitumor immunity, to stimulate vascularization or to stimulate
tumor cell metastasis? Or should we try to deplete these cells all together? Well …
As STAT3 is a major regulator of MDSC accumulation, differentiation, and
function, it offers us an opportunity to develop a strategy that allows us to repro-
gram MDSC into mature myeloid cells that counteract tumor growth amongst
others through the stimulation of antitumor immunity. From the various studies on
STAT3 targeted drugs, their impact on MDSC and tumor growth, it has become
clear that we should develop a drug that targets STAT3 in MDSC specifically. This
is underscored by the data provided by the CpG-siSTAT3 conjugate studies, which
show that targeted delivery of STAT3 inhibiting molecules is the way forward
[120–123]. Most likely, a multidisciplinary approach will be required to design
MDSC-targeted STAT3 inhibitors with a commercial profile. Such an approach
could encompass the use of myeloid cell-targeted lentiviral vectors [124, 125] or
nanoparticles [126], which could then deliver silencing RNA for STAT3 [13, 121–
123] or genes encoding negative regulators of STAT3 [21–24].
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Chapter 7
Future Perspectives

David Escors and Grazyna Kochan

Abstract The participation of myeloid cells in tumor progression and metastasis
has been known for a long time. The role of M2 macrophages, tolerogenic DCs, and
N2 neutrophils in tumor immunology has been researched extensively. About
10 years ago, a “re-discovered” new myeloid player named myeloid-derived sup-
pressor cell (MDSC) was put on the spot. However, its precise origin and nature
was a subject of some scientific debate. MDSCs turned out to be highly hetero-
geneous, especially in humans, and exhibiting cancer type-specific properties and
characteristics. And despite all recent advances in MDSC research, many questions
remain unanswered. In this chapter we will summarize the main subjects addressed
in this book and point out the questions that remain unanswered.

Keywords Inmunosuppression � PDL1 � PD1 � Therapeutic antibodies �
Signaling pathways � Kinase inhibitors � Chemotherapy � Immunotherapy

7.1 Myeloid Cells and Cancer

The tumor microenvironment is composed not only by cancerous cells, but also
other associated cell types including fibroblasts, endothelial cells, and infiltrating
immune cells. Within the tumor, there is a balance between cells with antitumor
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capacities and immunosuppressive properties. The outcome is usually favorable for
immunosuppressive cells, which also exert strong pro-angiogenic effects and
accelerate tumor growth and metastasis.

Do MDSCs comprise a distinct myeloid lineage?

As discussed in the first chapter, the infiltration of tumors by myeloid cells was
observed and described before the 70s [1]. In fact, infiltration of tumors with these
cells was a sign of poor prognosis rather than proof of antitumor responses.
However, cells of the myeloid lineage are quite heterogeneous and include dendritic
cells, macrophages, and granulocytes. These cell types can also possess either
stimulatory properties or immunosuppressive capacities. Thus, when MDSCs were
defined according to the expression of CD11b and GR1 (in mice), there was some
opposition in considering them as a lineage apart [2]. Even more, monocytic
MDSCs show a phenotype that closely resembles inflammatory monocytes.
Granulocytic MDSCs are phenotypically closely similar to neutrophils [3, 4].

Therefore, the main question that remains to be answered is whether MDSCs are
truly a lineage apart, they are “alternative” forms of monocytes or granulocytes or
they convert into one another [5–7]. Whether they are considered as a bona fide
myeloid lineage or not, their role in tumor progression is not questioned. Infiltrating
myeloid cells are present within the tumor and protect cancer against both con-
ventional and immunotherapies.

What is the relationship between MDSCs and other regulatory cell lineages?

