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Macrophages are widely distributed innate immune cells that play indispensable roles in the innate and adaptive immune response
to pathogens and in-tissue homeostasis. Macrophages can be activated by a variety of stimuli and polarized to functionally different
phenotypes. Two distinct subsets of macrophages have been proposed, including classically activated (M1) and alternatively
activated (M2) macrophages. M1 macrophages express a series of proinflammatory cytokines, chemokines, and effector molecules,
such as IL-12, IL-23, TNF-α, iNOS and MHCI/II. In contrast, M2 macrophages express a wide array of anti-inflammatory
molecules, such as IL-10, TGF-β, and arginase1. In most tumors, the infiltrated macrophages are considered to be of the M2
phenotype, which provides an immunosuppressive microenvironment for tumor growth. Furthermore, tumor-associated macro-
phages secrete many cytokines, chemokines, and proteases, which promote tumor angiogenesis, growth, metastasis, and immuno-
suppression. Recently, it was also found that tumor-associated macrophages interact with cancer stem cells. This interaction leads
to tumorigenesis, metastasis, and drug resistance. So mediating macrophage to resist tumors is considered to be potential therapy.

1. Introduction

Macrophages were initially described by Elie Metchnikoff,
who won the Nobel prize in 1905 because of his identification
of phagocytes and his phagocytosis theory [1]. Since then,
much progress has been made in revealing the mechanisms
underlying macrophage activation and roles that macro-
phages play in our bodies. Today, it is well established that
macrophages are important innate immune cells with essen-
tial roles in the primary response to pathogens, normal
tissue homeostasis, presentation of foreign and self-antigens
following infection or injury, resolution of inflammation,
and wound healing.

Macrophages exist in almost all tissues and play impor-
tant roles in the maintenance of tissue homeostasis. In
mature adults, macrophages differentiate from peripheral
blood monocytes, which develop from common myeloid

progenitor cells. These cells are identified as granulocyte/
macrophage colony-forming units (GM-CFUs) in the bone
marrow. In response to a macrophage colony-forming factor,
GM-CFUs sequentially give rise to macrophage colony-form-
ing units (M-CFUs), monoblasts, and pro-monocytes. Sub-
sequently, they move into the peripheral blood and differ-
entiate into monocytes. Finally, the monocytes migrate into
different tissues and replenish the populations of long-lived
tissue-specific macrophages, such as alveolar macrophages
and kupffer cells [2, 3]. However, not all tissue macrophages
are differentiated from monocytes. It has been reported
that Langerhans cells in the skin and microglial cells in the
brain, which are tissue-resident macrophage populations
that are radiation resistant, seem to be maintained through
local proliferation, and recent studies indicate that these
cells initially develop from M-CFU in the yolk sac of the
developing embryo [4].
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Figure 1: Classically and alternatively activated macrophages. Classically polarized macrophages are activated by LPS, IFN-γ, or TNF-α.
Alternatively polarized macrophages can be further divided into M2a, M2b, and M2c macrophages. IL-4 and IL-13 always activate macro-
phages to be M2a macrophages. The main difference between M1 and M2a macrophages is in their metabolism of L-arginine. In M1
macrophages, L-arginine is metabolized into L-citrulline and NO by NOS2, while in M2a macrophages, it is metabolized into polyamine
and urea by arginase 1. M2b macrophages are activated by immune complexes, TLRs, or IL-1ra. Finally, M2c macrophages are polarized by
IL-10. All of the phenotypes express a series of different cytokines, chemokines, and receptors.

Macrophages, like other immune effector cells, can have
multiple subtypes and take on various phenotypes depend-
ing on the microenvironment. By analogy to the Th1/
Th2 classification, two distinct states of polarized activa-
tion for macrophages have been proposed: the classically
activated (M1) macrophage and the alternatively activated
(M2) macrophage subsets [5]. M1 macrophages arise fol-
lowing stimulation with the Th1 cytokine interferon-γ (IFN-
γ) alone or in concert with bacterial moieties, such as
lipopolysaccharide (LPS) or cytokines (e.g., tumor necrosis
factor-α (TNF-α)) [6] (Figure 1). In contrast, M2 macro-
phages are polarized by distinct stimuli and can be further
subdivided into M2a, M2b, and M2c macrophages. M2a
macrophages are stimulated by the Th2 cytokines IL-4
or IL-13, and M2b macrophages are induced by immune
complexes (ICs), LPS, TLRs, or the IL-1 receptor antagonist
(IL-1ra). Finally, M2c macrophages are induced by IL-10,
transforming growth factor-β (TGF-β), or glucocorticoids
(GCs) [7] (Figure 1). M1 macrophages secrete high levels of
proinflammatory cytokines (e.g., TNF-α, IL-1, IL-6, IL-12,
and IL-23) and increase their concentrations of superoxide
anions, oxygen radicals, and nitrogen radicals [8, 9]. Most of
these agents can increase their killing activities. Furthermore,
M1 macrophages can express high levels of MHC I and class
II antigens and secrete complement factors that facilitate
complement-mediated phagocytosis [10]. M1 macrophages
can also secrete high levels of inducible nitric oxide synthase
(iNOS; NOS2) to promote arginine metabolized into nitric
oxide and citrulline [11]. Conversely, M2 macrophages
always express the scavenger receptor (SR), the mannose
receptor (MR), and IL-10, which lead M2 macrophages to

mainly participate in parasite clearance, tissue remodeling,
immune modulation, and tumor progression [9]. In this
paper, we will discuss the characteristics of differentially
polarized macrophages and explore the role of tumor-
associated macrophages (TAMs) in tumor progression.

