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The versatility and plasticity of myeloid cell polarization/
differentiation has turned out to be crucial in health and
disease, and has become the subject of intense investigation
during the last years. On one hand, myeloid cells provide a
critical contribution to tissue homeostasis and repair. On the
other hand, myeloid cells not only play an important role as
first line defense against pathogens but also they are involved
in a broad array of inflammation-related diseases such as
cancer. Recent studies show that macrophages can exist in
different activation states within the same tumor, underlining
their plasticity and heterogeneity. In this review, we will
discuss recent evidence on how the tumor microenvironment,
as it evolves, shapes the recruitment, function, polarization
and differentiation of the myeloid cell compartment, leading
to the selection of myeloid cells with immunosuppressive and
angiogenic functions that facilitate tumor progression and
dissemination.

Introduction

The tumor microenvironment consists of neoplastic cells and
a heterogeneous group of untransformed cell populations,
including fibroblasts, endothelial cells and leukocytes, as well
as of soluble factors and the extracellular matrix. Such a com-
plex microenvironment can support tumor growth, protect the
tumor from host immunity, foster therapeutic resistance and
provide niches for metastasis." However, the tumor microen-
vironment is not static: it is in constant evolution as a result
of tissue remodeling, metabolic alterations in tumor cells and
changes in the recruitment of stromal cells, including a diversity
of immune cells.
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Among the leukocytes that infiltrate the tumor microenviron-
ment, myeloid cell populations are predominant. From an immu-
nological point of view, it appears paradoxical that, despite their
role as a first line of defense against pathogens, myeloid cells sup-
port primary tumor growth and progression,? and play a crucial,
non-redundant role in metastasis by preparing pre-metastatic
niches.” Cancer cell-myeloid cell interactions are very complex,
but these cells can use common pathways/mediators that lead to
immune regulation and proceed hand-to-hand with angiogen-
esis.” This, together with emerging evidence on the plasticity of
myeloid cell polarization, opens the door to therapeutic strategies.

In this review, we will give a brief overview on the type and
function of tumor-associated myeloid cells and then focus on
recent data on how the tumor microenvironment shapes the
myeloid cells by instructing their recruitment, function, polar-
ization and differentiation.

Myeloid Cells within the Tumor Microenvironment:
A Brief Overview

Mpyeloid cells are the most abundant immune cells within tumors.
Intratumoral myeloid cells can be sub-divided in at least four dif-
ferent populations (Fig. 1):

Tumor-associated macrophages (TAMs). TAMs are the pre-
dominant leukocytes infiltrating solid tumors and their presence
is associated with poor prognosis.” They promote angiogenesis
and tissue remodeling through the production of multiple fac-
tors, including the vascular endothelial growth factor (VEGF),
Bv8, and matrix metalloproteinase 9 (MMP9). TAMs also
inhibit T-cell responses by the secretion of suppressive cytokines
such as interleukin(IL)-10 and transforming growth factor 3
(TGEFB), high levels of arginase activity and the production of
reactive oxygen/nitrogen intermediates.® Importantly, macro-
phages are very plastic cells. Exposed to inflammatory cytokines
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Figure 1. Ontogeny and differentiation of tumor-associated myeloid cells (adapted from Geissmann et al., Science 2010; 327:656 and Fridlender et al.,
Cancer Cell 2009; 16:183). In the bone marrow, hematopoietic stem cells give rise to common lymphoid (not shown) and common myeloid precursors
(CMPs), which in turn give rise to monocyte/macrophage and dendritic cell precursors (MDPs) and granulocyte precursors (GPs). Via a pro-monocyte
stage, Ly6C" and Ly6C"*" monocytes are formed and leave the bone marrow to enter the blood. Highly monocyte-related cells include monocytic my-
eloid derived suppressor cells (MO-MDSCs) and Tie2-expressing monocytes (TEMs). Tissue-resident macrophages are primarily derived from yolk sac
(YS) progenitors (Schulz et al., Science 2012; 236:86), although they may be derived from Ly6C*¥ monocytes when a replenishment of the population
is needed. Under inflammatory conditions, Ly6C" monocytes can become monocyte-derived DCs (Mo-DCs) and inflammatory macrophages, which
include M1-like and M2-like cells depending on the tumor microenvironment. In addition, Ly6C" monocytes may contribute to MO-MDSCs within
tumors. Common dendritic cell precursors (CDPs) give rise to plasmacytoid dendritic cells (pDCs) and pre-DCs that become CD11b*-like and CD8*-like
DCs in lymphoid tissues. The precise origin and type of TADCs requires further investigation. GPs give rise to neutrophils that in the tumor context can
also polarize into an N1- and an N2-type phenotype. Granulocytic MDSCs (PMN-MDSCs) are immature precursors of mature neutrophils with a strong

immunosuppressive capacity that, together with the immunosuppressive MO-MDSCs, accumulate in the periphery and in tumors. Dashed arrows
represent possible differentiation pathways that require experimental confirmation.