The tumor environment can be conserved as a complex “organ” under chronic
inflammatory conditions which favor the infiltration of regulatory cells [8]. These
strongly immunosuppressive cells play an important role in tumor biology, as they
suppress antitumor immune responses, favor tumor progression, tissue repair and
neoangiogenesis. These tumor-promoting functions accelerate cancer metastasis.
Immunosuppressive infiltrating cells comprise tumor-associated M2 macrophages,
tumor-associated neutrophils, tolerogenic DCs, and regulatory T and B cells.
Recently, there has been growing experimental evidence that MDSCs do not
function on their own, but cooperate with other tumor-associated regulatory cells.
This includes crosstalk with macrophages, induction of regulatory T cells, and with
regulatory tumor-associated B cells [9, 10]. Interestingly, all these cell types share
many of the suppressive pathways, including TGFβ and IL10 production, con-
sumption of essential amino acids, and cell-to-cell contact dependent immuno-
suppression [8]. Thus, not only MDSCs cooperate with other tumor-associated
cells, but they also share common procarcinogenic mechanisms. The identification
of their interactions will surely open new opportunities for therapeutic intervention
by simultaneously targeting several of these cell types within the tumor.
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7.2 Differentiation of Myeloid-Derived Suppressor Cells

As mentioned above, the specific nature and ontogeny of MDSCs are still under
debate, possibly due to their phenotypic plasticity and heterogeneity. Therefore, the
study of the MDSC differentiation pathways will help to understand whether
MDSCs can be considered a lineage of its own right or just a collection of
heterogenous myeloid cells at a various differentiation stages.

Murine MDSC differentiation

Without any doubt, murine systems are usually way ahead of their human coun-
terparts. This is also true for MDSCs, which can be easily obtained from mice by
inducing tumor growth in vivo, or by differentiating MDSCs from bone marrow
cells in vitro. As exposed in various parts of this book, there is a somewhat “strong”
consensus on murine MDSC phenotype [1, 11]. These cells express CD11b and
high levels of GR1. Then, according to their pattern of ly6C-Ly6G expression, they
can be further classified as monocyte (Ly6Chigh, Ly6Glow/neg) or granulocytic
(Ly6C+ Ly6Ghigh) [12–14]. Unfortunately, these phenotypes are equivalent to those
of inflammatory monocytes and neutrophils, respectively. Thus, at the end only the
immunosuppressive properties define them. Recent data has shown that melanoma
MDSCs present a kinase signature that controls their suppressive activities [15, 16].
Nevertheless, although these kinase signatures explain the nature of MDSCs at least
functionally, all these data does not clarify their ontogeny yet.

In vitro systems have not shed much light on this subject, as it would have been
expected. Each system has its advantages and limitations, but so far the MDSC
differentiation pathway (if there is a single one) is still poorly understood [11].
Therefore, even though some steps have been undertaken toward the development
of efficacious ex vivo MDSC production methods [7, 13–15, 17], the faithful
replication of the MDSC differentiation pathways in vitro and in vivo is a pending
subject.

Human MDSC differentiation

Compared to murine systems, very little is known about human MDSCs. This is
directly caused by the intrinsic difficulties of working with samples from patients
with cancer. Most of the studies are centered on peripheral blood cells, and the
in vitro MDSC systems are highly inefficient as they do not use fully pluripotent
hematopoietic precursors [11]. In addition to these important drawbacks, the human
MDSC phenotype is still largely undefined [18, 19]. Some attempts have been made
at classifying MDSC types in humans according to phenotype, tumor models, and
sources of cells [20]. Thus, in the human system we might have three possibilities.
First, it might be intrinsically heterogenous with several types of co-existing
MDSCs. Second, there might not be MDSCs at all (as we understand from the
murine system) but a collection of myeloid cells at different differentiation stages.
Or third, we are studying mainly circulating MDSCs from peripheral blood rather
than homogeneous cell populations derived from bone marrow.
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Efficient in vitro systems should be developed for human MDSCs, and this will
surely help deciding whether human MDSCs are comparable to their murine
counterparts. This is also a key issue, as most cancer therapies are tested first in
murine systems. Although major advances have been made toward this goal, these
human MDSC differentiation systems are still poorly efficient.