2. Properties of Polarized M1 and
M2 Macrophages

Macrophages can exert different properties when polarized
with distinct inducers. Differential cytokine production is
a key feature of polarized macrophages. When stimulated
with IFN-γ, M1 macrophages secrete high levels of IL-12
and IL-23 but low levels of IL-10 [3, 12–14]. In contrast, M2
macrophages express high levels of IL-10 but low levels of
IL-12 and IL-23 [14, 15]. Because of their different cytokine
profiles, these polarized macrophages have distinct func-
tions. For example, the IL-12 produced by M1 macrophages
can promote the differentiation of Th1 cells, which can
improve antigen phagocytosis [12, 16]. IL-23, which is also
secreted by M1 macrophages, is associated with the devel-
opment and expansion of Th17 cells, which can secrete high
levels of IL-17 and contribute to inflammatory autoimmune
pathologies [17, 18]. In addition, the IL-10 expressed by M2
macrophages can promote the production of IL-4 and IL-13
by Th2 cells [19]. IL-4 is a major promotor of wound healing
because it can activate arginase, which contributes to the
production of the extracellular matrix. The differential meta-
bolism of L-arginine provides a means of distinguishing the
two macrophage activation states. M1 macrophages upregu-
late iNOS to catabolize L-arginine to nitric oxide (NO) and
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citrulline, but M2 macrophages induce arginase 1, which
metabolizes arginine to ornithine and polyamines, which are
precursors necessary for collagen synthesis and cellular pro-
liferation [20].

Differentially polarized macrophages can also express
different chemokines. For instance, LPS and IFN-γ induce
macrophages to express chemokine (C–X–C motif) ligand 9
(CXCL9), CXCL10, and CXCL5 through the activation of the
transcription factor IFN regulatory factor-3 (IRF-3), which
results in IFN-β expression and subsequent STAT1 (signal
transducer and activator of transcription 1) activation. These
proinflammatory chemokines can promote the recruitment
of Th1, Tc1, and NK cells, which can improve their capacity
for intracellular pathogen killing [10]. In contrast, M2
macrophages inhibit CXCL9, CXCL10, and CXCL5 by down-
regulating NF-κB and STAT1 [21, 22]. M2a macrophages
induced by IL-4 and IL-13 promote the expression of
Chemokine (C–C motif) ligand 24 (CCL24), CCL17, and
CCL22. These chemokines can specifically combine with
Chemokine (C–C motif) receptor 3 (CCR3) and CCR4,
which accelerate the recruitment of eosinophils, basophils,
and Th2 cells, to lead to a type II response. M2b cells always
secrete CCL1, which combines with CCR1 to promote the
infiltration of eosinophils, Th2, and regulatory T cells. These
cells exert immune regulation and drive the Th2 response.
Finally, in M2c macrophages, IL-10 induces CXCL13,
CCL16, and CCL18, which can combine with CXCR5, CCR1,
and CCR8 to promote the accumulation of eosinophils and
naı̈ve T cells, which play a prominent role in suppressing
immune responses and promoting tissue remodeling [10].
In considering the above information, we found that the
role of chemokines expressed by different macrophages is in
accordance with the cytokines they express. The M1-derived
chemokines are important for killing intercellular pathogens,
whereas the M2-derived chemokines promote the recruit-
ment of the leukocytes involved in tissue repair and remod-
eling.

Heterogeneity and plasticity are important features of
macrophages. Under different stimuli, macrophages can
polarize into different phenotypes. However, these pheno-
types are not stable. Several in vivo studies have demon-
strated that the phenotype of an activated macrophage
population can change over time. For example, during tumor
progression, the macrophage phenotype changes from classi-
cally activated to alternatively activated [23]. In contrast, the
macrophage phenotype changes from M2 to M1 in obesity
[24]. However, clarification on whether this phenotypic
alteration is the result of a dedifferentiation of the original
macrophages back to the resting state or the migration of
a new population of macrophages into the tissue site that
replace the original cells is still needed. In vitro investigations
have clearly shown that polarized macrophages (M1 or M2)
change their expression profile according to changes in
stimuli [2]. Therefore, macrophages could repolarize in res-
ponse to changes in the local microenvironment, allowing
them to shape the local inflammatory milieu to adapt to out-
side stimuli. High plasticity is an important characteristic of
macrophages and contributes to the development of certain
disorders.

As we mentioned above, macrophages in different micro-
environments play different roles. Next, we will discuss the
role of TAMs in tumor progression.

3. The Role of TAMs in Tumor Progression

A tumor, as defined by Wills, is “an abnormal mass of tissue,
the growth of which is uncoordinated with that of the normal
tissues and persists after the cessation of the stimuli which
evoked the change.” Tumors are composed of proliferating
tumor cells and stromal cells, including endothelial cells,
inflammatory cells, and fibroblasts [25]. In the 1970s, it was
found that TAMs, as the predominant leukocyte, play a key
role in tumor growth [26].

The role of TAMs in tumors is still controversial. It
has been reported that in colorectal tumors TAMs are pro-
inflammatory, and play an antitumor role, which leads to a
good prognosis [27, 28]. One possible reason is that the M1
TAMs promote colon tumor cell expressing galcetin-3 which
further induce more TAMs infiltration and lead to an ampli-
fication immune response to destruct tumor cells [28]. On
the other hand, TAMs express a series of proinflammatory
cytokines such as IFN-γ, IL-1, and IL-6, which activate
type-1 T-cell associated with antitumor immune responses
[27]. However, in most tumors such as breast, prostate,
ovarian, cervical, lung carcinoma, and cutaneous melanoma,
TAMs are considered to be antiinflammatory and corre-
lated with a poor prognosis. Epidemiological studies have
suggested that a macrophage-rich microenvironment will
promote an aggressive tumor with a high metastatic potential
[29]. Therefore, many scholars have further studied the
function of TAMs in tumorigenesis. In the present study we
will focus on how the anti-inflammatory TAMs influence the
progression of tumors.