and bacterial components, they become powerful inflamma-
tory and cytotoxic cells, with anti-microbial and tissue-destruc-
tive properties (Ml-type, classically activated macrophages).
However, when exposed to immunosuppressive or Th2 cyto-
kines, glucocorticoids or growth factors such as the colony-stim-
ulating factor 1 (CSF-1), macrophages acquire an alternatively
activated phenotype (M2-type) and promote tissue remodeling,
repair and angiogenesis.” This classification in a M1 and a M2
phenotype constitutes an oversimplification, as macrophages
occur in a context-dependent continuum of polarization states.
Thus, while in early phases of tumorigenesis, the production
of M1 inflammatory mediators such as the tumor necrosis fac-
tor a (TNFa) and reactive oxygen species (ROS) may support
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neoplastic transformation,® M2-type macrophages promote
immune escape, tumor growth and malignancy in later stages of
disease and an M2 profile correlates with poor prognosis in sev-
eral carcinomas.”'® Most recently, differentially activated TAM
subsets were reported to co-exist in several transplantable mouse
tumors, residing in different tumor regions and performing dis-
tinct functions.'"? These TAM subsets may include another
specialized population, Tie2-expressing macrophages (TEMs),
which perform a non-redundant role in angiogenesis.'>
Myeloid-derived suppressor cells (MDSCs). MDSCs con-
stitute a heterogeneous population of myeloid cells sharing an
immature state and the ability to suppress T-cell responses.
MDSCs have been abundantly observed in cancer, both in mice
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and in humans, accumulating within primary and metastatic
tumors, as well as in the bone marrow, spleen and circulation.”
Two main MDSC subpopulations have been characterized in
mice: monocytic MO-MDSCs (CD11b*Ly6GLy6C") and
granulocytic PMN-MDSCs (CD11b*Ly6G*Ly6C"")."!® Their
equivalents in humans have also been described.” These two
cell populations depend on different factors for their expansion/
survival and exert immunosuppressive functions via different
mechanisms. Thus, MO- but not PMN-MDSCs are expanded
by the granulocyte macrophage colony-stimulating factor
(GM-CSF).2>? MO-MDSCs have been reported to be more
immunosuppressive than PMN-MDSCs on a per cell basis,”
mainly owing to an elevated activity of the inducible NO syn-
thase (iINOS)" and via mechanisms that are contact-dependent
but non-antigen-specific.’? In contrast, PMN-MDSCs sup-
press antigen-specific responses in a ROS-dependent manner.?
Finally, the distribution of MO- and PMN-MDSC within
tumors and in the periphery is different; while PMN-MDSCs
are most abundant in the blood, spleen and bone marrow,
MO-MDSC:s are enriched within the majority of tumors.'® This
may be accounted for by differential recruitment mechanisms or
intratumoral expansion, as discussed below.

Tumor-associated dendritic cells (TADCs). Dendritic cells
(DCs) are differentiated myeloid cells that specialize in anti-
gen processing and presentation to naive T cells. Human and
mouse CD1lc* DC subsets can be organized into four broad
subsets based on shared phenotypic markers and functional
specialization and irrespective of their primary location in sec-
ondary lymphoid organs or in the parenchyma of non-lymphoid
organs: (1) CD11b* DC-like cells, (2) CD8a DC-like cells (3)
CD11b*Ly6C* monocyte-derived DCs and (4) SiglecH* plasma-
cytoid DCs (pDCs).* The main characteristic of DCs is their
ability to mature in response to stimuli such as pathogen- or
danger-associated molecular patterns. Like macrophages, classi-
cally activated DCs are immunogenic, owing to the upregula-
tion of co-stimulatory molecules and cytokines such as IL-12.
Conversely, “alternatively” activated or semi-mature DCs induce
T-cell tolerance via deletion, anergy or induction of regulatory T
cells (Tregs).” Also this dichotomy appears as an oversimplifica-
tion, and it is likely that TADCs exist in a multitude of func-
tional states, and may be conditioned by the tumor to maintain

