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Abstract

Alternatively activated macrophage (M2) polarization can result in one of four subtypes based on cytokines and signal-
ing pathways associated with macrophage activation: M2a, M2b, M2c¢c, and M2d macrophages. The majority of M2 sub-
types are anti-inflammatory and pro-angiogenic, secreting growth factors (VEGF, PDGF) and matrix metalloproteinases
(MMP2, MMP9) which boost tumor growth, metastasis, and invasion. M2-polarized macrophages are associated with
immune suppressor cells harboring Myeloid derived suppressor cells, Regulatory T cells (Tregs), Regulatory B cells
as well as alternatively activated (N2) neutrophils. Treg cells selectively support the metabolic stability, mitochondrial
integrity, and survival rate of M2-like TAMs in an indirect environment. Also, the contribution of Breg cells influences
macrophage polarization towards the M2 direction. TAM is activated when TAN levels in the tumor microenvironment
are insufficient or vice versa, suggesting that macrophage and its polarization are fine-tuned. Understanding the functions
of immune suppressive cells, mediators, and signaling pathways involved with M2 polarization will allow us to identify
potential strategies for targeting the TAM repolarization phenotype for innovative immunotherapy approaches. In this
review, we have highlighted the critical factors for M2 macrophage polarization, differential cytokine/chemokine profiles
of M1 and M2 macrophage subtypes, and other immune cells’ impact on the polarization within the immunosuppressive
niche.

Highlights

e M2 macrophages are targetable immune cells for immunotherapy strategies.

e M2 type macrophages are more heterogeneous populations than M1 macrophages.
e M2 polarization is influenced by Tregs, Bregs, MDSCs, and N2 neutrophils.

Communicated by L Li.

>< Nese Unver
nese.unver@hacettepe.edu.tr

Department of Basic Oncology, Cancer Institute, Hacettepe
University, Sihhiye, Ankara 06100, Tiirkiye

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00011-024-01907-3&domain=pdf&date_stamp=2024-6-23

1412

0. Sezginer, N. Unver

Graphical Abstract

Treg

Endothelial cells

Keywords Tumor-associated macrophage - M2 macrophage -

Immunotherapy

Abbreviations

CSC Cancer stem cells

CSF Colony stimulating factor

DC Dendritic cells

ECM Extracellular matrix

EMT Epithelial-mesenchymal transition
FDR False Discovery Rate

FGF Fibroblast growth factor

GAS6 Growth arrest-specific 6

HIF Hypoxia inducible factor

IFN-y Interferon gamma

IL Interleukin

LogFC Logarithmic Fold Change

LPS Lipopolysaccharides

MDSC Myeloid-derived suppressor cells
MMP Matrix metalloproteinase

MSC Mesenchymal stem cells

NK Natural killer cells

NO Nitric oxide

OXPHOS  Oxidative phosphorylation
PDGF Platelet derived growth factor
ROS Reactive oxygen species

TAM Tumor associated macrophage
TAN Tumor associated neutrophils
TCA Cycle The citric acid cycle

TGF-p Transforming growth factor beta
TLR Toll like receptor

TME Tumor microenvironment

™M Trimmed Means of M-Values
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TNF-a Tumor necrosis factor alpha
VEGF Vascular endothelial growth factor
Introduction

Tumor niche is a multifaceted complex that is host to a wide
range of cellular and non-cellular actors [1]. Among these
actors, due to their remarkable plasticity and range of func-
tions, macrophages hold an important place. Albeit having
anti-tumoral properties in early stages of tumor progression,
macrophages termed as tumor-associated macrophages
(TAMs) residing in the tumor niche have been associated
with multiple types of malignancies, including tumorigen-
esis, vascularization, invasion and metastasis of tumor and
drug resistance [2]. The functional differences of macro-
phages are directly linked with their polarization.
Macrophage polarization results in primarily two dis-
tinct subtypes, namely M1 or M2 macrophages. Among
these subtypes, M2 macrophages are the primary culprit in
supporting tumor growth and have been the target of anti-
cancer therapies [3]. M2 macrophages have been reported to
induce tumor progression through secretion of a wide variety
of proliferation inducing and immunosuppressive cytokines
and chemokines. In addition to their secretory profiles, they
have been reported to have cell-cell interactions that hinder
immune response against tumor cells. Many cells residing
in the TME induce M2 like TAM polarization, including
immunosuppressive cells and tumor associated stromal cells
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[4-6]. M2-like polarization of TAMs should be understood
well for the generation of novel therapeutic strategies and
improvement of foregoing therapeutic approaches.