TAMs exhibit an M2-like phenotype because they express
a series of markers, such as CD163, the Fc fragment of IgG,
C-type lectin domains, and heat shock proteins [30–32].
On the other hand, the tumor microenvironment includes
a number of chemoattractants, such as IL-4, IL-13, TGF-β,
and IL-10, all of which lead to the adoption of an M2 pheno-
type [33]. TAMs orchestrate various aspects of cancer, such
as tumor progression, angiogenesis, tumor growth, actual
metastasis, immunosuppression, matrix deposition, and
remodeling (Figure 2).

3.1. Monocyte Recruitment. TAMs are differentiated from
monocytes by a number of chemoattractants that are pro-
duced by tumor cells and stromal cells. For instance, tumor-
derived chemokine CCL2, formerly known as monocyte
chemotactic protein (MCP), is critical for the recruitment
of macrophages [34, 35]. CCL2 is produced by tumor cells,
fibroblasts, and macrophages, and high CCL2 levels are
correlated with increased numbers of TAMs and a poor
prognosis [36]. Other chemokines, such as CCL3, CCL4,
CCL5, CCL7, CCL8, CXCL12, and cytokines, including vas-
cular endothelial growth factor (VEGF), platelet-derived
growth factor (PDGF), and IL-10, are also reported to
promote macrophage recruitment [14, 37–39]. In addition,
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Figure 2: TAM functions in tumor progression. Tumor cells and stromal cells, which produce a series of chemokines and growth factors,
induce monocytes to differentiate into macrophages. In the tumor, most macrophages are M2-like, and they express some cytokines, chemo-
kines, and proteases, which promote tumor angiogenesis, metastasis, and immunosuppression.

another group of monocyte chemoattractants, the alarmins,
have been reported to promote the recruitment of monocytes
and other myeloid cells [40]. For example, the high mobility
group box protein 1 (HMGB1), which is one of the molecules
released by dying tumor cells, is found in the necrotic areas
where TAMs preferentially reside. Other alarmins, such as
S100A8, S100A9, serum amyloid A3 (SAA3), and fibronectin,
have also been reported to attract CD11b+ myeloid cells [41].

3.2. TAMs and Angiogenesis. Tumors do not grow beyond
2-3 mm3 and cannot metastasize unless they are vascularized
[42]. It is well known that the growth and spread of malig-
nant tumors requires angiogenesis, the process by which
new blood vessels sprout from the existing vasculature. Accu-
mulating evidence indicates that TAMs play an important
role in regulating angiogenesis. Bingle and his colleagues
demonstrated that TAMs present within a solid tumor signi-
ficantly contribute to the initiation of angiogenesis. In the
absence of TAMs, the tumor cells produce the necessary
stimuli to initiate tumor angiogenesis, but the initiation is
delayed [43]. More recently, Zeisberger et al. found that

depleting TAMs with clodronate encapsulated in liposomes
(clodrolip) could reduce blood vessel density in the tumor
tissue [44]. These results validate the idea that TAMs present
in the tumor microenvironment promote angiogenesis in
tumors.

How do the TAMs regulate angiogenesis? It has been
reported that TAMs are able to modulate and induce
neovascularization and support functions. When TAMs are
activated, they can express a broad repertoire of substances
(including growth factors, cytokines, proteases, and chemo-
kines) to promote angiogenesis. For instance, TAMs release
growth factors such as VEGF, PDGF, transforming growth
factor β (TGF-β), and a member of the FGF family, which
can promote angiogenesis in many tumors, such as gliomas,
squamous cell carcinomas of the esophagus, and breast,
bladder, and prostate carcinomas [14, 36, 45]. In addition,
Aharinejad et al. found that the overexpression of colony-
stimulating factor 1 (CSF-1) can enhance the recruitment of
TAMs, which accelerates tumor development and malignant
progression in the mammary epithelium of MMTV-PyMT
mice [46]. Lin and colleagues found that, when inhibiting
the expression of CSF-1 or its receptor with short-interfering
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RNA (siRNA) in mice model, macrophage infiltration and
vascularity are decreased compared to their CSF-1 counter-
parts [47, 48]. Moreover, TAM-derived proteases, such as
matrix metalloproteases (MMP-1, MMP-2, MMP-3, MMP-
9, and MMP-12), plasmin, and urokinase plasminogen are
also beneficial to angiogenesis. MMP-9 is one of the most
important proteases that degrade the extracellular matrix
(ECM) and further release other growth factors to stimulate
angiogenesis [49, 50]. MMP-2 expression is also increased in
several tumors, which is correlated with the nodal status and
tumor stages [51].

TAMs have been found to accumulate in hypoxic regions
of tumors, which are characterized by low-oxygen tension.
As TAMs adapt to the hypoxic microenvironment, they can
express more proangiogenic genes, such as VEGF, pFGF,
CXCL8, and glycolytic enzymes, whose transcription is
controlled by the transcription factors HIF-1 and HIF-2 [42].
In addition, it has been reported that the HIF-1-dependent
chemokine CXCL-12 acts as a potent chemoattractant that
promotes endothelial cell infiltration when specifically com-
bined with its sole receptor, CXCR4 [52].

3.3. TAMs and Lymphangiogenesis. Lymphangiogenesis is
the initial step in the generalized spread of tumor cells,
which predicts a poor clinical prognosis. TAMs promote the
lymphangiogenesis mediated by VEGF-C and VEGF-D via
VEGFR3 [53]. It has been reported that VEGF-C and VEGF-
D are produced not only by tumor cells but also by TAMs.
In human cervical cancer, the VEGF-C released by TAMs
plays a novel role in peritumoral lymphangiogenesis and the
subsequent formation of lymphatic metastases [54]. How-
ever, in bladder cancer, VEGF-C expression was positively
associated with both lymphangiogenesis and angiogenesis,
while VEGF-D was associated only with lymphangiogenesis
[55]. In addition, TAMs can express lymphatic endothelial
growth factors to promote lymphangiogenesis [54, 56].