7.3 Targeting MDSC-Specific Pathways for Therapy

While there are still many open questions on MDSC biology, in practical terms their
elimination from a tumor-bearing subject improves anticancer therapies. Thus,
obviating the fact whether these cells comprise a specific myeloid lineage or not,
much is being understood on their immunosuppressive mechanisms. This knowl-
edge uncovers opportunities for therapeutic interventions. From early studies, it was
observed that MDSCs could exert suppressive activities by secreting factors, or by
cell-to-cell contact mechanisms. Apart from the classical secretion of immunosup-
pressive cytokines such as TGFβ or IL10, similarly to M2 macrophages the arginine
metabolism was shown to play a very important role in their activities [7, 21].
Arginine is processed in MDSCs by two enzymes, iNOS and arginase-1. Blocking
the activity of both enzymes improves antitumor activities in mouse models [7].

The tumor environment as a target

The tumor environment as a whole is also a therapeutic target. Cancer cells and
tumor-infiltrating cells are under a very strong oxidative stress, and upregulate detox-
ifying enzymes and ROS scavenging proteins.MDSCs have been shown to selectively
upregulate the P450 reductase, and this upregulation explains the anti-MDSC prop-
erties of Paclitaxel [22]. This chemotherapy drug needs to be activated by P450R to
acquire cytotoxic activities.As conventional immunogenicDCs express lower levels of
P450R, these cells are by far less sensitive to Paclitaxel than MDSCs [14]. This is just
but one example on how to exploit these tumor-induced cellular targets.

MDSC signaling pathways as a target

Interestingly, there is a growing field of research on MDSC signaling, as tyrosine
kinase inhibitors and other chemotherapy drugs eliminate MDSCs both in murine
models and human patients. Again, pathways shared by cancer cells and tumor-
associated cells are also present in MDSCs [14–16]. Therefore, and unknowingly,
many of the anticancer drugs that were designed to directly attack cancer cells, also
have anti-MDSC properties. Thus, all these shared pathways are susceptible of
therapeutic intervention in a straightforwardly manner. As already discussed in a
previous chapter, one of those is the STAT3-dependent signaling pathway [23, 24].
This pathway regulates cell growth, survival, and inflammation. It is also activated
by IL6, a cytokine known to contribute to MDSC differentiation [25]. STAT3 is
constitutively activated in cancer cells, tumor cells (which includes cancerous and
associated cells), and in tumor infiltrating cells of the immune system [26].

94 D. Escors and G. Kochan



Extensive work has been performed on STAT3 in macrophages. IL10 is also a
potent induction of STAT3, and its phosphorylation in macrophages leads to their
polarization toward immunosuppressive subsets [27, 28]. This pathway together
with others such as PI3 K/AKT acts as a safeguard against uncontrolled inflam-
mation. However, cancer can turn on this pathway to inhibit antitumor immune
responses [29, 30]. MDSCs seem to activate the STAT3 pathway in cancer, and
therapeutic strategies devised to act upon tumor-infiltrating macrophages and DCs
will probably be successful in counteracting MDSC-suppressive activities.

Apart from STAT3, the implication of several intracellular pathways on MDSC
biology has also been described [14, 15]. These pathways are linked to cell survival,
anti-inflammatory responses and stress responses against oxidative stress. Thus, other
tumor-associated cells also share them. Moreover, there is a specific kinase profile in
MDSCs that separates them from other conventional myeloid immunogenic cell
types. The PI3 K, AKT, and the SRC family of kinases are highly upregulated in
murine melanoma MDSCs and their expression differentiates them from conven-
tional myeloid DCs [15]. MDSCs obtained from other tumor backgrounds, especially
breast cancer MDSCs, also show increased levels of AKT, and a gene expression
profile characteristic of the activity of SRC family members, particularly HCK and
FYN kinases [15]. AKT and PI3 K are also highly activated inMDSCs. Interestingly,
tumor-infiltrating melanoma MDSCs specifically activate ERK1 and PKC kinases,
which are also known to be activated in tumor cells [8, 15, 31].