This review discusses participation of immune suppres-
sor cells in acquiring the M2 phenotype of macrophages at
the cellular and molecular levels, in addition to underlin-
ing the importance of macrophage polarization in the tumor
microenvironment. We have also emphasized the signifi-
cance of secretory profiles and immunotherapeutic targeting
of both M2 macrophage subtypes and their potential roles in
the immunosuppressive niche.

Tumor associated macrophages (TAMs) in
tumor microenvironment

The tumor microenvironment (TME) is a dynamic entity
composed of cellular and non-cellular components that
induce tumor growth and progression. The non-cellular
components of the TME consists of the extracellular matrix
(ECM), exosomes as well as cytokines and chemokines
secreted by cellular components of the TME, which contain
a vast variety of cells such as endothelial cells, fibroblasts,
adipocytes, neuroendocrine cells, and immune cells (Fig. 1)
[7].

Tumor cells attract circulating monocytes to the TME in
response to several stimuli such as VEGF, CSF-1, TGF-,
GM-CSF, IL-6, IL-10, and chemokines. The differentia-
tion and polarization of arriving monocytes into TAMs is
influenced by cytokines, chemokines, and growth factors
released by cellular components of TME (Fig. 1) [8].
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The presence of TAMs is often associated with poor
prognosis of patients with several types of cancer. Poor
prognosis in gastric cancer [9], breast cancer [10], cervical
cancer [11] are associated with multiple characteristics of
TAMs, such as promoting angiogenesis, tumor migration
and metastasis, and immune regulation.

TAMs, a subpopulation found in intratumoral
hypoxic zones, play an important role in facilitating
solid tumor growth and metastasis

Hypoxia, one of the hallmarks of TME, can affect the TAMs
function as TAMs differentially express hypoxia-inducible
factor-1o (HIF 1)) and HIF2a, which are the primary factors
expressed in response to hypoxia [12, 13].Through these
factors, which leads to upregulation of angiogenic growth
factors VEGF, fibroblast growth factor 2 (FGF2), platelet
derived growth factor (PDGF), TAM driven vessel forma-
tion can occur in TME (Fig. 1).

Endothelial degradation primarily through matrix
metalloproteinases MMP2, MMP7 and MMP9 is not only
required for angiogenesis, but also promotes tumor migra-
tion and metastasis. Metalloproteinases, as well as serine
proteases and cathepsins secreted by TAMs can degrade
matrix membranes of endothelial cells surrounding tumor
tissue to induce tumor dissociation, migration, and metasta-
sis [14]. Thus, TAMs can directly, through release of angio-
genic factors, or indirectly via endothelial degradation and
upregulation of angiogenic modulators, achieve proangio-
genic response to hypoxic conditions of the TME.

immune suppressive niche

M2 macrophage

hypoxic environment
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Fig. 1 Immunosuppressive cells in cancer leading to the pro-tumoral (M2) macrophage polarization
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TAMs have been shown to serve an important role in
epithelial-mesenchymal transition (EMT) in addition
to their role in tumor vascularization

Mesenchymal cancer cells can induce TAM-like phenotype
in macrophages via secretion of GM-CSF which creates a
positive feedback loop between TAMs and EMT [15]. In
addition to aforementioned factors that induce EMT, IL-6,
IL-8 and IL-10 secreted by TAMs also promote mesenchy-
mal transition (Fig. 1).

TGF-p, a factor released by TAMs that plays an impor-
tant role in EMT, can stimulate proliferation in later stages
of tumor growth [16]. It leads to phosphorylation of
SMAD?2 and SMAD3 which combine with SMAD4 to form
SMAD trimeric complex that translocates to the nucleus
and induces transcription of EMT related genes EF1 and
SIP1. SEF1 and SIP1 in turn inhibits the expression of the
alternative splicing factor ESRP to help cells go through
EMT induced by TGF-B [17]. Thus, TGF-B has emerged
to exert EMT triggering characteristics on tumor cells, and
pro-tumoral TAM phenotype coincides with TGF-f [16].

Tumor necrosis factor-o (TNF-a) is another important
cytokine that induces EMT. Endogenous secretion of TNF-a
by TAMs and tumor cells induce EMT by inhibiting epithe-
lial marker E-cadherin transcription and upregulating mes-
enchymal markers N-cadherin, fibronectin, and vimentin
expression. TNF-a also induces MMP-9 expression which
enhances tumor cells’ ability to migrate and invade other
tissues [18]. Along with their individual abilities to induce
EMT, TNF-a and TGF-f can also work in concordance with
one another to induce EMT. For example, in cervical cancer,
TNF-o and TGF-§ are shown to be working cooperatively
to induce EMT and tumor stemness through NF-xB/Twist
axis [19].