Recently, Maruyama and colleagues found that CD11b+

macrophages physically contribute to lymphangiogenesis
under pathological conditions and that bone marrow-
derived CD11b+ macrophages express lymphatic endothelial
markers, such as LYVE-1 and Prox-1, under inflamed con-
ditions in the corneal stroma of mice [57]. These findings
suggest that macrophages induce lymphangiogenesis in two
different ways, either by transdifferentiating and directly
incorporating into the endothelial layer or by stimulating the
division of preexisting local lymphatic endothelial cells [58].

3.4. TAMs and Tumor Growth. In addition to promoting
angiogenesis and lymphangiogenesis, TAMs also play a
pivotal role in tumor growth. It has been demonstrated that
TAM infiltration is positively correlated with the prolifera-
tion of tumor cells in several tumors, such as breast cancer,
endometrial cancer, and renal cell cancer [59, 60]. Macro-
phages cocultured with tumor cells could secrete a series
of substances which facilitate tumor cell proliferation [42].
Additionally, macrophage depletion studies have proven that
TAMs are essential for tumor growth [61].

MMP9, which was mentioned earlier as a primary factor
promoting angiogenesis, also plays an important role in
tumor growth. The cytokine IL-23 is considered to promote
tumor incidence and growth by upregulating MMP9, thereby
stimulating inflammatory responses [62, 63]. Moreover,
TAMs limit the cytotoxicity of the microenvironment, which
helps tumor growth. Because TAMs are M2-like, they can
secrete large amounts of IL-10, which can suppress cytotoxic
T-cell activity by inhibiting Th1 cells while simultaneously
inhibiting NK and lymphokine-activated killer cell cytotoxi-
city [42].

Recently, a notable paper reported that in melanomas,
TAM-derived adrenomedullin is involved in angiogenesis
and tumor growth. It was found that the adrenomedullin
derived from TAMs interacts with its receptors on endothe-
lial cells to promote tumor growth via a paracrine loop
through the activation of the eNOS signaling pathway similar
to the angiogenesis cytokine VEGF [64]. On the other hand,
TAM-derived adrenomedullin can influence macrophages
themselves in an autocrine manner. The inhibition of
adrenomedullin receptors on TAMs impairs angiogenesis
and tumor growth [65, 66].

3.5. TAMs and Tumor Metastasis. Tumor metastasis is an
important marker in determining the severity of cancer.
Tumor cells metastasize through the blood and lymphatic
vessels, which leads to the formation of ectopic tumors.
These tumors present a great therapeutic challenge and result
in a poor prognosis [67]. More than 20 years ago, with mouse
models, Gorelik et al. found that TAMs promote tumor
metastasis. After intravenous injection of murine tumor cells,
the macrophage population increased during the formation
of lung tumor nodules [68]. Subsequently, Wyckoff and
colleagues demonstrated a synergistic relationship between
breast cancer cells and TAMs in cell migration [67].

Coffelt et al. found that both TAM and tumor cells
migrated frequently when they were in close proximity by
multiphoton microscopy. Further study revealed that the
epidermal growth factor (EGF) released by TAMs interacted
with the CSF-1 released by tumor cells to promote the migra-
tion of the tumor cells [41]. Accumulating studies have veri-
fied that the malignant cells always move next to the TAMs,
which appear to help malignant cells during intravasation
[69]. Pawelek and Chakraborty even proposed that when
cancer cells fuse with migratory bone marrow-derived cells,
they provide the driving force behind the dissemination
process [70].

On the other hand, TAMs influence the microenvi-
ronment, which can also promote tumor cell invasion.
Hagemann and colleagues demonstrated that coculturing
TAMs with tumor cells can promote the expression of MMPs,
especially MMP2 and MMP9, in TNF-α-dependent manner
[71]. Both MMP2 and MMP9 help degrade the proteins
in the extracellular matrix to promote metastasis [42]. In
addition, Seth et al. showed that MMP7 could also promote
tumor metastasis through converting the receptor activator
of nuclear factor κB ligand (RANKL) [72, 73]. Other macro-
phage-derived molecules, such as IL-1β, cathepsin B, Wnt5a,
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and semaphorin 4D (Sema4D), have also been reported to
promote tumor metastasis [41].

Recently, it has been reported that macrophage-derived
microRNA (miRNA) also regulated tumor invasion. Yang et
al. found that oxesomes containing miR-233 shuttle between
macrophages and breast tumor cells. miR-233-regulating
tumor invasion is considered to work through the mef2c-β-
catinen pathway [74]. This research indicated that cell-to-cell
interaction is not only restricted in protein but also provides
us a new research direction in future.

3.6. TAMs and Immunosuppression. Tumor immunosup-
pression is a well-established mechanism for the regulation of
tumor growth. Several studies have reported that TAM-
derived cytokines and proteases, such as TGF-β, IL-10, and
arginase 1, make a significant contribution to immunosup-
pression [75–77]. For instance, TGF-β has a crucial immuno-
suppressive role in both the innate and the adaptive arms
of the immune response. In the innate immune response,
TGF-β promotes tumor-associated macrophage polarization
to an M2-versus-M1 phenotype, which further promotes
TGF-β production and deepens immunosuppression [78].
TGF-β also inhibits the cytolytic activity of natural killer
(NK) cells expressing the activating receptor NKG2D, further
resulting in a poor antitumor response [79, 80]. In addi-
tion, TGF-β decreases dendritic cells (DCs) migration and
increases apoptosis, which decreases antigen presentation
and dampens the adaptive immune response [81, 82]. In the
adaptive immune response, TGF-β promotes CD4+ T cells
differentiation into Th2 cells rather than Th1 cells, which
promotes a less efficient antitumor immune response [83].
TGF-β also inhibits the CD8+ T cells antitumor activity by
suppressing the expression of several cytolytic genes, includ-
ing the genes encoding granzyme A, granzyme B, IFN-γ,
and FAS ligand [79, 84]. Furthermore, TGF-β promotes
tumor growth by the maintenance of Treg cell differentiation,
which inhibits the antitumor response [79].

