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Different stimuli can polarize macrophages into two basic types, M1 and M2. Tumor-
associated macrophages (TAMs) in the tumor microenvironment (TME) are composed of
heterogeneous subpopulations, which include the M1 anti-tumor and M2 pro-tumor
phenotypes. TAMs predominantly play a M2-like tumor-promoting role in the TME and
regulate various malignant effects, such as angiogenesis, immune suppression, and tumor
metastasis; hence, TAMs have emerged as a hot topic of research in cancer therapy. This
review focuses on three main aspects of TAMs. First, we summarize macrophage
polarization along with the effects on the TME. Second, recent advances and
challenges in cancer treatment and the role of M2-like TAMs in immune checkpoint
blockade and CAR-T cell therapy are emphasized. Finally, factors, such as signaling
pathways, associated with TAM polarization and potential strategies for targeting TAM
repolarization to the M1 pro-inflammatory phenotype for cancer therapy are discussed.

Keywords: tumor-associated macrophages, polarization, tumor microenvironment, signaling pathways,
cancer therapy

1 INTRODUCTION

Macrophages are an important part of the mononuclear phagocytic system and are involved in
immune system regulation, pathogen clearance, wound healing, and angiogenesis. Furthermore,
there is a close relationship between macrophages and tumors. Under the stimulation of various
cytokines, macrophages can be polarized into two forms that exhibit different functions: M1
macrophages, which are pro-inflammatory and tumor-inhibiting, and M2 macrophages, which are
anti-inflammatory and tumor-supporting. Therefore, macrophages that infiltrate the tumor
microenvironment (TME), also known as tumor-associated macrophages (TAMs), have
gradually attracted attention. TAMs are generally M2-like anti-inflammatory immune cells and
are associated with malignant disease progression, drug resistance, and poor prognosis. Current
cancer treatment strategies are not limited to traditional radiotherapy, chemotherapy, or surgical
resection as cancer treatment has entered the era of targeted therapy and immunotherapy.
Modulation of TAMs by regulating M1 signaling activation has emerged as a promising and
novel immunotherapy strategy. Hence, understanding the role of signaling pathways associated
with TAM polarization and approaches that can regulate TAM repolarization provide a new
perspective for cancer therapy.
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2 POLARIZATION OF TAMS AND THEIR
ROLE IN THE TME

TAMs are a specific group of macrophages that reside in the
TME. Stimulated by different factors, these macrophages exhibit
different phenotypes and functions, through a process termed as
TAM polarization. Understanding the cellular and molecular
mechanisms associated with TAM polarization in the TME
contributes to a deeper insight into tumor pathogenesis and
can provide new insights for cancer therapy. In this section, we
focus on TAM polarization and their role in the TME.

2.1 Differentiation of Macrophages

Macrophages are involved in host defense, wound healing, and
immune regulation and differentiate into different phenotypes in
response to environmental cues (1). Due to the plasticity of
macrophages, undifferentiated macrophages (M0) can be
polarized into two types: classically activated macrophages
(M1) and alternatively activated macrophages (M2) (2). M1
macrophages, which are stimulated by interferon (IFN)-y
(produced by T-helper 1 cells) and bacterial lipopolysaccharide,
are generally considered to have pro-inflammatory and anti-
tumor effects and express inflammatory factors including
interleukin (IL)-1pB, IL-6, and tumor necrosis factor (TNF)-o. In
contrast, M2 macrophages, which are stimulated by IL-4 and IL-
13 (produced by T-helper 2 cells), play a critical role in tumor
initiation, proliferation, metastasis, and immune evasion, and
express anti-inflammatory elements, such as IL-10 and
transforming growth factor (TGF)-B (3, 4). It is worth noting
that macrophages are a heterogeneous group of immune cells and
are not just classified into M1 and M2 macrophages. Mantovani
et al. further classified activated M2 macrophages into M2a, M2b,

and M2c macrophages, which are stimulated by IL-4/IL-13,
immune complexes and lipopolysaccharide/IL-1 receptor, and
IL-10, respectively (5). M2a and M2b macrophages play an
immunomodulatory role and promote T-helper 2 cell response,
whereas M2c macrophages are associated with immune response
suppression and tissue remodeling. Additionally, the concept of
M2d macrophages (also at times termed as TAMs) that are
activated by Toll-like receptors and specifically express vascular
endothelial growth factor (VEGF) and IL-10 was proposed (2, 4).
Functionally, M2d macrophages participate in angiogenesis and
tumor progression. Different inducers, surface markers, and
cytokine products are shown in Figure 1. Given that the
differential activation of macrophages can promote or inhibit
inflammation as well as regulate tumor proliferation, targeting
TAMs in the TME is receiving increasing attention.