TAM-mediated IL-6 overexpression has been found to
drive EMT in a B-catenin dependent manner [20]. Another
cytokine, IL-8 acts to inhibit PI3K-Akt signaling and E-cad-
herin expression in tumor cells, which induces the acquisi-
tion of mesenchymal phenotype in tumor cells [21]. TAMs
are also reported to induce EMT through Toll-like receptor 4
(TLR4)/IL-10 signaling by inducing mesenchymal markers
Vimentin and Snail expression while simultaneously down-
regulating E-cadherin [22].

Tumor-associated macrophages modulate
tumorigenicity of cancer stem cells

After acquiring a mesenchymal phenotype, cancer cells
can enter a stem cell like state to become cancer stem cells
(CSCs) with increased tumorigenic potential and chemo-
resistance [23]. CSCs as a concept can provide a better
understanding of neoplastic progression, dissemination,
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and relapse of cancer [24]. A positive feedback loop occurs
between CSCs and TAMs as CSCs through secretion of che-
motactic factors CCL2, CCL3, CCL5, CCLS8 and CXCL12
can recruit monocytes to TME. Recruited monocytes then
gain a pro-tumoral phenotype through cytokines IL-4, IL-6,
IL-10, IL13 and TGF-B; again, secreted by CSCs. Pro-
tumoral TAMs, in addition to induce EMT as mentioned
before, can sustain CSCs’ niche through secretion of cyto-
kines (IL-6, IL-1B, TNF-a and TGF-B) and chemokines
(CCL2, CCL5 and CCLS) and inducing the expression of
the transcription factor NANOG, SOX2, OCT3 and OCT4
[25]. In addition to secretory mechanisms, cell-to-cell inter-
action has been shown to trigger pathways critical for CSCs.
For example, SHH pathway in colorectal cancer, as well as
TGF-B/SMAD/NANOG pathway in pancreatic cancer have
been reported to be upregulated by physical interactions
between TAMs and CSCs [24, 25].

Among the factors that induce cancer stemness, glyco-
protein NMB (GPNMB) is one of the most crucial pro-
teins. GPNMB in TME is mainly expressed by TAMs, can
be cleaved into a soluble form by ADAMI10 which then
binds to CD44 receptor in cancer cells to induce release
several chemokines (CXCL1, CXCL2, CCL2, CCL5 and
CCL7) as well as cytokines (IL-6, IL-11, and IL-33) [26].
IL-33 can bind to its receptor in TAMs, IL-1RL1, to induce
TGF-B secretion by TAMs; while it can also bind to IL-
IRL1 in other cancer cells to increase the population of
CSCs through inducing the expression of stem cell genes
(NANOG, NOTCH3, OCT3 and OCT4) as well as increase
chemoresistance of cancer cells [27].

TAMs can both promote and suppress
immunological responses against tumor cells

TAMs can induce immune response through activating
CD8* T cells and natural killer (NK) cells, phagocyto-
sis of tumor cells, and release of nitric oxide and reactive
oxygen species [28]. Furthermore, TAMs can stimulate
the activation of dendritic cells (DCs), which in turn can
present tumor antigens to CD8" T cells and promote host
immune response against tumors [29]. However, TAMs
immunosuppressive features are far more common than its
immuno-stimulant effects as they are known to secrete anti-
inflammatory cytokines, primarily IL-10 and TGF-f [30].

In addition to cytokine production, TAMs can limit T
cell activity by decreasing T cell receptor function through
suppression of CD3-( chain expression via oxidative stress
[31]. T regulatory cells (Tregs) can also be recruited to TME
by TAMs via CCL22 secretion, which also serves to prevent
T cell activation.

TAMs can upregulate PD-1 and PD-L1 expression, which
leads to T cell exhaustion and dysfunction [32]. TAMs are
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capable of inducing T cell exhaustion by preventing DC
maturation. If not properly matured, DCs will have dimin-
ished expression of costimulatory molecules CD80 and
CDS86, and substantial expression of immunosuppressive
PD-L1 expression, resulting in anergic T cells and impaired
anti-tumoral host immune responses [33].

M1 and M2 macrophage subtypes are critical
contributors to the tumor microenvironment

As evidenced by both cellular and molecular immunophe-
notypic studies, the role of TAMs in the TME is complex
and multifaceted, and it can be either beneficial or detrimen-
tal to the tumor progression. This dichotomy stems from
TAMs polarizing into two distinct functional subtypes: M1
and M2 macrophages (Fig. 2).