IL-10, an important cytokine in the tumor microenvi-
ronment, is expressed by TAMs, CD8+ T-cells, and tumor
cells. IL-10 is commonly regarded as an anti-inflammatory,
immunosuppressive cytokine that favors tumor escape from
immune surveillance. TAM-derived IL-10 acting in an
autocrine circuit suppresses the expression of IL-12, a poten-
tial antitumor cytokine [85]. Several studies have reported
that TAM-derived IL-10 prevents the maturation of DCs in
situ but increases the differentiation of macrophages, which
decreases antigen presentation [76, 86]. IL-10 can also inhibit
the release of the cytotoxic cytokine IFN-γ, which is the
main factor that stimulates naı̈ve T-cell differentiation, to
promote immune evasion [87]. Furthermore, it has been
reported that IL-10 decreases the ability of epidermal APCs
to present tumor-associated antigens for the induction of
antitumor immune responses in a spindle cell tumor sys-
tem [88]. However, not all agree with that IL-10 leads
to immunosuppression. Some articles reported that IL-10
possesses some immunostimulating properties, which play
important roles in antitumor response [89–91]. For example,
in NSCLS stage I, it is found that the more infiltrating

CD8+/IL-10+ cells there are, the longer the overall survival
will be [89]. So the role of IL-10 in tumor microenvironment
is still controversial. To make it clear may take a huge forward
for tumor therapy.

Arginase 1, the molecular marker for M2 macrophages,
is highly expressed in tumors. In recent years, it has been
demonstrated that arginase 1, which primarily metabolizes
L-arginine into polyamine and proline, causes dysregulation
of the T cell receptor (TCR) signal and subsequently induces
CD8+ T cell unresponsiveness [77, 92]. In addition, several
studies have reported that arginase 1 activation is associated
with H2O2 production by myeloid-derived suppressor cells
(MDSCs), which present class I-restricted epitopes directly
to CD8+ T cells and inhibit their release of IFN-γ through
the contact-dependent production of H2O2 [93]. However,
the concrete mechanism underlying the H2O2 generation
following arginase 1 activation is not clear and may be linked
to the synchronous activation of a different NOS isoform
[92].

Finally, several studies have found that chemokines also
play an important role in immunosuppression. Chemokines,
such as CCL17 and CCL22, can prevent the infiltration of
cytotoxic T-cells but promote that of Treg and Th2 cells
[38, 94]. TAM-derived CCL18 has the ability to recruit naı̈ve
T-cells, which induces T-cell anergy [14]. CCL-2 and CCL-
5, which were mentioned previously as chemoattractants
of monocytes to tumors, induce suppression of T-cell res-
ponses [76]. Further studies have shown that TAM-induced
immunosuppression is correlated with the activation of
transcription factors, such as STAT3, STAT6, and NF-κB, but
the specific mechanism still needs to be explored [41].

3.7. Interaction between TAM and Cancer Stem Cells (CSCs).
Over the past 5 to 10 years, it has been found that a specific
subpopulation of tumor cells has distinct stem cell properties
in tumors. These cells are defined as cancer initiating cells or
cancer stem cells (CSCs). A CSC has the ability to initiate
tumorigenesis by undergoing self-renewal and differentia-
tion [95, 96]. However, stromal cells, such as fibroblasts and
immune cells, are also known to play important roles in
tumor progression [97]. Therefore, research on the relation-
ship between CSCs and stromal cells has become an exciting
area of focus.

TAMs, as the dominant immune cell components, are
considered to be closely related to CSCs in position. Several
studies have reported that TAMs are always found dis-
tributed around CSCs, and the number of infiltrating TAMs
has been positively correlated with the histological grade of
the malignancy and the number of CSCs found [98, 99].
Furthermore, Yi, et al. found that the production of CSC-
derived chemoattractants, including CCL2, CCL5, VEGF-A,
and NTS, in glioma tissue was much higher than in adhe-
sive glioma cells (AGCs), which promotes the infiltration
of macrophages. However, when a specific antibody to the
chemoattractants was used, the migration of the macro-
phages decreased. These results indicate that CSCs play a
more dominant role in recruiting macrophages than AGCs
[100]. At approximately the same time as the publication
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of these results, another paper reported that CSCs in
glioma tissue induce macrophage infiltration and polarize
the macrophages into an M2 phenotype because the macro-
phages secreted a large number of cytokines, such as TGF-β1,
IL-10, and IL-23. In addition, M2 macrophages could induce
T-cell anergy and therefore immunosuppression in agree-
ment with what we mentioned previously [101]. Both of
these articles indicated that CSCs play a leading role in
macrophage infiltration and polarization.