2.2 TME and TAM Polarization

The TME is a highly complex and critical environment that is
encased on the outside by collagen and elastin fibers and is
composed of blood vessels, cancer cells, stromal cells, and
immune cells, such as T cells, B cells, dendritic cells, myeloid-
derived suppressor cells, and macrophages (6). The network
formed by these elements participates in the recruitment of
tumor and immune cells, constructing a tumorigenic
environment that promotes drug resistance. Thus far, various
mechanisms and pathways involved in immune modulation,
angiogenesis, and metastasis have been studied to gain a
deeper understanding of the interactions between these
components in the TME. For example, cytokines in the TME,
such as TNF-o, IL-6, and IL-8, are associated with angiogenesis
and tumor metastasis, whereas IL-4, IL-13, and IL-10 are
associated with immune response suppression. Moreover,
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FIGURE 1 | The direction of macrophage differentiation in response to different environmental cues. IC, immune complex; LPS, lipopolysaccharide; TLR, Toll-like
receptor; VEGF, vascular endothelial growth factor; MR, mannose receptor; Arg 1, arginase 1.
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various signaling pathways associated with macrophage
polarization, including nuclear factor kappa B (NF-xB) and
signal transducer and activator of transcription 1 (STAT1), are
also relevant to the TME and are discussed below (5). In this
context, identifying and targeting immunosuppressive elements
in the TME may shed light on the mechanisms underlying tumor
generation and development.

TAMs are one of the most common immune cells that
infiltrate the TME. These cells originate from two main
sources: bone marrow peripheral monocytes and embryos that
reside in different tissues, the latter including Kupfter cells in the
liver, alveolar macrophages in the lungs, microglia in the brain,
and osteoclasts in the bone (7). Peripheral blood circulating
monocytes, which are recruited into the TME by circulating
tumor-secreting factors and transform into macrophages, are
generally thought to be the main source of TAMs. In contrast, a
small number of macrophages are derived from early tissue-
resident macrophages originating in the yolk sac or fetal liver (8).
Broadly speaking, monocytes are attracted by cytokines, such as
colony stimulating factor (CSF)-1 and CCL-2, and subsequently
polarize into TAMs in the TME. These polarized TAMs usually
express M2 macrophage markers and cytokines, such as
mannose receptors (CD206), scavenger receptor (CD163),
VEGF, and IL-10, and exhibit tumor-supporting effects, and
are hence called M2-like TAMs. Conversely, few TAMs in the
TME express CD86 and CD80 markers and are termed as M1-
like TAMs, and typically exhibit anti-tumor effects (9).

2.3 Role of M1-Like TAMs in the TME

The role of M1-like macrophages in the TME is mainly pro-
inflammatory and they inhibit tumor progression. Most studies
have focused on M2-like macrophages, which play a pro-tumor
role and constitute the predominant class of TAMs. However,

some researchers have suggested that the role of M1-like TAMs
in tumors is bidirectional. It has been demonstrated that CD68+
HLA-DR+ M1-like TAMs enhance the motility of tumor cells in
hepatocellular carcinoma. Additionally, exosomes in oral
squamous cell carcinoma have been reported to regulate TAM
conversion to Ml-like TAMs, which subsequently promotes
malignant tumor metastasis (10, 11). The association of MI-
like macrophages with tumor metastasis may be partly due to the
effects of inflammatory cytokines, such as IL-13, TNF-a,, and IL-
6, which directly or indirectly contribute to vasoproliferation (12,
13). Therefore, the multifaceted role of inflammatory factors in
TME requires further study.