Macrophage polarization into M1 macrophages can
occur through various signals (Fig. 2). Interferon-y (IFN-
y) secretion by Type 1 T helper cells (T,1), NK cells and
CDS8* T cells contact with lipopolysaccharides (LPS), and
GM-CSF can all promote M1 polarization [34]. M1 macro-
phages are intrinsically pro-inflammatory, characterized by
their increased ability to secrete pro-inflammatory cytokines
for instance TNF, IL-1f, IL-12 and IL-18.

Metabolic functions of M1 macrophages are also devel-
oped to sustain their pro-inflammatory function, as M1 mac-
rophages, compared to other subtypes, hinge on glycolysis
and pentose phosphate pathway to maintain their energy
needs [35].The presence of M1 macrophages is favorable
in early stages of tumor development as they have shown to
possess anti-tumor properties [36, 37].

M1 macrophages can attract CD8% T lymphocytes and
NK cells towards the TME by presenting antigens and
secreting tumor-derived chemokines such as CXCL9,
CXCL10, and CXCL11. Activated CD8" T cells and NK

Fig. 2 Macrophage polarization
and stratification of M1 and M2
polarized macrophage subtypes
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cells in turn can secrete cytokines TNF-a, GM-CSF and
IFN-y, and chemokines CCL4, CCL5 and CCL23 to recruit
even more immune cells to the TME to help suppress tumor
growth [37].

Alternatively activated macrophage (M2)
polarization shaped by tumor niche

In healthy individuals, alternatively activated macrophages,
namely M2 macrophages, undergo polarization in response
to fungal and parasitic infections, presence of apoptotic and
necrotic cells, and downstream signaling from MCSF, IL-4,
IL-13, IL-10 and TGF-B. The M2 subtype can be charac-
terized primarily by the expression of pro-repair proteins
Arginase-1 and Yml as well as surface marker CD206. In
cancer, however, the M2 subtype is achieved through IL-4
and IL-13 secreted by T helper 2 cells [38]. Depending on
cytokines and signaling pathways involved in macrophage
activation, M2 polarization can result in one of four sub-
types: M2a, M2b, M2¢ and M2d macrophages [6] (Fig. 2).

M2 macrophages act differently from M1 macrophages
and differ in general through exhibiting lower glycolytic
activity, enhanced aerobic citric acid cycle (TCA cycle) and
oxidative phosphorylation (OXPHOS) reactions, and over-
all immunosuppressive effect [39].

M2 subtypes can be distinguished from each other by
their metabolic signatures in addition to the deep omic-
based profiling analysis. According to an analysis based
on differentially expressed proteins conducted by Li et al.
M2a macrophages play a role in the functions of phospho-
lipids in phagocytosis and retinoic acid signaling; M2b par-
ticipates in the transport of amino acids across the plasma
membrane; M2c is engaged in the control of neutrophil che-
motaxis; and M2d involves in the somatic recombination of
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immunoglobulin gene segments [40]. Differences between
M2 subtypes are not confined to these biological roles; omic
studies of largely unexplored M2 subtypes will be directed
by single cell analyses.

M2a-type TAMs are related to type Il inflammation

M?2a macrophages assist in tissue reconstruction and remod-
eling, immune regulation, and defense against parasites.
M2a phenotype is achieved through IL-4 and/or IL-13 cyto-
kine signaling, which are typically produced by T helper 2
(Th2) cells. M2a macrophages can be characterized through
their high expression of the surface markers CD206, CD163,
and scavenger receptor-A (SR-A) [41].

M2a macrophages in healthy individuals release a vari-
ety of cytokines and chemokines, such as IL-10, TGF-,
CCL17, CCL18, and CCL22, which helps regulate the
immune response and promote tissue repair and remod-
eling (Fig. 2) [11]. M2a macrophages, on the other hand,
have been associated with tumor development because they
generate growth factors and cytokines such as VEGF and
PDGF, which can promote angiogenesis. In addition to
promoting tumor growth, M2a macrophages also partici-
pate in tumor invasion and metastasis through production
of a variety of proteases, such as MMPs and cathepsins,
that degrade the ECM and facilitate tumor cell invasion
and migration [42]. Furthermore, M2a macrophages can
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produce anti-inflammatory cytokines and chemokines, such
as TGF-B and IL-10 (Fig. 2), that inhibit the activation and
proliferation of T cells and NK cells, which are critical for
host’s anti-tumoral immune response.

Comparative analysis of cytokine (Fig. 3A) and chemo-
kine (Fig. 3B) gene expression profiles between classically
polarized M1, and alternatively polarized M2a and M2c
macrophages were visualized in a heatmap. GEO dataset
GSE227737 was used to analyze RNA-Seq data [43] of M1,
M2a and M2c¢ macrophages. Trimmed Means of M-Values
(TMM) normalization was used to normalize the count val-
ues and edgeR package was used to determine differentially
expressed genes across all groups. Genes with logarithmic
fold change greater than 2 (logFC>2) and false discovery
rate smaller than 0.05 (FDR < 0.05) were considered to have
statistically significant variance across groups. Kyoto Ency-
clopedia of Genes and Genomes (KEGG) Brite database
was used to evaluate the gene expression of human cyto-
kines and chemokines.