Recently, other articles have demonstrated that macro-
phages can also influence the characteristics of CSCs, which
promote tumorigenesis and metastasis. For example, Jinushi
and colleagues found that CSCs could specifically stimulate
TAMs to express the downstream factor milk-fat globule
epidermal growth factor VIII (MFG-E8), which has been
identified as a growth factor involved in phagocytosis, angio-
genesis, and immune tolerance. MFG-E8 induces CSCs to
form tumors and develop antitumor drug resistance through
the STAT3 and hedgehog signaling pathways [102]. Okuda
et al. found another novel phenomenon: highly metastatic
breast CSCs upregulate the expression of hyaluronan syn-
thase HAS2, which correlates with tumorigenicity and tumor
progression in several cancers. The interaction between CSCs
and TAMs through hyaluronan stimulates the secretion of
PDGF-BB, which in turn activates stromal cells to secrete
the FGF7 and FGF9 that stimulate CSC proliferation, self-
renewal and metastasis in the bone [103].

All of these studies indicate that macrophages promote
CSC proliferation and metastasis. However, the investigation
into the interaction between macrophages and CSCs is still
at an early stage. More in-depth research requires our joint
efforts.

4. Potential Therapies Targeting TAMs

Accumulating studies have demonstrated that the density
of TAMs is associated with a poor prognosis, suggesting
macrophages as a target for clinical therapy [104–107]. As
early as in 1970s, Dolph Adams has raised the point that
macrophage mediated tumor cytotoxicity (MTC). It is
considered that macrophages can be activated through two
steps: The basic step is through the cytokines and other small
molecules and the secondary signal is supplied by either anti-
body or LPS/endotoxin/TLR stimulants. Both of the signals
can activate MTC and resist tumor activity [108]. Today it is
considered through the following steps such as antimacro-
phage infiltration, antiangiogenesis, and converting M2 to
M1 to resist macrophage-mediated tumor activity.

Several studies reporting the use of “antimacrophage”
approaches have primarily focused on counteracting mono-
cyte chemokines and receptors as anticancer targets [10, 14,
36, 42]. In the murine model for breast cancer, macrophages
were recruited by the tumor cell-derived chemokine CCL5.
After treatment with the receptor antagonist met-CCL5,
both the number of infiltrating macrophages and the size
of the tumor were significantly reduced [109]. In addition,
some studies have shown that Trabectedin, a natural product
derived from the marine organism Ecteinascidia turbinata,

has a specific cytotoxic effect on human macrophages and
TAMs in vitro [110]. Recently, it was reported that pharma-
cological drugs, such as zoledronic acid combined with
sorafenib, enhance antitumor effects by depleting the macro-
phage population [111]. Other pharmacological drugs,
including thalidomide, linomide, pentoxifyline, and genis-
tein, have also been shown to inhibit macrophage infiltration
and reduce tumor size [112, 113].

As we mentioned earlier, tumors do not grow beyond
2-3 mm3 unless they are vascularized, so inhibiting angio-
genesis is also a good therapeutic approach. Several studies
revealed that anti-VEGF-A with Avastin/bevacizumab or
other neutralizing antibodies can both inhibit the infiltration
of macrophages and enhance the activity of antiangiogenic
therapies by preventing TAMs from secreting additional pro-
angiogenic factors [114, 115].

As M1 macrophages induce proinflammatory response
which protects body from injury, converting the M2
macrophages into M1 is also considered to be a better poten-
tial therapy. Several articles have reported that activation of
TLRs stimulates M1-polarized macrophage response, which
induce the activation of proinflammatory program [116].
In a mouse model, Guiducci et al. found that CpG plus anti-
interleukin-10 receptor antibody promptly switched infil-
trating macrophages infiltrate from M2 to M1 and triggered
innate response debulking large tumors [117]. SHIP1 is a
crucial phosphatase in the conversion from macrophage M1
to M2 functions. Therefore, pharmacological modulators of
this phosphatase that can promote the infiltration of M1
macrophages and inhibit M2 macrophages, thereby enhanc-
ing the antitumor effects of M1 cytotoxicity, are under
investigation [14, 118].

In addition, accumulating studies report using macro-
phages as natural vectors to deliver therapeutic molecules
to the neoplastic site [14, 41, 119]. For instance, intratu-
moral injection of macrophages transfected with an IL-12-
expressing recombinant adenoviral vector can enhance the
number of CD4+ and CD8+ cells and reduce tumor growth
and metastasis [120]. Moreover, Siveen and Kuttan found
that paclitaxel, a plant-derived diterpenoid, can stimulate
macrophages to express high levels of NO, TNF-α, and
IL-1β. Through the increased levels of these substances,
paclitaxel can enhance tumor cell cytotoxicity and restore IL-
12 production by macrophages in tumor-bearing mice [36].
Recently, it was reported that an anti-PD-L1 antibody, which
blocks the PD-1/PD-L1 pathway, can improve macrophage-
mediated T-cell activation in HCC in vivo and has progressed
to a phase I clinical study [121, 122]. Perhaps this antibody
will be an effective drug in the future.

5. Conclusion

Heterogeneity is one of the most important characteristics
of macrophages. In different diseases, macrophages can be
polarized into different phenotypes. In most tumors, macro-
phages are considered to be polarized into the M2 phe-
notype. TAMs express a series of cytokines, chemokines,
and proteases to promote angiogenesis, lymphangiogenesis,
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tumor growth, metastasis, and immunosuppression. Recent-
ly, it has also been reported that TAMs interact with CSCs,
which facilitate tumorigenicity, metastasis, and drug resis-
tance. Taken together, these findings indicate that targeting
macrophages in the tumor microenvironment may provide
more efficacious novel therapies for future tumor manage-
ment.

Acknowledgments

This work was supported by the National Program for
Key Basic Research Projects of China (973 Program) (no.
2010CB529406), the Nature Science Foundation of China
(no. 31170851), and the Chongqing Science Fund for Dis-
tinguished Young Scholars (CSTC, 2009BA5045).

References

[1] C. Nathan, “Metchnikoff ’s legacy in 2008,” Nature Immunol-
ogy, vol. 9, no. 7, pp. 695–698, 2008.