There is currently a wide range of small molecules that target these pathways,
activated both in cancer cells and MDSCs. The Ras-Raf-MEK-ERK signaling axis
is probably one of the most studied for the development of anticancer treatments
[32]. MDSC differentiation has been found to be particularly affected by AKT and
MEK inhibitors, while their immunogenic myeloid DC counterparts were largely
unaffected [15]. Moreover, MEK inhibition enhances DC differentiation and acti-
vates DC-mediated antitumor activities [15, 33–35].

Thus, many anti-neoplastic treatments also have “beneficial collateral” effects on
MDSCs. The assessment of these anticancer drugs over MDSCs will surely shed
light on their multiple mechanisms of action over the immune system [11].
Furthermore, the specific kinase signature found in MDSCs will facilitate the
development of efficacious MDSC-targeted therapies that do not affect immuno-
genic cells such as DCs.

Interfering with negative co-stimulation of T cells as a target

Similarly to DCs and other myeloid cells, MDSCs are also antigen-presenting cells.
However, after antigen presentation by MDSCs, T cells get inactivated, suppressed,
or differentiate toward regulatory T cells [13, 36]. There are multiple mechanisms
by which MDSCs can exert T cell inhibitory effects, and those include secretion of
anti-inflammatory cytokines, consumption of essential amino acids, production of
NO and use of negative co-stimulation during antigen presentation to T cells [8].

During antigen presentation, the antigen-presenting cell (APC) presents to T cells
complexed to major histocompatibility molecules on their surface (Fig. 7.1). These
pMHC complexes are recognized and bind to specific T cell receptors (TCRs) present
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on the surface of CD4orCD8T cells. This recognition sends a signal (signal 1) to the T
cells. However, this signal is not sufficient to activate a T cell and leads toT-cell anergy
instead [37]. Further interactions between these two cells are required within the
immunological synapse. These interactions take place between antigenic peptides
receptors on the T cells and their respective ligands on the APC. Some of these
interactions will lead to T-cell activation while others will dampen T cells. The inte-
gration between all these differing interactions provides a second signal during antigen
presentation. This signal 2 will determine whether T cells get activated or not, and the
extent of T-cell activation. Positive co-stimulation is represented by the classical

Fig. 7.1 Physiological antigen presentation to T-cells. The scheme represents a DC as an
antigen-presenting cell to a T lymphocyte through the MHC-TCR complex as indicated in the
immunological synapse between the two cell types. Both positive and negative receptor–ligand
interactions take place, as indicated in the picture. These interactions will transmit signals
(activatory and inhibitory signal 2, as shown) that together with antigen recognition (signal 1), will
regulate T-cell activation or its effector functions. In addition, a third signal is provided within the
immunological synapse in the form of secreted cytokines (top of the figure). The integration of
these three signals within the T cell will determine the level of T-cell activation and its polarization
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interaction between CD80 and CD28, on the surfaces of APCs and T cells, respec-
tively. However, there are a high number of interactions that regulate T-cell activation
by sending inhibitory signals. For example, CD80-CTLA4 or PDL1-PD1 (Fig. 7.1).

Thus, antibodies which block these interactions have been developed to strengthen
T-cell activation by interfering with these interactions. Preventing CTLA4 binding to
CD80 has been one of the first to be applied to human therapy and showing success
[38]. In fact, MDSCs express very high levels of CD80, which seems to be required
for their suppressive functions (Fig. 7.2) [14, 17, 39, 40]. Recently, blocking
PDL1-PD1 interactions with antibodies is demonstrating to be a very successful
immunotherapy anticancer strategy [41, 42]. While it is widely thought that the
mechanism of action takes place at the tumor site by facilitating the attack of the
effector T cell, their efficacy in some PDL1-negative tumors indicates that there are
other mechanisms of action. In fact, PDL1-PD1 interactions play a key role in antigen
presentation. Their interaction following antigen recognition by the T cells facilitates
ligand-induced TCR down-modulation while the T cell gets activated and proliferates
[33, 43, 44]. TCR expression recovers after one week, and this is a safeguard
mechanism that ensures that T cells do not attack their targets until they reach a
critical number [45, 46]. Interfering with this interaction leads to hyperproliferative
TCRhigh polyfunctional effector CD8 T cells with strong antitumor activities [33, 47].
Additionally, interference with PDL1 expression also leads to a low level expansion
of polyclonal CD8 T cells which probably contribute to anticancer activities [13].
Tumor-infiltrating MDSCs express very high levels of PDL1 (Fig. 7.2) [7, 12–14,
17]. Interference with PDL1 expression on MDSCs converts these cells in T-cell
stimulators [48]. It is highly likely that current blocking antibodies used in human
therapy are converting MDSCs to efficient immunstimulatory APCs. As there are an
increasing number of positive and negative co-stimulatory molecules and antibodies
targeting their interaction partners [49, 50], it is highly likely that immunotherapywill
become a first-line treatment for cancer. These immunotherapy approaches directly
target MDSCs by converting them in immunostimulatory myeloid cells.