26 Indeed, a recent

immune tolerance or immunosuppression.
study in a mouse model of breast cancer showed that DCs at the
tumor margin present tumor antigens and stably engage tumor-
specific T cells but do not support full activation.”” TADCs may
play a pro-tumor role by inducing tumor-specific T-cell tolerance
via the upregulation of inhibitory molecules such as B7-H1, or
by the activation of arginase,” oxygen-dependent pathways that
downregulate CD3* or indoleamine 2,3-dioxygenase (IDO).%!
However, infiltration of tumors by DCs has been associated with
good prognosis in several cancers,? in particular at early stages.”
It is likely that the pro- vs. anti-tumor role of TADCs depends on
the stage of tumor growth.*

Tumor-associated neutrophils (TANs). Neutrophils are the
most abundant granulocyte type and are specialized in engulfing
and destructing bacteria. Normally, they are only released from

www.landesbioscience.com

Oncolmmunology

the bone marrow when fully mature but, during inflammation,
immature precursors (myelocytes and promyelocytes) can also be
detected in the circulation.*> Recent evidence has linked neutro-

phils to angiogenesis and metastasis®®

and, again, the existence
of anti-tumor Nl-type and pro-tumor N2-type neutrophils has
been proposed.’”

Different myeloid cells such as MDSCs, DCs, neutrophils and
macrophages possess both angiogenic and immunosuppressive
capacities and play a crucial role in maintaining tissue homeosta-
sis by eliminating dying cells and mediating tissue remodeling.
It has therefore been proposed that tumors co-opt the homeo-
static tissue repair program, promoting concurrent pathological
angiogenesis and immunosuppression at the tumor site.* The
mechanisms underlying the immunosuppressive and angiogenic
capacities of the different types of tumor-associated myeloid cells
have been extensively described in recent reviews***” and will not

be further discussed here.

How the Tumor Shapes Infiltrating
Myeloid Cell Populations

Both malignant and stromal components of tumors are influenced
by the tumor microenvironment. Notably, cells within the tumor
are often confronted to low levels of glucose, high levels of reduc-
tive metabolites, low pH and extreme hypoxia. This results in
endoplasmic reticulum (ER) stress as well as in the release of mul-
tiple factors by cancer cells, in a vesicle-associated or soluble form.
It is becoming clear that all these factors play a role in shaping
the myeloid cell compartment and it is likely that during tumor
progression there is a selection of specific phenotypes of tumor-
associated myeloid cells that co-evolves with the tumor (Fig. 2).
Hypoxia. Hypoxia (0.1-3% O,) is a prominent feature of
solid tumors as a result of defective vascularization and intense
metabolic activity. Cells adapt to O, shortage by upregulating
and stabilizing the transcription factor hypoxia-inducible fac-
tor loo (HIF-1a). HIF-1a transactivates a broad array of genes,
including genes that are involved in diverting aerobic to anaerobic
ATP production as well as pro-angiogenic genes such as VEGF.*
Hypoxic cancer cells may secrete CXCL12 and IL-8, which
have been shown to induce the recruitment of myeloid cells to
glioblastomas® and to disorient DC migration.” The IL-8-
mediated recruitment of neutrophils to hypoxic regions results
in inhibition of constitutive neutrophil apoptosis,* and their
clearance by macrophages. Importantly, macrophages exposed
to levels of hypoxia similar to those found in tumors upregulate
HIF-la, in turn enhancing the expression of tumor-promoting
genes like IL-1B, IL-8, CXCR4 and angiopoietin-2, thus induc-

46 Tn line with these observations,

ing an M2-like phenotype.
our group has shown in several transplantable mouse carcinomas
that TAMs associated with hypoxic regions are more M2-like
and express higher levels of the macrophage mannose receptor
(MMR) and monocyte chemoattractants (CCL2, CCL8), while
TAMs with an Ml-like phenotype are localized in normoxic
tumor areas.'”'? In view of these data, it is interesting to note
that HIF-2a, another hypoxia-inducible factor that upregu-

lates arginase 1 and is restricted to certain cell types including
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Figure 2. Effects of the tumor on the induction, recruitment and differentiation of myeloid cells. Hypoxia, low pH and glucose deprivation induce an
endoplasmic reticulum (ER) stress that leads to the unfolded protein response (UPR) and transcription of pro-inflammatory factors by neoplastic cells.
An “infectious” UPR spreading to immune cells can alter their antigen-processing capacity and increase their production of inflammatory factors.
Hypoxia also enhances angiogenesis via the induction of vascular endothelial growth factor (VEGF) and, together with tumor-derived exosomes, can
increase the immunosuppressive activity of monocytic monocytic myeloid derived suppressor cells (MO-MDSCs), block their differentiation into den-
dritic cells (DCs) and enhance their conversion into MHC Class I MMR"s" M-2 type macrophages, which concentrate in hypoxic areas. Soluble and
vesicle-associated factors produced by the neoplastic cell induce MDSC production/accumulation in bone marrow and periphery, and their recruit-
ment to the tumor site. The possible interconversion between the different types of myeloid cells within the tumor, as well as their self-renewal capac-
ity in situ (dashed arrows) are crucial questions that require further investigation and are thus depicted in gray. MMR, macrophage mannose receptor;
PDGF, platelet growth factor; PIGF, placental growth factor; PGE,, prostaglandin E,.