[2] D. M. Mosser and J. P. Edwards, “Exploring the full spectrum
of macrophage activation,” Nature Reviews Immunology, vol.
8, no. 12, pp. 958–969, 2008.

[3] S. Gordon and P. R. Taylor, “Monocyte and macrophage
heterogeneity,” Nature Reviews Immunology, vol. 5, no. 12,
pp. 953–964, 2005.

[4] T. Lawrence and G. Natoli, “Transcriptional regulation of
macrophage polarization: enabling diversity with identity,”
Nature Reviews Immunology, vol. 11, no. 11, pp. 750–761,
2011.

[5] P. J. Murray and T. A. Wynn, “Obstacles and opportunities
for understanding macrophage polarization,” Journal of
Leukocyte Biology, vol. 89, no. 4, pp. 557–563, 2011.

[6] A. Mantovani, S. Sozzani, M. Locati, P. Allavena, and A. Sica,
“Macrophage polarization: tumor-associated macrophages
as a paradigm for polarized M2 mononuclear phagocytes,”
Trends in Immunology, vol. 23, no. 11, pp. 549–555, 2002.

[7] F. O. Martinez, L. Helming, and S. Gordon, “Alternative
activation of macrophages: an immunologic functional per-
spective,” Annual Review of Immunology, vol. 27, pp. 451–
483, 2009.

[8] D. Fairweather and D. Cihakova, “Alternatively activated
macrophages in infection and autoimmunity,” Journal of
Autoimmunity, vol. 33, no. 3-4, pp. 222–230, 2009.

[9] A. Sindrilaru, T. Peters, S. Wieschalka et al., “An unrestrained
proinflammatory M1 macrophage population induced by
iron impairs wound healing in humans and mice,” Journal
of Clinical Investigation, vol. 121, no. 3, pp. 985–997, 2011.

[10] A. Mantovani, A. Sica, S. Sozzani, P. Allavena, A. Vecchi,
and M. Locati, “The chemokine system in diverse forms of
macrophage activation and polarization,” Trends in Immuno-
logy, vol. 25, no. 12, pp. 677–686, 2004.

[11] M. Modolell, I. M. Corraliza, F. Link, G. Soler, and K.
Eichmann, “Reciprocal regulation of the nitric oxide syn-
thase-arginase balance in mouse bone marrow-derived
macrophages by TH1 and TH2 cytokines,” European Journal
of Immunology, vol. 25, no. 4, pp. 1101–1104, 1995.

[12] B. Marie, D. Benot, and M. Jean-Louis, “Macrophage polar-
ization in bacterial infections,” Journal of Immunology, vol.
15, no. 6, pp. 3733–3739, 2008.

[13] A. Mantovani, A. Sica, and M. Locati, “Macrophage polar-
ization comes of age,” Immunity, vol. 23, no. 4, pp. 344–346,
2005.

[14] G. Solinas, G. Germano, A. Mantovani, and P. Allavena,
“Tumor-associated macrophages (TAM) as major players
of the cancer-related inflammation,” Journal of Leukocyte
Biology, vol. 86, no. 5, pp. 1065–1073, 2009.

[15] J. Condeelis and J. W. Pollard, “Macrophages: obligate
partners for tumor cell migration, invasion, and metastasis,”
Cell, vol. 124, no. 2, pp. 263–266, 2006.

[16] E. Cassol, L. Cassetta, M. Alfano, and G. Poli, “Macrophage
polarization and HIV-1 infection,” Journal of Leukocyte
Biology, vol. 87, no. 4, pp. 599–608, 2010.

[17] F. A. W. Verreck, T. de Boer, D. M. L. Langenberg et al.,
“Human IL-23-producing type 1 macrophages promote but
IL-10-producing type 2 macrophages subvert immunity to
(myco)bacteria,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 101, no. 13, pp.
4560–4565, 2004.

[18] J. K. Kolls and A. Lindén, “Interleukin-17 family members
and inflammation,” Immunity, vol. 21, no. 4, pp. 467–476,
2004.

[19] A. Mantovani, A. Sica, P. Allavena, C. Garlanda, and M.
Locati, “Tumor-associated macrophages and the related mye-
loid-derived suppressor cells as a paradigm of the diversity of
macrophage activation,” Human Immunology, vol. 70, no. 5,
pp. 325–330, 2009.

[20] J. I. Odegaard and A. Chawla, “Mechanisms of macrophage
activation in obesity-induced insulin resistance,” Nature
Clinical Practice Endocrinology and Metabolism, vol. 4, no. 11,
pp. 619–626, 2008.

[21] Q. Li and I. M. Verma, “NF-κB regulation in the immune
system,” Nature Reviews Immunology, vol. 2, no. 10, pp. 725–
734, 2002.

[22] X. Hu, W. P. Li, C. Meng, and L. B. Ivashkiv, “Inhibition of
IFN-γ signaling by glucocorticoids,” Journal of Immunology,
vol. 170, no. 9, pp. 4833–4839, 2003.

[23] A. Sica, P. Larghi, A. Mancino et al., “Macrophage polariza-
tion in tumour progression,” Seminars in Cancer Biology, vol.
18, no. 5, pp. 349–355, 2008.

[24] T. Suganami and Y. Ogawa, “Adipose tissue macrophages:
their role in adipose tissue remodeling,” Journal of Leukocyte
Biology, vol. 88, no. 1, pp. 33–39, 2010.

[25] R. A. Mukhtar, O. Nseyo, M. J. Campbell, and L. J. Esserman,
“Tumor-associated macrophages in breast cancer as potential
biomarkers for new treatments and diagnostics,” Expert
Review of Molecular Diagnostics, vol. 11, no. 1, pp. 91–100,
2011.