Although extensive studies are yet to be carried out in
terms of how M2 subtypes differ in their metabolism, it has
been reported that the M2a macrophages display the most
distinct metabolic functions compared to the other M2 sub-
types. M2a macrophages have reduced energy demands
indicated by decreased aerobic TCA cycle and OXPHOS
activity, and lower cellular uptake of glucose compared to
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Fig. 3 Comparative transcriptomic analysis of cytokine (A) and chemokine (B) gene expression profiles of classically polarized M1 and alterna-

tively polarized M2a and M2c¢ macrophages
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other M2 subtypes, pointing towards a reduced level of gly-
colytic metabolism [44].

An inhibitory effect on the immune response by
the substantial factors released by M2b polarized
macrophages

M2b subtype is acquired upon activation of immune com-
plexes and TLR signaling, as well as IL1R activation. Upon
receiving signals from either one of these sources, NF-xB
p50 translocation into nucleus mediated by PI3K/Akt and
MAPK signals is shown to be crucial in M2b polariza-
tion. In addition to NF-xB p50, IRF3, a transcription factor
expressed in macrophages, is reported to be activated dur-
ing M2b polarization [45]. Although M2b cells can secrete
pro-inflammatory cytokines such as IL-1B, IL-6, TNF-o,
CXCLI1, CXCL2 and CXCL3, they are also found to be
secreting significant amounts of IL-10 and low levels of
IL-12 (Fig. 2) [45].

In addition to a plethora of pro- and anti- inflammatory
cytokine secretion, CCL1 expression seems to be the hall-
mark of the M2b subtype of macrophages and essential for
maintaining the M2b subtype [46]. CCL1 is a chemoat-
tractant that recruits NK cells, immature B cells and DCs
via interaction through cell surface CCRS8. In M2b macro-
phages, though, autocrine production of CCL1 signaling
helps cells survive without the need of exogenous growth
factor. In tumor settings, this autocrine ability to prolifer-
ate helps M2b macrophages live longer than its counterparts
and the prolonged presence of M2b macrophages have been
reported to be linked with continuous inhibition of host anti-
tumor immunity [47].

In contrast to M2a macrophages, M2b, M2c¢ and M2d
macrophages rely more on anaerobic glycolysis for ATP
production than TCA cycle and OXPHOS. Furthermore,
M2b macrophages can be distinguished from M2c and
M2d in terms of TCA cycle intermediates such as enhanced
intracellular glutamate, succinate and fumarate as well as
increased extracellular lactate levels reflecting more active
TCA cycle and glycolytic metabolism, respectively. Hence,
supporting the concept that the M2b macrophages have the
most ATP production amongst the M2 subtypes [44].

M2c-specific genes are involved in phagocytosis,
angiogenesis, and tumor niche modification
through the scavenging of pro-inflammatory factors

M2c macrophage subtype is another anti-inflammatory M2
subtype that is induced by glucocorticoids or IL-10 depen-
dent M-CSF signaling. M2c macrophages aid efferocytosis
through phagocytosis of apoptotic cells [48]. They achieve
this by having a high level of mer tyrosine kinase (MerTK)

expression, which helps them identify apoptotic cells. In
addition to elevated MerTK expression, they can also be
characterized by comparatively high expression levels of
CD14, CD163, CD169 and CD206, CCL16 and CCL18
[49, 50]. Furthermore, comparative transcriptomic analysis
between macrophage subtypes has shown that the increased
XCL2 and CXCL16 gene expression by M2¢ macrophages
(Fig. 3B).

IL10 production by M2¢ macrophages is sustained by the
production of Growth Arrest-Specific 6 (GAS6), which is a
ligand for MerTK. As a result, the increase in IL10 produc-
tion generates a positive loop in M2¢c macropahges [51]. In
addition to GAS6, M2c¢ macrophages were demonstrated to
have a decreased phospholipid synthesis, which reduces the
secretion metabolites required to produce pro-inflammatory
cytokines such as IL1B and induces production of L4 and
IL13 [44].

In tumorigenic conditions, M2c macrophages act simi-
larly to M2a macrophages as they both release anti-inflam-
matory cytokines for instance IL10 and TGF-B (Fig. 2),
as well as induce tumor invasion and metastasis through
expression of VEGF and MMPs. In addition to their chemo-
kine secretion, M2c macrophages possess increased levels
of chemokine receptors CCR2 and CCRS5 whose expression
is induced by IL-10 signaling. However, it has been pro-
posed that these chemokine receptors, when found in M2c
macrophages, act as functional decoy receptors which scav-
enge proinflammatory chemokines in the TME [52].