macrophages, appears to be induced upon M2 polarization.”
Furthermore, immunohistological studies demonstrate high lev-
els of HIF-2 expression by TAMs in different human cancers* and
myeloid HIF-2-deficient mice display reduced TAM infiltration
and tumor progression in dextran sulfate sodium (DSS)-induced
colon carcinomas,” suggesting the existence of a hypoxia-HIF-
20-M2 polarization axis. Taken together, these data suggest that
a collaboration between HIF-1 and HIF-2 might maximize the
hypoxic response in TAMs.

Similar to TAMs, MDSC functions are altered in hypoxic
conditions. In MDSCs, hypoxia upregulates RGS2, a factor that
has been shown to promote CCL2 production and angiogenesis
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in distinct transplantable mouse tumor models.® Moreover,
HIF-la stimulates the suppressive potential of MDSCs in the
tumor microenvironment.’!

Finally, the effects of hypoxia on DCs remain less charac-
terized, although low O, levels have been shown to modulate
immune regulatory receptors, to promote the secretion of high
levels of inflammatory cytokines and to reduce migration to
draining lymph nodes.?

Tumor ER stress. The pathophysiological conditions unique
to the tumor microenvironment, such as hypoxia, low extracel-
lular pH and glucose deprivation, initiate stress signals that con-
verge to the ER, resulting in the accumulation of un/misfolded
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proteins in the ER lumen and hence in an ER stress. This activates
intracellular signaling pathways that are collectively known as the
unfolded protein response (UPR), which facilitates the cellular
adaptation to ER stress.”® The UPR activates pro-inflammatory
cascades via NFxB and JNK-AP1 activation, resulting in the pro-
duction of potentially tumorigenic cytokines such as IL-6, IL-23
and TNFa. The functional link between the UPR and tumori-
genesis was suggested by experiments in which the silencing of
Grp-78, a chaperone involved in the UPR, in fibrosarcoma cells
inhibited tumor growth in vivo.”* The tumor UPR may also affect
host immune function in a cell-extrinsic manner. Indeed, cultur-
ing macrophages in conditioned medium from mouse carcinoma
cell lines experiencing ER stress resulted in the upregulation of
the UPR signaling by macrophages and the production of pro-
inflammatory molecules.” In addition, antigen-presenting cells
(APCs) experiencing an ER stress undergo a remodeling in the
antigen processing machinery, resulting in decreased presenta-
tion of immunodominant peptides and hence decreased priming
of tumor-specific T cells.”® Although the precise factors respon-
sible for this “transmissible” ER stress have yet to be identified,
this effect has been shown to partly depend on Toll-like recep-
tor 4 (TLR4) signaling.® Importantly, the cross-talk between the
UPR and inflammatory pathways is bidirectional, as it has been
observed that inflammatory cytokines and reactive cell metabo-
lites, such as ROS, can themselves induce the UPR.*®

Exosomes. Exosomes are nanometer-sized membranous
vesicles that develop from the exophytic budding of the cel-
lular membrane and contain proteins, peptides, microRNAs,
mRNAs and lipids.”” Tumor-derived exosomes (TDEs) can be
isolated from tumors and body fluids from cancer patients and
are believed to play an important role not only in the removal
of therapeutic drugs but also in autocrine and paracrine signal-
ing.%® In particular, growing evidence shows that molecules asso-
ciated with TDEs, such as FASL, PD1, MMPs, can modulate the
immune system. Thus, TDEs not only mediate signal transduc-
tion without need for direct cell-cell contact but also can fuse
with target cells, leading to the acquisition of novel molecules
and the delivery of bioactive mRNA and miRNA.* With respect
to myeloid cells, it has been shown that blood-derived exosomes
from melanoma patients promote the generation of MDSCs and
impair differentiation of DCs from peripheral blood monocytes®
or the bone marrow, resulting in an accumulation of immature
myeloid precursors in the spleen.®’ Hence, injection of breast
carcinoma-derived exosomes in mice promotes the generation of
MDSCs, which is dependent on exosome-associated prostaglan-
din E, (PGE,) and TGF.®* Furthermore, exosomes from several
independent mouse tumor cell lines trigger MDSC suppressive
function in an HSP72/TLR2 dependent manner.®* At the level
of macrophages, exosome-associated fibronectin induces IL-13
production®® and microvesicles released by late stage mouse mela-
noma cells were found to exert a dose-dependent suppression of
MHC Class II expression in these cells.” Recently, it has been
proposed that miRNAs from tumor exosomes may also play a role
in mobilizing myeloid cells to pre-metastatic niches.> Conversely,
fibrosarcoma-derived exosomes may contribute to the efficient