[26] F. Balkwill, K. A. Charles, and A. Mantovani, “Smoldering
and polarized inflammation in the initiation and promotion
of malignant disease,” Cancer Cell, vol. 7, no. 3, pp. 211–217,
2005.

[27] S.-M. Ong, Y.-C. Tan, O. Beretta et al., “Macrophages in
human colorectal cancer are pro-inflammatory and prime T
cells towards an anti-tumour type-1 inflammatory response,”
European Journal of Immunology, vol. 42, no. 1, pp. 89–100,
2012.

[28] P. Dumont, A. Berton, N. Nagy et al., “Expression of galectin-
3 in the tumor immune response in colon cancer,” Laboratory
Investigation, vol. 88, no. 8, pp. 896–906, 2008.

[29] A. Nardin and J. P. Abastado, “Macrophages and cancer,”
Frontiers in Bioscience, vol. 13, no. 9, pp. 3494–3505, 2008.

[30] S. K. Biswas, L. Gangi, S. Paul et al., “A distinct and unique
transcriptional program expressed by tumor-associated
macrophages (defective NF-κB and enhanced IRF-3/STAT1
activation),” Blood, vol. 107, no. 5, pp. 2112–2122, 2006.



Clinical and Developmental Immunology 9

[31] Y. Sakai, M. Honda, H. Fujinaga et al., “Common transcrip-
tional signature of tumor-infiltrating mononuclear inflam-
matory cells and peripheral blood mononuclear cells in
hepatocellular carcinoma patients,” Cancer Research, vol. 68,
no. 24, pp. 10267–10279, 2008.

[32] A. H. Beck, I. Espinosa, B. Edris et al., “The macrophage
colony-stimulating factor 1 response signature in breast car-
cinoma,” Clinical Cancer Research, vol. 15, no. 3, pp. 778–787,
2009.

[33] A. Sica, A. Saccani, and A. Mantovani, “Tumor-associated
macrophages: a molecular perspective,” International Immu-
nopharmacology, vol. 2, no. 8, pp. 1045–1054, 2002.

[34] D. T. Graves, Y. L. Jiang, M. J. Williamson, and A. J. Valente,
“Identification of monocyte chemotactic activity produced
by malignant cells,” Science, vol. 245, no. 4925, pp. 1490–
1493, 1989.

[35] L. M. Coussens and Z. Werb, “Inflammation and cancer,”
Nature, vol. 420, no. 6917, pp. 860–867, 2002.

[36] K. S. Siveen and G. Kuttan, “Role of macrophages in tumour
progression,” Immunology Letters, vol. 123, no. 2, pp. 97–102,
2009.

[37] C. Murdoch, A. Giannoudis, and C. E. Lewis, “Mechanisms
regulating the recruitment of macrophages into hypoxic
areas of tumors and other ischemic tissues,” Blood, vol. 104,
no. 8, pp. 2224–2234, 2004.

[38] F. Balkwill, “Cancer and the chemokine network,” Nature
Reviews Cancer, vol. 4, no. 7, pp. 540–550, 2004.

[39] P. Allavena, A. Sica, G. Solinas, C. Porta, and A. Mantovani,
“The inflammatory micro-environment in tumor progres-
sion: the role of tumor-associated macrophages,” Critical
Reviews in Oncology/Hematology, vol. 66, no. 1, pp. 1–9, 2008.

[40] S. B. Coffelt and A. B. Scandurro, “Tumors sound the alarm-
in(s),” Cancer Research, vol. 68, no. 16, pp. 6482–6485, 2008.

[41] S. B. Coffelt, R. Hughes, and C. E. Lewis, “Tumor-associated
macrophages: effectors of angiogenesis and tumor progres-
sion,” Biochimica et Biophysica Acta, vol. 1796, no. 1, pp. 11–
18, 2009.

[42] C. Guruvayoorappan, “Tumor versus tumor-associated ma-
crophages: how hot is the link?” Integrative Cancer Therapies,
vol. 7, no. 2, pp. 90–95, 2008.

[43] L. Bingle, N. J. Brown, and C. E. Lewis, “The role of tumour-
associated macrophages in tumour progression: implications
for new anticancer therapies,” Journal of Pathology, vol. 196,
no. 3, pp. 254–265, 2002.

[44] S. M. Zeisberger, B. Odermatt, C. Marty, A. H. M. Zehnder-
Fjällman, K. Ballmer-Hofer, and R. A. Schwendener,
“Clodronate-liposome-mediated depletion of tumour-asso-
ciated macrophages: a new and highly effective antiangi-
ogenic therapy approach,” British Journal of Cancer, vol. 95,
no. 3, pp. 272–281, 2006.

[45] Y. Tanaka, H. Kobayashi, M. Suzuki, N. Kanayama, M.
Suzuki, and T. Terao, “Thymidine phosphorylase expression
in tumor-infiltrating macrophages may be correlated with
poor prognosis in uterine endometrial cancer,” Human
Pathology, vol. 33, no. 11, pp. 1105–1113, 2002.

[46] S. Aharinejad, M. Sioud, T. Lucas, and D. Abraham, “Target
validation using RNA interference in solid tumors,” Methods
in Molecular Biology, vol. 361, pp. 227–238, 2007.

[47] E. Y. Lin, A. V. Nguyen, R. G. Russell, and J. W. Pollard,
“Colony-stimulating factor 1 promotes progression of mam-
mary tumors to malignancy,” Journal of Experimental Medi-
cine, vol. 193, no. 6, pp. 727–740, 2001.

[48] E. Y. Lin, J. F. Li, L. Gnatovskiy et al., “Macrophages regulate
the angiogenic switch in a mouse model of breast cancer,”
Cancer Research, vol. 66, no. 23, pp. 11238–11246, 2006.
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