M2d-type macrophages are differentiated by
adenosine receptor agonists

Macrophage polarization is not a terminal fate for macro-
phages; in fact, polarized macrophages can switch from one
subtype to another depending on the circumstances of their
microenvironment. M2d macrophages are the prime exam-
ple of this subtype switching as unlike other subtype men-
tioned above, M2d macrophages are derived from polarized
M1 macrophages. Increasing levels of extracellular ade-
nosine reported to be a key factor in M2d polarization; as
M1 macrophages with high expression levels of adenosine
receptors A,,R, respond to high extracellular adenosine
levels by switching into anti-inflammatory and angiogenic
M2d subtype of macrophages (Fig. 2) [53]. Adenosine pro-
duction by apoptotic and necrotic cells can result in high
extracellular adenosine levels. In addition to high extracel-
lular adenosine levels, extracellular creatine, secreted by
M2d macrophages can also induce M2 polarization and
inhibit TLR expression to prevent inflammatory responsive
niche in the TME. On the other hand, intracellular creatine
concentration and uptake of creatine contribute to the main-
tenance of ATP homeostasis amidst phagocytosis [44].
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M2 macrophage subtypes (M2a-d), while distinct, share
similarities in their roles in tumor growth. M2 subtypes
have characteristics that are mostly anti-inflammatory and
pro-angiogenic, secreting growth factors (VEGF, PDGF)
and matrix metalloproteinases (MMP2, MMP9) promoting
tumor growth, metastasis, and invasion. Unlike their M1
counterparts, M2 macrophages secrete primarily immuno-
suppressive cytokines such as IL-4, IL-10 and IL-13 and
are generally linked with tissue repair, cell proliferation and
angiogenesis.

Thus, the M2 subpopulation of macrophages constitutes
a much more heterogeneous group than M1 macrophages.
Also, comparative transcriptomic analysis shows a remark-
able distinction between M1 and M2 subtypes, and although
similar in functional properties, M2 subtypes differ in their
expression of cytokines and chemokines. (Fig. 3A-B).

Current targeting strategies for M2
macrophages in cancerimmunotherapy

Higher proportion of M2 cells in the TME has been linked
with poor prognosis and reduced immunotherapy response
in several cancer types including ovarian cancer [54], non-
small cell lung cancer [55], multiple myeloma [56] and
colorectal cancer [57]. Hence, targeting M2 macrophages
has been an ongoing focus for improving immunotherapy
outcomes.

In arecent study using adenoviruses engineered to express
IL-2 and TNF-a that reportedly reduces the number of M2
macrophages among other immunosuppressive cells and
increases the efficiency of anti-PD1 therapy [58]. Another
way of hampering M2 polarization is targeting IL-4R in M2
macrophages. It has been reported that the inhibition of IL-4
signaling by using IL-4 binding peptides resulted in down-
regulation of M2 related markers and upregulation of M1
related genes [59].

In addition to cytokines, several metabolic pathways con-
tribute to M2 polarization of macrophages. A recent study
has shown that enhanced Zebl expression in THP-1 acute
monocytic leukemia cell line resulted in increased expres-
sion of M2 markers such as CD206, Argl and IL-10, con-
cluding that Zeb1 induced aerobic glycolysis contributes to
M2 polarization of macrophages [60]. In addition, the Notch
pathway has also been identified to be a key component of
macrophage polarization, taking part in both M1-like and
M2-like TAM generation [61]. Upon activation of the
Notch signaling pathway, the resulting macrophage subtype
reportedly depends on upstream ligand-receptor interaction.
Macrophages, co-cultured with Delta Like Canonical Notch
Ligand 4 (DDL4) expressing cells in vitro, have reported
to have increased Neurogenic locus notch homolog protein
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1 (NOTCH1) expression and a pro-inflammatory M1-like
subtype and the blockage of DDL4 resulted in an M2-like
subtype. However, further studies need to be performed to
determine the extent to which the Notch signaling pathway
modifies macrophage polarization in the TME [62].