DC-mediated priming of anti-tumor T-cell responses in vivo.*®
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Tumor-derived soluble factors. Multiple factors secreted by
neoplastic cells have been shown to be involved in the generation,
recruitment and/or activation of myeloid cells, notably MDSCs.
Thus, VEGF, GM-CSF, Bv8, CXCL12 and S100A8/9 all can
increase the burden of intratumoral MDSCs.!® SI00A8/9 can
also promote MDSC accumulation indirectly, by impairing DC
maturation and enhancing inflammation.®” Moreover, it has been
reported that DCs exposed to tumor-derived factors polarize into
regulatory DCs that suppress the proliferation of pre-activated T
cells and are different from immature DCs.%®

PGE,, a key factor secreted by many tumor cells, has mul-
tiple effects on the recruitment and polarization of myeloid cells:
it blocks the expression of CCR5 in macrophages, suppresses
tumor production of CCL5 and other pro-inflammatory chemo-
kines, and enhances the secretion of CXCL12 and CCL22, which
recruit MDSCs and Tregs, respectively.”” PGE, also upregulates
IL-107 and arginase 1" production by macrophages and par-
ticipates in the induction of HIF-1at in MDSCs.' Importantly,
PGE, has been shown to inhibit the early stages of DC develop-
ment, and DC matured in the presence of PGE, display a defect
in the priming of cytotoxic T lymphocytes (CTLs), natural killer
(NK) cells and Thl immunity while promoting Th2 responses.®

Obviously, other tumor-derived soluble factors may also play a
role in myeloid cell polarization. Known examples are immuno-
suppressive cytokines such as TGFf”? and IL-10.”> Additionally,
necrotic mouse hepatocarcinoma cells have been shown to
release hitherto uncharacterized TLR4 ligands that stimulate
Gr-1*CD11b*F4/80* cells to induce the apoptotic demise of acti-
vated T cells via the induction of high levels of arginase 1 and
IL-10.7% Angiopoietin 2, which is produced by endothelial cells in
the tumor, can also stimulate the production of IL-10 by TEMs,
leading to enhanced T-cell suppression and Treg induction.”” As
a matter of fact, TEMs express enhanced levels of M2-type genes
as compared with Tie2"¢ TAMs, in line with a healing/angio-
genic type of activation/differentiation.”® Finally, IL-4 produced
by PyMT mouse mammary carcinoma-infiltrating CD4* T cells
may also promote the pro-tumor properties of macrophages,”
perhaps by enhancing cathepsin activity.”® Hence, it is clear that
factors from distinct sources in the tumor microenvironment,
cancer cells, endothelial cells, tumor-infiltrating lymphocytes,
contribute to shaping the TAM phenotype.

The Dynamics of Myeloid Cell Populations
in the Tumor: Open Questions
on Their Recruitment and Their Plasticity

It is clear that a constantly active interaction between cancer cells
and myeloid cells exists. However, the precise nature and dynam-
ics of this interaction is not completely understood, and we
would like to discuss two open questions concerning the effect
of the tumor microenvironment on the evolution of the myeloid
compartment throughout tumor progression. Addressing these
questions will help to develop future strategies to block tumor
progression and metastasis.

Selective recruitment vs. in situ expansion. In established
solid tumors of various origin, myeloid cells can account for a
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significant percentage of infiltrating cells (the exact % depends
on tumor type and stage), where they play a crucial role in sup-
pressing anti-tumor immune responses and promoting angiogen-
esis. One obvious question arises from this observation: why are
there so many myeloid cells in the tumor—are they selectively
recruited, and/or do they expand locally?