2.4 Role of M2-Like TAMs in the TME

The role of M2-like macrophages in the TME is mainly anti-
inflammatory and they promote tumor progression. Based on the
various surface markers and cytokines expressed by M2-like
TAMs, their pro-tumor effects can be divided into three aspects:
angiogenesis, immunosuppression, and metastasis. M2-like TAMs
secrete growth factors (VEGF, platelet-derived growth factor,
epidermal growth factor, TGF-B), matrix metalloproteinases
(MMPs) (MMP-2, MMP-9), and other cytokines (TNF-o, IL-
1B, IL-8) that are pro-angiogenic and promote metastasis as well
as inhibit T and natural killer (NK) cells leading to an attenuated
immune response (14, 15). In addition, other factors produced by
M2-like TAMs, such as heme oxygenase-1 (HO-1) and
cyclooxygenase-2 (COX-2), are involved in carcinogenesis and
angiogenesis through different pathways. The roles of M2-like
TAMs in the TME are shown in Figure 2.

With respect to vascular generation and metastasis, VEGF-A
participates in tumor angiogenesis and research has demonstrated
that high expression of VEGF-A in M2-like macrophages promotes
angiogenesis in patients with non-small cell lung cancer (NSCLC),
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FIGURE 2 | M2-like tumor-associated macrophages promote angiogenesis, lymphangiogenesis, immunosuppression, and tumor metastasis. VEGF-A, vascular
endothelial growth factor A; VEGF-C, vascular endothelial growth factor C; MMP-9, matrix metalloproteinase 9; COX-2, cyclooxygenase-2; MARCO, macrophage

receptor with collagenous structure; NLRP3, nod-like receptor protein 3.
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which is associated with poor prognosis (16). Additionally, MMPs
also play a pivotal role in tumor angiogenesis. Wu et al. reported
that CXCL-8 derived from TAM-like peripheral blood monocyte-
derived macrophages promote secretion of MMP-9 in bladder
cancer cells, subsequently causing alterations in the migration,
aggression, and proangiogenic capacity of bladder tumor cells
(17). Moreover, HO-1 and COX-2 secreted by M2-like TAMs can
promote tumor growth. HO-1, a stress-responsive oxidative
inflammatory protein, is regulated by IL-10, nuclear factor-
erythroid factor 2-related factor 2, and Bachl and is a potential
immunomodulatory target (18). Arnold et al. reported that
macrophages with high expression of fibroblast activation protein-
o and F4/80 in the LL2/OVA cancer cell line shows M2 an like
malignancy and were associated with increased expression of HO-1,
which is related to tumor immune suppression (19). Furthermore,
Kim et al. demonstrated that paclitaxel-induced tumor cell debris
can induce expression of HO-1 in macrophages, resulting in an
anti-tumor immune response and dampened efficacy of paclitaxel
in breast cancer (20). COX-2 is involved in inflammatory processes
and tumor invasion (21). Moreover, prostaglandin E2 and
thromboxane A2, downstream products of COX-2-expressing
macrophages, can promote angiogenesis and disrupt immune cell
function in solid tumors and COX-2 inhibitors can reverse this
effect (12, 22). In addition to angiogenesis and metastasis, the
immunosuppressive effect of M2-like macrophages, i.e., inhibition
of T and NK cell activity and proliferation, contributes to the
malignant progression of tumors. La Fleur et al. reported positive
expression of macrophage receptor with collagenous structure
(MARCO) and IL-37 in IL-4- and IL-10-stimulated depolarized
macrophages that exhibit M2-like effects in NSCLC (23). The
authors suggested that MARCO+ M2-like TAMs are not only
associated with a robust anti-inflammatory environment, but can
also diminish anti-tumor immunity through various mechanisms
including suppression of T cell activation, proliferation, and killing
efficiency, decreased IFN-y production, and inhibition of NK
cell function.

Recently, TAMs have been reported to promote
lymphangiogenesis in tumors. Hwang et al. reported that
high VEGF-C expression in M2-like TAMs promotes
lymphangiogenesis (16). Moreover, Weichand et al. reported the
essential role of the sphingosine-1-phosphate receptor 1 signaling
pathway and its downstream secretory molecules NOD-like
receptor protein 3 and IL-1B in metastasis, angiogenesis, and
lymphangiogenesis in breast cancer (24). Using in vitro
experiments and dataset analysis, the authors also demonstrated
that through this pathway, IL-1B is related to lymphatic vessel
proliferation, whereas NOD-like receptor protein 3 is related to
breast cancer invasion and metastasis. Due to the polymorphisms
of TAMs and the complexity of related molecules, the interaction
between TAMs and the TME in tumors requires further study.