Immunosuppressive cells in cancer
contributing pro-tumoral (M2) macrophage
polarization

TAMs primarily play an M2-like tumor-promoting role in
the TME and influence multiple malignant processes such
as immune suppression, angiogenesis, and tumor dissemi-
nation. M2 macrophages can be regulated by other immune
cells, such as Treg cells, MDSCs and B cells This review
emphasizes M2 macrophage polarization as well as the
impact of other immune/stromal cells on polarization within
the immunosuppressive niche. (Fig. 1). A research study
in the literature supports this notion that when M2a mac-
rophages cultured with the preconditioned-Mesenchymal
stem cells (preMSC-CM) revealed increased expression of
M2b/M2c-specific markers, implying that the secretome of
preMSCs supports the repolarization of M2a-like macro-
phages to M2b/M2c subtypes [63].

Regulatory T cells (Tregs)

Malignant tumors with worse prognosis are related to ele-
vated regulatory T cells and diminished M1 macrophages.
M2 TAMs, as opposed to M1 macrophages, are more likely
to encourage the recruitment of regulatory T cells to the
TME [64-66].

There is a particular association between M2 macro-
phages and Tregs, a variety of solid tumors, as detected
in colon cancer. High amounts of TGF-f, IL-10 and IL-32
are produced by Tregs, which further suppress the anti-
tumor inflammatory response and trigger M2 macrophages
to generate more cytokines and chemokines, allowing for
the recruitment of more Tregs. Likewise, M2 macrophages
and Tregs have been shown to have a synergistic impact in
boosting ovarian cancer metastasis, tumor angiogenesis,
and proliferation [4, 67—70]. The prevalence of M2 macro-
phages in Epstein-Barr virus-related Nasopharyngeal Car-
cinoma TME was associated with Treg, and both types of
cells were related with tumor size and clinical stages [4]. In
addition, co-infiltration of Tregs and M2 TAM:s is signifi-
cantly correlated with progression of premalignant lesions
to oral squamous cell carcinoma as well [65].

The recruitment of CCR6Foxp3* regulatory T cells,
a distinct effector/memory-like T cell subset, is depen-
dent on the infiltration of TREM-1* TAMs leading in



Dissection of pro-tumoral macrophage subtypes and immunosuppressive cells participating in M2 polarization 1419

immunosuppression within the hypoxic niche of hepatocel-
lular carcinoma for resistance to anti-PD-L1 [71, 72]. Con-
sequently, addressing the specific subtype of TAMs should
not be underestimated in malignancies that acquire immu-
notherapy resistance.

TAMs can be controlled indirectly by Treg cells as well.
The primary cytokine that blocks M2-like TAM is IFN-g.
Tregs possess the ability to block the release of IFN- y by
CDS8* T cells, which prevents the activation of fatty acid
production in immunosuppressive M2-like TAM mediated
by sterol regulatory element binding protein 1 (SREBP1). In
conclusion, metabolic stability, mitochondrial integrity, and
survival rate of M2-like TAMs are selectively maintained
by Treg cells in an indirect context [2, 73].

TAMs and Tregs tend to communicate in the opposite
directions. Tregs can be recruited to TME by CCL1 secret-
ing M2b macrophages [51], as well as TGF-B and IL-10
producing M2c¢ macrophages, thus creating a loop that sup-
ports anti-inflammatory phenotype in TME maintained by
both M2 TAMs and Tregs [74].

As a result, assessing Tregs and M2 macrophages com-
bined will assist in predicting the cancer progression. Taking
Treg/M2 TAM status into consideration will also contribute
to immunotherapeutic approaches regarding the prognosis
of the disease.

Regulatory B cells (Bregs)

In addition to monocytes, which are their primary source,
tumor-associated macrophages (TAM) can also develop
from B-cell precursors. They differ from monocyte-derived
TAM in inducing FoxP3* Tregs in these macrophages, sup-
pressing proliferation of T cells, and phagocytizing apop-
totic cells more efficiently. Since they are derived from B
cell precursors (pre-B and immature B cells into TAM), they
are called B-MF [75] and contribute to escape mechanisms
in cancer.

IL-10 released from B reg cells exerts anti-inflammatory
effects in mice and humans and suppresses Thl and Th17
responses. It leads to the production of CD4*CD25"FoxP3™*
Treg cells and the suppression of macrophage and monocyte-
derived inflammatory cytokines [76]. CD1d"CD5* Breg
cells producing IL-10 diminish TNFa and NO production. It
diminishes the expression of markers associated with mono-
cyte activation. Even a small number of CD1d"CD5*Breg
causes antibody-mediated depletion of lymphoma cells due
to the cytotoxic activity of monocytes and macrophages [77,
78]. Therefore, the contribution of Breg cells to macrophage
polarization towards the M2 direction in different cancer
types [76] should also be evaluated.