Recruitment of myeloid cells to the tumor. Myeloid cells are
actively recruited to the tumor microenvironment from the
bloodstream, and the process starts early after the initiation of the
transforming program.”” Tumor-derived angiogenic factors such
as VEGF, plateled-derived growth factor (PDGF) and CSF-1,
as well as pro-inflammatory molecules, like SI00A8/9 proteins
play a role in monocyte recruitment (Box 1).!® Angiopoietin 2
has been reported to mediate TEM infiltration in several mouse
tumors,” although its role might be more to orient TEMs near
the blood vessels rather than recruiting them to the tumor
site.®* However, the main players in myeloid cell recruitment to
the tumor are chemokines, produced by both cancer and stro-
mal cells. Of note, oncogenic changes can lead to the de novo
production of inflammatory chemokines that attract myeloid
cells.®" A variety of chemokines and chemokine receptors have
been reported to attract neutrophils (mainly CXCL8) and DCs,
including CCL20, CCL17, CCR5 and CCR6.% However, most
of the available information concerns the mediators of monocyte/
macrophage infiltration into tumors. CCL2 induces the migra-
tion and activation of monocytes through its only reported recep-
tor, CCR2.%3 CCL2 is involved in the recruitment of macrophages
and their expression of MMP-9 in several tumor types* and, as
recently shown, in the recruitment of inflammatory monocytes
to pulmonary metastasis formed by PyMT mouse breast carcino-
mas (Box 2).% Remarkably, CCL2 may differentially influence
the mobilization and accumulation of distinct MDSC subsets,
since CCR2 deficiency caused a significant loss of CD11b*Gr-
1°Ly-6C" MO-MDSCs with a preponderance of infiltrating
CD11b*Gr-1"Ly-6C™ PMN-MDSCs in Lewis Lung carcinoma
(LLC) primary lesions.*® This would explain why, in a CCR2-
deficient mouse model of cervical carcinogenesis, tumor progres-
sion was barely impaired despite lower monocyte/macrophage
infileration, due to a rise in infiltrating MMP-9* neutrophils.®”
Importantly, a recent study using the PyMT model of spontane-
ous breast cancer has shown that chemotherapy leads to stromal
CCL2 expression and acute recruitment of CCR2-expressing
monocytic cells to regions of necrotic cell death, which contrib-
ute to tumor re-growth after treatment.®

CXCR4 and its ligand, CXCL12, also play a role in the
recruitment of myeloid cells to the primary tumor. For exam-
ple, in ascites from ovarian cancer patients, tumor-derived PGE,
induces CXCLI12 production in the tumor microenvironment
and CXCR4 expression by MDSCs, resulting in MDSC accu-
mulation.?” HIF-1a contributes to the production of CXCL12 by
glioblastoma cells, which in turn promotes tumor progression by
recruiting MMP9* bone marrow cells.*?

Besides the type and level of chemokines at the tumor site,
additional mechanisms could account for the predominance
of suppressive myeloid cells in the tumor. For example, it has
recently been demonstrated that the intratumoral production of
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Box 1. Tumor-associated factors involved in the recruitment of
myeloid cells.

+ CCL2: recruitment of monocytic MDSCs or monocytes to primary
tumors'## and pulmonary metastases®

« VEGF: recruitment of monocytes to primary tumors'®

- Angiopoietin-2: recruitment of Tie2-expressing monocytes’

« CXCL12: recruitment of MDSCs™"

+ S100A8 and S100A9: recruitment and activation of MDSCs'"?

» Complement byproduct C5a: recruitment of granulocytic MDSCs'*
+ CSF-1: recruitment of MO-MDSCs and TAMs'

« PGE, and LTB4 (two eicosanoids): recruitment of DCs, macrophages
and neutrophils'

Box 2. Monocyte subset recruitment to tumors: model-specific dif-
ferences.

It should be realized—given the complexity and heterogeneity of
cancer as a disease, and given the limitations inherent to any mouse
tumor model—that model-specific and tumor type-specific mechanis-
tic differences are to be expected. One example is the recruitment of
distinct monocyte subsets to the primary tumor, and the involvement
of the CCL2-CCR2 axis.

Genetic models of carcinogenesis and tumor progression:

+ MMTV-PyMT transgenic model of mammary carcinogenesis: preferen-
tial recruitment of Ly6C'** monocytes to the primary tumor, preferential
CCR2-dependent recruitment of Ly6C"'s" monocytes to pulmonary
metastases.®

+ K14-HPV/E, transgenic model of cervical carcinogenesis: CCR2-depen-
dent recruitment of monocytes to the primary tumor.®”

- Kras-<20+/Tp53"1 conditional genetic mouse model of lung adenocar-
cinoma: CCR2-dependent recruitment of monocytes from the spleen to
the primary tumor.'®

Transplantable tumor models:

+ TS/A mammary carcinoma: preferential recruitment of Ly6C"e" mono-
cytes to the primary tumor."