Conversion of MDSCs to efficient APCs with antitumor properties

While specific targeting and depletion of MDSCs improves antitumor immune
responses [51, 52], an interesting approach that will certainly have a future in
anticancer therapies is the conversion of MDSCs into proinflammatory APCs.
MDSCs have been shown to possess the potential of differentiation toward other
myeloid cell types such as DCs, macrophages, and inflammatory granulocytes.
While several cytokines and factors may drive this differentiation, IL12 is proving
to be quite efficacious in converting MDSCs to immunogenic myeloid APCs. Thus,
direct treatment with IL12 transforms MDSCs into activated antigen-presenting
cells [13, 53, 54]. Within the tumor environment, IL12 production leads to a
collapse of the tumor stroma, which helps regression and improves antitumor
capacities of T cells [55]. It is highly likely that the method of IL12 administration
will likely have an impact in its efficacy. So far, local IL12 production within the
tumor environment is proving the method of choice as it will surely reduce cyto-
toxicity from systemic administration.
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7.4 Summary and Conclusions

Although the participation of myeloid cells on tumor progression and metastasis has
been known for a long time, only recently another “subset” of myeloid cells has
been added to this picture. This has raised some controversy on their nature and
relationship with other myeloid cell types. Nevertheless, whether they represent a
bona fide myeloid lineage, or another differentiation stage of highly plastic myeloid
cells, they strongly possess procarcinogenic properties.

Fig. 7.2 The MDSC as an immunosuppressive antigen-presenting cell. The scheme represents
a MDSC presenting antigen to a T lymphocyte through the MHC-TCR complex as indicated in the
immunological synapse between the two cell types. Negative receptor–ligand interactions take
place primarily when MDSCs present antigen, by upregulating PDL1 binding to PD1 on the T-cell
surface, and expressing high levels of CD80 which binds CTLA4 on the T cell, as shown in the
figure. These interactions together with antigen recognition (signal 1), inhibits either T-cell
activation, or its effector functions. In addition, MDSCs produce high levels of immunosuppres-
sive cytokines, as indicated in the figure. These cytokines will polarize T cells toward tolerogenic
subsets such as inducible regulatory T cells (Tregs)
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From a scientific point of view, their “true” ontogenetic nature needs to be
clarified, especially for human MDSCs. From a practical point of view, tumor-
associated myeloid immunosuppressive cells need to be eliminated.

Apart from controversies, their importance in cancer immunology is undeniable.
Proof of this is the increasingly higher number of publications dealing with them. An
important effort is being devoted to devise efficient differentiation methods for basic
research or for cellular therapies. Obtaining MDSCs that resemble tumor-infiltrating
subsets is still challenging, although encouraging steps have been recently taken
toward this goal in murine systems. The human system is still a pending subject.

Immunotherapy will surely become a first-line anticancer treatment strategy, and
MDSCs will surely occupy a central position in anticancer research.

Finally, a clearer view on MDSC biology is emerging from recent research,
which highlights the metabolic changes and high differentiation plasticity of the
“myeloid cell compartment”. However, this plasticity can be used to devise targeted
therapies that will eliminate the procarcinogenic myeloid cells and shift differen-
tiation toward immunogenic, protective cells.
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