Myeloid-derived suppressor cells (MDSCs)

Myeloid-derived suppressor cells (MDSC) are detected in
many cancer patients as well as in vivo cancer models and
they serve to suppress the immune system by preventing
CD4 and CDS8 T cell activation. Communication between
macrophages and MDSCs further subverts tumor immunity
by enhancing production of IL-10 by MDSC and diminish-
ing IL-10 production derived from macrophages in sponta-
neously metastatic 4T1 mouse mammary cancer [78]. The
elevated generation of IL-10 originated from MDSCs also
reshapes helper T cell differentiation towards the Th2 phe-
notype, impacting cytotoxic T lymphocyte development.

Th2 cells also generate a large amount of IL-4, which
contributes to the formation of TAMs, as well. Cross-
talk with MDSC may also influence macrophage MHC 11
expression, while IL10 has been shown to boost the expres-
sion of March 1, a ubiquitin ligase family member neces-
sary for the ubiquitination of the cytoplasmic tail of MHC I1
molecules in monocytes [79, 80]. This indicates that MDSC
cells potentially influence antigen-presenting capabilities of
TAMs. Levels of MDSCs and CD163" M2 macrophages are
found to be elevated correlatively in NSCLC patients after
they receive ionizing radiation therapy, pointing towards
potential biomarkers during NSCLC diagnosis and favor-
able therapeutic response [81].

In a mouse breast cancer model, breast tumor initiation
is linked to the shift of tumor infiltrating MDSCs to TAMs
driven by the hypoxic TME [82]. HIF1a is a key regulator
of MDSC development and function in the TME. HIF1 sup-
ports the differentiation of M-MDSCs into tumor-associated
macrophages via a process involving CD45 tyrosine phos-
phatase activity and STAT3 downregulation [83—85].

Alternatively activated (N2) neutrophils

TAMs and tumor associated neutrophils (TANs) are polar-
ized by the TME to become pro-tumoral and favor tumor
growth and development, invasiveness as well as matrix
remodeling, angiogenesis, and metastasis, while blocking
anti-tumoral immune surveillance [86]. The findings of the
KrasLSL-G12D/+; p53fl/fl mouse model has demonstrated
that the spleen mobilizes immature myeloid cells, and that
these cells augment TAM and TAN responses compromised
in the tumor progression. With regard to this, a high number
of TAM and TAN precursors physically migrated from the
spleen to the tumor stroma, and CCR2 signaling is involved
in the recruitment of tumor-promoting spleen-derived
TAMs [87]. Further research into the mechanism behind all
this mutual exclusion is warranted.

Triple negative mouse breast cancer models have dem-
onstrated that the tumors did not attract TANs and TAMs
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Table 1 The clinical trials focusing macrophage polarization in different types of solid cancer

Purpose of the study Cancer type Study status Clinical trial
identification

The evaluation of correlation between M1/M2 phenotype and Lung cancer Unknown NCT00690261

clinical outcome.

Investigaton of correlation between M1/M2 macrophage polariza- Triple Negative Breast Completed NCT04320030

tion and [18 F] DPA-714 PET/CT binding.

Characterization of TAMs under combined effect of metformin Head and Neck Squamous Cell Active NCT03618654

and durvalumab.

Carcinoma

Oral Cavity Squamous Cell Carcinoma
Oropharyngeal Squamous Cell
Carcinoma

uniformly. Even though they are the same breast cancer
subtype, they might be immuno-subtyped as neutrophil-
enriched (NES, CD11b* Ly6C ™¢ Ly6G™) or macrophage-
enriched (MES, CD11b" Ly6G~ Ly6C~ F4/80%) based on
their predisposition for recruiting TANs and TAMs which
shown as mutually exclusive. TAM was triggered when
TAN was depleted, or vice versa.

Conclusion and future perspective

The molecular goals have been to convert M2-polarized
macrophages into MI-like macrophages via manipulat-
ing signaling pathway ligands (such as TLR), monoclonal
antibodies, and miRNA/siRNA-based gene therapy [88].
Table 1 provides a summary of completed/ongoing clini-
cal studies evaluating macrophage polarization in multiple
types of solid cancer.

As a result of the extensive crosstalk between tumor-
associated macrophages (M2-like macrophages) associated
with poor prognosis in the tumor niche, personalized multi-
parametric therapeutic strategies should be taken into con-
sideration and collectively analyzed. Thus, the remarkable
improvement can be achieved relevant to therapeutic strate-
gies, especially in immunotherapy approaches.

Combined therapeutic regimens including conventional,
and immunotherapy should also be rigorously developed
based on tumor niche characteristics to provide synergistic
action while avoiding major side effects. Besides, insightful
regulatory mechanisms between M2 macrophages and other
immunosuppressive immune cells will pay the way for the
cancer drug discovery in terms of targeting tumor microen-
vironment and insightful immunotherapy approaches.
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