« Lewis Lung Carcinoma (LLC): CCR2-dependent recruitment of mono-
cytes to the primary tumor.'>#

- ID8 ovarian carcinoma: early dominant CCR2-dependent recruitment
of Ly6C"9" CX,CR " monocytes to the primary tumor, followed by a
dominance of Ly6C'" CX,CR """ cells."”

« TRAMP-C1 prostate cancer: CCR2-dependent recruitment of CX,CR,"o"
cells (Ly6C*" monocytes?) to the primary tumor."®

reactive nitrogen species (RNS) induces nitration/nitrosylation
of CCL2 in different human and mouse cancers. As a result,
modified CCL2 can no longer attract tumor-specific CTLs, but
still is able to recruit suppressive myeloid cells to the tumor.”
Selective myeloid cell trafficking could also be explained by the
induction of adhesion molecules such as CD31 or CD99.”!
Expansion in situ. Although most myeloid lineage cells are
bone marrow (BM)-derived under steady-state conditions, extra-
medullary myelopoiesis occurs under chronic inflammatory con-
ditions, including cancer.”” Indeed, MDSCs, and in particular
MO-MDSCs, have been shown to actively proliferate in the
spleen of tumor-bearing mice.”® Furthermore, tumor-derived
GM-CSF is critical for the expansion and suppressive function
of MO-MDSC, although this expansion occurs primarily in the
bone marrow.? Interestingly, recent data have demonstrated the
proliferation of terminally differentiated macrophages in tissues
under conditions of sustained IL-4 stimulation.”® Self-renewal
of mature macrophages can be triggered by a deficiency in the
MafB and c-Maf transcription factors.”” It is therefore tempting
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to speculate that IL-4 or other M2-inducing stimuli may affect
MafB/c-Maf function. However, data on MafB/c-Maf activity
in TAMs are lacking and only a few studies have addressed the
proliferation of myeloid cells within tumors. One such study,
using in vivo BrdU labeling experiments, revealed low prolif-
eration rates for CD11b* cells in the periphery of LCC-bearing
mice, as compared with the bone marrow.*® Interestingly, parabi-
otic experiments in the same model demonstrated that the tumor
microenvironment may support monocyte/macrophage survival,
rather than their proliferation.®
breast carcinoma model, we also found no evidence for TAM

Employing a transplantable

proliferation upon cell cycle analysis."! However, future studies
should generate more complete data sets in multiple tumor types,
especially in those tumors where the TAM phenotype is regu-
lated by IL-4.7778

Plasticity and gradient of polarization/maturation/differ-
entiation of myeloid cell populations in the same tumor. It is
possible that tumor-derived factors recruit immature myeloid
cells and precursors from the periphery, which in the tumor
microenvironment become immunosuppressive and pro-angio-
genic. Alternatively, considering the plasticity of myeloid cells,
it may be equally probable that mature differentiated myeloid
cells, either tissue-recruited or tissue-resident, are “edited” by the
tumor to acquire a suppressive and pro-angiogenic phenotype.
In this respect, distinct tumor regions, for example, hypoxic vs.
normoxic areas, may imprint different characteristics onto resi-
dent myeloid cells, generating a sizeable myeloid cell heterogene-
ity within the same tumor. In any case, the possibility that the
pro-tumor phenotype of the different tumor-associated myeloid
cells reflects a reversible functional state, rather than a terminal
and irreversible differentiation, is worth addressing, since this
would open the door to pharmacological manipulation strategies.
Consequently, much attention is directed toward understanding
the mechanisms and molecules driving the pro-tumor polariza-
tion of myeloid cells within the tumor itself. However, the main
driving forces behind TAM heterogeneity and the possibility of
interconversion between different myeloid cell populations at the
tumor site remain an open question.

TAM heterogeneity. Within the same tumor, different popula-
tions of macrophages that evolve along with tumor progression
can be found at different locations, and have been predicted to
perform different functions.”® Using MHC Class Il and MMR as
discriminative markers between distinct TAM subsets, we found
that MHC Class [I"*"MMRP"s" TAMs are more M2-like, tend to
associate with hypoxic regions and are consequently more pro-
angiogenic in several transplantable tumor models."** However,
thus far, the main environmental stimuli driving this TAM het
erogeneity are unknown. Importantly, the clinical significance of
these findings is evidenced by the presence of MHC Class IT"e"
and MHC Class I TAM subsets in different regions of human
hepatocellular carcinomas, the latter of which are IL-10", sug-
gestive of a more M2-like phenotype.” Moreover, in a murine
hepatocellular carcinoma model, a MHC Class II"s" TAM popu-
lation appeared during the early phases of tumor growth and was
associated with tumor suppression, whereas MHC II"* TAMs
became predominant as tumor progressed.”®
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Besides MHC Class II expression, the migratory capacity has
been used as parameter that discriminates TAM subsets. In the
PyMT model of mammary carcinoma, CD68*MMR™ mono-
cytes/macrophages are migratory in the tumor-stroma border
but not deeper within the tumor mass, further highlighting the
existence of distinct intratumoral regions and their modulatory
effect on myeloid cells.”” In addition, TAMs that co-migrate with
cancer cells in an in vivo migration assay have been shown to
express lower levels of M2-associated markers than their sessile
counterparts.'”