3 CANCER IMMUNOTHERAPY AND M2-
LIKE TAMS

Given that traditional cancer treatment strategies, such as
radiotherapy, chemotherapy, and surgical excision, are

associated with challenges of resistance and recurrence, a
variety of immune checkpoint and checkpoint blockade
immunotherapy strategies have been proposed and are starting
to shed light on the treatment of various cancer types. These
immune checkpoint-associated therapies, also known as immune
checkpoint blockade (ICB) or immune checkpoint inhibitors
(ICIs), include targeting and antagonizing cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4) and programmed
cell death protein 1 (PD-1), and its ligands (programmed
death ligand 1 [PD-L1] and 2 [PD-L2]) (25). Moreover,
chimeric antigen receptor (CAR)-T cell therapy is another
immunotherapy strategy that has achieved tremendous
breakthrough in recent years and is mainly applied in non-
solid tumors, such as leukemia and lymphoma (26). TAMs are
essential components of the TME and play a prominent role in
these therapeutic processes and pave the way for the creation of
new therapeutic approaches. In this section, recent advances and
challenges in cancer treatment as well as the role of M2-like
TAM:s in ICB and CAR-T cell therapy are discussed.

3.1 Recent Advances and Challenges in
Cancer Treatment
CTLA-4 is a receptor located on the surface of T cells that
dampens T cell activity and promotes tumor proliferation.
Mechanistically, CTLA-4 prevents uncontrolled expansion of
activated T cells by competitively binding to CD80/CD86
receptors on CD28-expressing dendritic cells. Similarly, PD-1
is another immune checkpoint receptor that is often expressed
on the surface of tumor-infiltrating lymphocytes, while its
ligands PD-L1 and PD-L2 are highly expressed on tumors; the
interaction of PD-1 with PD-L1/PD-L2 can lead to a diminished
immune response (25). Hence, blocking immune checkpoints,
such as CTLA-4, PD-1, and PD-L1/PD-L2, using ICB drugs has
become a widely investigated strategy for cancer treatment. The
CTLA-4 antibody ipilimumab and anti-PD-1 antibodies,
pembrolizumab and nivolumab, have been approved by the
United States Food and Drug Administration as therapeutic
agents for patients with melanoma (27). PD-L1 antibodies
durvalumab and avelumab have also been approved for use in
different cancers. However, despite the unprecedented success of
ICB, its efficacy against “cold” tumors, such as glioblastoma
(GBM), remains elusive, in part due to TIM-3 upregulation and
the blocking effect of the blood-brain barrier (28). In addition,
due to a multitude of host endogenous or exogenous factors, the
therapeutic response to ICB in cancer is often restricted, either
effective only in specific tumor types or in selected patients.
Furthermore, the prevalence of immune-related adverse events
associated with ICB therapy remains high and the underlying
mechanisms remain unclear and require further study.
Presently, CARs can be divided into five generations: the first
generation, which expresses the basic CD3( signal; the second
and third generations, which express expressing co-stimulatory
domains; the fourth generation, which expresses cytokine-
expression domains; and the fifth generation, which expresses
cytokine receptor-expressing domains (28). There are four
generations of CAR-T cell therapy, and the current United
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States Food and Drug Administration-approved products are
mainly second-generation CAR-T cells with CD28 or 4-1BB co-
stimulatory receptors. The process of CAR-T cell therapy is as
follows: 1) isolation of leukocytes from patients; 2) in vitro
activation of T cells by T-cell receptor and CD28; 3)
introduction of CARs using viral or non-viral vectors; 4)
culture and proliferation of CAR-T cells; and 5) transfusion of
amplified CAR-T cells to the patient (26). However, a variety of
factors, such as antigen mutations, CAR-T cell depletion, and
suppressive TME, are thought to be associated with resistance.
For example, the absence of antigens, especially CD19 mutations,
is an important cause of CAR-T cell therapy failure, while
prolonged CAR activation leads to apoptosis and T cell failure.
Additionally, the immunosuppressive effect exerted by cytokines,
such as prostaglandin E2, IL-6, IL-10, and TGF-J in the TME, as
well as infiltrating regulatory T cells and TAMs, are obstacles to
CAR-T cell therapy (29). Moreover, although CAR-T cell
therapy has shown promising results in hematologic diseases,
such as leukemia and lymphoma, it has not been as effective in
the treatment of solid tumors, such as GBM (14, 28, 29).

3.2 Role of M2-Like TAMs in ICB and CAR-
T Cell Therapy

The application of ICB drugs and the novel concept of
harnessing the “CAR” devices to active and direct T cells has
brought a considerable breakthrough in the field of oncology.
Given that the limitations of these two therapeutic approaches
exist primarily in solid tumors rather than in hematologic
tumors, a better understanding of the mechanisms underlying
resistance in solid tumors may help improve the modalities and
efficacy of immunotherapy. With this regard, the activity of M2-
like TAMs in the TME is highly correlated with immune
downregulation and resistance to these treatments, which
needs to be urgently addressed.

M2-like TAMs induce resistance to ICB therapy in solid
tumors, the underlying mechanisms include, but are not
limited to, recruitment to the TME via tumor-derived
chemokines, such as CXCL8 and CCL2, to mediate local
immunosuppression, as well as the direct expression of high
levels of PD-L2 but not PD-L1 to escape anti-PD-1 targeted
therapies (30, 31). For example, immunosuppressive factors,
such as arginase-1, secreted by CXCR2+CD68+ macrophages
that infiltrate the TME, lead to functional failure of T cells and
tolerance to ICB. Mingjie et al. suggested that IFN-y could inhibit
CXCL8 secretion in pancreatic cancer and prevent the
recruitment of CXCR2+CD68+ macrophages, thereby
improving the efficacy of anti-PD-1 therapies (30).
Additionally, PD-L2 exerts immunosuppressive effects similar
to PD-L1 but is not sensitive to anti-PD-L1 drugs, and the
expression of PD-L2 on M2-like TAMs can also lead to
therapeutic failure. Yang et al. demonstrated that blockade of
the CCL2-CCR2 axis in esophageal squamous cell carcinoma
contributes to the downregulation of infiltrating TAMs, thereby
reducing PD-L2 expression and inhibiting immunosuppression
(31). In summary, chemokines that recruit TAMs into the TME
and the variable expression of immune checkpoints on M2-like

TAMs contribute to resistance to ICB. Furthermore, upon
interaction with other factors, such as progranulin (PGRN)
and lipid accumulation, TAMs can suppress immune responses
with PD-L1 overexpression (32, 33). PGRN is expressed in
inflammatory diseases and tumors and is implicated in
neurodegeneration, tissue damage repair, and embryonic
development. Fang et al. demonstrated that PGRN upregulates
the expression of PD-L1 and M2-related receptors on TAMs by
stimulating the Janus kinase (JAK)/STAT?3 signaling pathway in
breast cancer (32). Similarly, Qin Luo et al. reported that lipid
accumulation enhances the expression of M2-associated markers
(CD206 and CDl11c) and PD-L1 on TAMs through the
phosphoinositide 3-kinase (PI3K)-y signaling pathway in
gastric cancer (33). The findings of these studies suggest that
signaling pathways associated with M2-like TAMs may
contribute to resistance to ICB therapy and poor prognosis by
modulating immune receptors, such as PD-1.

Moreover, poor performance of CAR-T cell therapy in solid
tumors has put its development in a difficult position, and
targeting M2-like TAMs in the TME is one potential approach
for addressing this challenge. Recently, Rodriguez-Garcia et al.
reported that a subpopulation of TAMs characterized by folate
receptor beta (FRP) can lead to antigen-specific T-cell
dysfunction and failure of hMeso CAR-T cell therapy (34).
The authors used various approaches, including gene
expression analyses, flow cytometry, multiplex cytokine
analysis, and oxygen consumption assays, to confirm that
FRB+ TAMs exhibit M2-like profiles. FRB+ TAMs were found
to express high levels of CD204, CD206, and IL-10 in mouse
models of ovarian cancer, colon cancer, and melanoma,
exhibited elongated cell shape, and displayed high oxygen
consumption and metabolic capacity. Subsequently, they
suggested that pretreatment of the TME with mFRB CAR-T
cell cells could arrest tumor expansion and enhance the potency
of tumor-specific CAR-T cells, which provides a new direction to
improve CAR-T cell therapy.