Hence, TAM heterogeneity seems to be supported by recent
experimental data, but a main future challenge will be to under-
stand how this heterogeneity is regulated at the molecular level
and how it can be exploited therapeutically. In this respect, a bet-
ter understanding of temporal (e.g., cycling tumor hypoxia)'®!
and regional differences in the tumor microenvironment will be
mandatory.

MO-MDSC-to-TAM conversion. Ly6C"CCR2* monocytes
were reported to be the most prominent tumor-infiltrating
monocyte population in several transplantable tumor mod-
els, giving rise to mature TAM subsets in situ.!* Accordingly,
CCR2-deficiency resulted in a severely reduced presence of mac-
rophages in transplantable tumors and in a transgenic model of
cervical carcinogenesis,*** suggestive of a CCR2* monocyte pre-
cursor. However, primary mammary tumors in transgenic PyMT
mice contain more resident than inflammatory monocytes, while
CCR2-mediated recruitment of inflammatory monocytes mainly
occurs within lung metastases.® Of note, the surface marker
profile of inflammatory monocytes strongly resembles that of
MO-MDSC (Ly6CMCCR2*), and discriminating between these
cells is difficult.

Splenic MO-MDSCs can give rise to strongly immunosup-
pressive and M2-oriented macrophages in vitro,'*>'* and within
the tumor MO-MDSC:s rapidly differentiate into macrophages
when exposed to hypoxia, in a HIF-1la-dependent way.”! Tumor-
derived factors such as HSP27, a heat shock protein that is highly
expressed in human breast cancer cells, can cause the differentia-
tion of monocytes, and probably MO-MDSCs, to macrophages
that are strongly pro-angiogenic and display an immunotoleriz-
ing phenotype that induces severe unresponsiveness in T cells.!*¢
However, MO-MDSCs can also differentiate into macrophages
exerting tumoricidal activity and secreting Thl cytokines when
stimulated via TLR9 with CpG ODN, ' illustrating the versatil-
ity of these cells.

TADC-to-TAM conversion. Both DC precursors and mono-
cytes infiltrate tumors and can potentially give rise to DC subsets.
However, the tumor microenvironment can inhibit monocyte
differentiation into immunogenic DCs by a variety of mecha-
nisms. For example, interaction between Mac-2BP (on colorectal
carcinoma cells) and DC-SIGN (on DCs) significantly inhibited
DC functional maturation.'” Moreover, tumor-associated cyto-
kines such as IL-10 and IL-6 were shown to inhibit the differen-
tiation of monocytes to DC, while promoting their maturation
to macrophages.'71%8

As with macrophages, DCs may also exist in different func-
tional states that evolve with tumor progression. Thus, in an
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ovarian cancer model, DCs within the tumor were shown to
evolve from being immunogenic at early stages to being immuno-
suppressive (MHC I CD40"" PDL1"#") later on, a switch that
depended on tumor-derived TGFB and PGE,.** Intriguingly,
immunostimulatory DCs can generate a progeny with morpho-
logic, phenotypic and functional characteristics of regulatory
macrophages that suppress T-cell responses through NO, argi-
nase and IL-10." This conversion seems to occur preferentially
in the tumor microenvironment (at least in LLC and B16 tumors)
and is mediated by a relative lack in GM-CSF.

Hence, at the tumor site, potent microenvironmental condi-
tions seem to exist that strongly favor macrophage differentiation
from distinct precursors, including DCs. These data may explain
the dominance of TAMs within the tumor-associated myeloid

compartment and further corroborate the importance of TAMs
for tumor progression.

Concluding Remarks

The crosstalk between cancer cells and myeloid cells is complex and
dynamic. However, common mechanisms, cellular players and fac-
tors underlie angiogenesis and immune suppression, thereby open-
ing 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 and differentiation state, but
also in terms of 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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