4 TARGETING TAM REPOLARIZATION AS
A CANCER TREATMENT STRATEGY

Given that M2-like TAMs participate in various
immunosuppressive processes in the TME, and also play a role
in ICB and CAR-T cell therapy failure, strategies for targeting
TAMs are attracting increasing attention. In general, targeting
TAMs for cancer treatment has two main directions: 1) to
prevent macrophage recruitment to the TME; and 2) to
regulate TAM repolarization (14). Many attempts have been
made to restrict the infiltration of TAMs by blocking the CSE-1/
CSF-1 receptor and CCL2/CCR2 pathways with varying degrees
of success (3). Furthermore, there has been wide interest in
regulating the functions of TAMs. In this section, we review
signaling pathways and other factors related to TAM
reprogramming and discuss approaches for targeting
TAM repolarization.
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4.1 Signaling Pathways and TAMs
Reprogramming

The pivotal role of TAMs in tumor evolution is associated with
various signaling pathways, including, but not limited to, the
STAT family, PI3Ky/AKT and NF-xB signaling pathways, and
other related pathways, such as the CD47/SIRPo. signaling
pathway (3, 9). Understanding the significance of each
pathway in macrophage polarization is of great importance
and provides insights into developing strategies that can
regulate the conversion of M2-like TAMs to M1l-like TAMs.
Therefore, in the below section, we discuss several important
signaling pathways associated with the repolarization of TAMs,
and the relevant literature is presented in Table 1.

4.1.1 STAT Family Signaling Pathways

STAT family (STAT1, STAT2, STAT3, STAT4, STAT5A,
STAT5B, and STAT6) plays an indispensable role in the
efficiency of the mammalian immune system, and JAK (JAK1,
JAK2, JAK3, and TYK2) is the most common upstream
molecule of the STAT family (48). Both the JAK/STAT1 and
JAK/STATS3 signaling pathways participate in macrophage
polarization. The JAK/STAT1 signaling pathway can be
activated by IFN-y, which in turn upregulates the expression
of nicotinamide phosphoribosyl transferase (NAMPT), the
rate-limiting enzyme for NAD salvage synthesis (35). This
study demonstrated that STAT1-induced NAMPT drives
glycolysis, M1 polarization, and better outcomes in both
mouse and human models of melanoma, while inhibition of
NAMPT with FK866 reverses these effects. However, another

study showed that IL-10 secreted by M2 macrophages can
promote mantle cell lymphoma growth via the STATI
signaling pathway (36). This suggests that STATI signaling
pathway has complex roles and is involved in both M1
polarization that exerts pro-inflammatory effects and M2
polarization that exerts anti-inflammatory effects. The JAK/
STAT3 signaling pathway is activated by various upstream
molecules including PGRN and IL-6 in tumor models of
breast and colorectal cancers, resulting in the induction of
M2 macrophage polarization (32, 37). Qian et al.
demonstrated that CPEB3, one of the four different CPEB-
binding proteins, inhibits TAM-derived IL-6 and modulates
CCL2 secretion, thus blocking this signaling pathway,
attenuating tumor occurrence, and inhibiting CD163+ TAM
polarization in colorectal cancer. Interestingly, studies have also
reported that some long noncoding RNAs can bind directly to
STATS3 rather than JAK and induce phosphorylation of STAT3
(49). For instance, Tao et al. demonstrated that long intergenic
noncoding RNA 00514 regulates the expression of
phosphorylated-STAT3 and activates the Jaggedl-mediated
Notch signaling pathway, leading to M2 polarization and
breast cancer malignancy (38). STAT6 pathway is also known
to drive M2 polarization. Trim24, a CREB-binding protein-
associated E3 ligase, mediates CREB-binding protein
ubiquitination at Lys119, and has been shown to promote
STAT6 K383 acetylation and inhibits M2 polarization (39).
Additionally, negative feedback by IL-4-activated STAT6
inhibits gene expression of Trim24, which may result in
immunosuppressive profiles in the TME.

TABLE 1 | Overview of several signaling pathways associated with the repolarization of tumor-associated macrophages.

Author Disease Year Molecule Mechanism Function References

Huffaker, T B melanoma 2021 IFNy, Activate JAK/STAT1 signaling pathway M1 polarization and better melanoma (35)

etal. NAMPT outcome

Kang Le Mantle cell lymphoma 2021 IL-10 Activate JAK/STAT1 signaling pathway promote mantle cell lymphoma growth (36)

etal.

Wenli Fang Breast cancer 2021 Progranulin  Activate JAK/STAT3 signaling pathway M2 polarization and up-regulated the (82)

etal. PD-L1 expression of TAMs

Qian Zhong  Colorectal cancer 2020 CPEB3 Inhibit IL-6R/JAK/STAT3 signaling pathway  Attenuated tumor occurrence and inhibited 37)

etal CD163+ TAM polarization

Sifeng Tao Breast cancer 2020 linc00514 Activate STAT3/Jagged1/Notch signaling M2 polarization and breast cancer (38)

et al. pathway metastasis

TaoYuetal. / 2019 Trim24 STAT6 K383 acetylation Restrain macrophage M2 polarization (39)

Ying Wang Esophageal squamous 2020 FOXO1 Activate FAK/PIBK/AKT signaling pathway M2 polarization (40)

etal cell carcinoma

Jason K. Sa  Glioblastoma 2020 MARCO Activate PISKy/AKT signaling pathway, PTEN M2 polarization and promote tumor growth (41)

etal. loss

Man Li et al.  Pancreatic cancer 2020 BEZ Inhibit PISK/AKT signaling pathway M1 polarization (42)

Zhu et al. Diffuse large B-cell 2019 NSE Enhance nuclear p50 translocation and M2 polarization and promotie the (43)
lymphoma inhibit NF-xB signaling pathway progression of lymphoma

Chia-Sing Lu  Non-small cell lung 2020 JSH-23 Inhibit NF-kB signaling pathway Restrain macrophage M2 polarization (44)
cancer

Zhenxing Non-small cell lung 2020 CtBP1 Activate NF-xB signaling pathway CCL2 secretion and M2 polarization (45)

Wang etal.  cancer

Marta Di Melanoma 2020 Bcl-2 Activate NF-xB signaling pathway Activation of IL-1B and M2 polarization (46)

Martile et al.

Michael Glioblastoma 2016 Anti-CD47  Inhibit CD47-SIRPa signaling pathway M1 polarization 47)

Zhang et al. antibody

NAMPT, the rate limiting enzyme in NAD salvage synthesis; CPEB3, Cytoplasmic polyadenylation element binding protein 3; Trim24, a CBP-associated E3 ligase; FOXO1, The
transcription factor forkhead box protein O1; MARCO, the macrophage receptor with collagenous structure; BEZ, PI3k-vy inhibitor; NSE, neuron-specific enolase.

Frontiers in Immunology | www.frontiersin.org

June 2022 | Volume 13 | Article 888713


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

Gao et al.

Polarization of Tumor-Associated Macrophages

4.1.2 PI3Ky/AKT Signaling Pathway

Several studies have shown that the PI3KYy/AKT signaling pathway
is correlated with M2 polarization and poor prognosis in glioma,
esophageal, gastric, and pancreatic cancers (40-42). Genomic
analysis of GBM showed that mesenchymal-associated TAMs
encoding high levels of MARCO play a role in the regulation of
M2-like macrophages and accelerate tumor growth and aggressive
phenotypes of GBM through loss of phosphatase and tensin
homolog and activation of PI3Ky/AKT signaling pathway (41).
Similarly, in esophageal squamous cell carcinoma, forkhead box
protein O1 promotes recruitment and polarization of M2
macrophages via the FAK/PI3K/AKT pathway, and the PI3K
inhibitor LY294002 effectively suppresses the tumorigenic process
of M2 macrophages (40). Additionally, the PI3Ky pathway plays a
major role in the formation of an immunosuppressive TME in
pancreatic cancer, and its blocking drug BEZ successfully switched
TAMs from M2 to M1 phenotype (42).

4.1.3 NF-xB Signaling Pathway

Abnormal NF-«B activation is considered a contributing factor
for tumor progression in some tumors, such as murine
fibrosarcomas and diffuse large B-cell lymphoma; however,
additional evidence suggests that it plays a protective role in
promoting M2 differentiation and tumor progression (43, 50).
For example, in NSCLC cells, the NF-xB inhibitor JSH-23
suppresses Oct4 expression, which subsequently inhibits the
repolarization of monocytes into M2 macrophages (44). siRNA
and BAY 11-7082 knock out P65 and impede p65 nuclear
translocation, respectively, both of which block CtBP1-
mediated CCL2 release by inhibiting the NF-kB signaling
pathway (45). Similarly, in melanoma cells, the NF-xB
repressor IKBa induces failure of Bcl-2-mediated M2
polarization (46). The complex role of the NF-kB pathway is
partly due to its abundant downstream molecules, including
chemokines, such as CCL2, as well as inflammatory cytokines,
such as IL-1B, TNF-o, and IL-6 (45, 50). As mentioned
previously, CCL2 is associated with monocyte recruitment and
M2 polarization in the TME, whereas IL-1f3, TNF-a, and IL-6
may play a dual role in tumors under different conditions.

4.1.4 CD47/SIRPq. Signaling Pathway

The CD47/SIRPo. “do not eat me” signal is of great interest in terms
of the anti-phagocytic ability of macrophages and researches
targeting the CD47/SIRPo. axis for better prognosis in various
cancers such as ovarian, breast and colorectal cancer have also
progressed today (51). Additionally, anti-CD47 treatment has been
reported to regulate the transformation of M2-like TAMs into the
M1 phenotype in vivo (47), suggesting a relationship between this
pathway and reprogramming of macrophage polarization.

4.2 Other Factors Involved in Macrophage
Polarization

4.2.1 Lactic Acid and Tumor Acidosis Promotes M2
Macrophage Polarization

The 2019 Nobel Prize in Physiology or Medicine recognized a
major discovery of the basic principles of how cells sense and

respond to oxygen at the molecular level. Hypoxia-inducible
factor lo. (HIFla) has received increasing attention as an
important component of the oxygen-sensing mechanism (52).
The relationship between hypoxia, HIFla, glycolysis, and
lactic acid has been described previously. Interestingly, while
M2 anti-inflammatory macrophages mainly rely on oxidative
phosphorylation for energy, M1 pro-inflammatory macrophages
rely mainly on glycolysis, which in turn increases lactic acid
levels (53). It is worth noting that lactic acid facilitates M2
polarization through various mechanisms and some studies
have shown that lactic acid driven from lactate dehydrogenase
is responsible for tumor invasion. In pituitary adenoma, real-
time quantitative reverse transcription PCR results indicated that
high levels of lactate dehydrogenase A (LDHA) and LAMP2
mRNA were associated with larger tumor size and stronger
invasiveness. Subsequent cellular assays demonstrated that
overproduction of lactic acid polarizes macrophages to the M2
phenotype, reshaping the TME (54). Additionally, bioinformatic
analysis of 20 clinical samples of hepatocellular carcinoma
revealed that overexpression of epithelial cell transformation
sequence 2 leads to elevated lactate levels, resulting in
polarization of M2 macrophages, a process that can be
inhibited by knockdown of lactate dehydrogenase A (55).
Tumor acidosis is another pro-tumor growth factor associated
with glycolysis. For example, in melanoma, high level of
glycolytic activity leads to accelerated glucose consumption
and increased hydrogen ions (H+) and organic acids,
which acidifies the TME and thus induces macrophages to
express the transcriptional repressor ICER, eventually leads
to the polarization of M2-like TAMs and subsequent
immunosuppression. After excluding the effect of lactic acid,
the authors demonstrated that the acidified environment in
melanoma promotes non-inflammatory macrophage
polarization and tumor growth (56). The association between
the M1 and M2 macrophages is a dynamic process that is difficult
to delineate. Therefore, it is crucial to regulate the balance
between lactate levels and the degree of tumor acidosis in the
TME to inhibit immunosuppression.

4.2.2 Iron Promotes M1 Macrophage Polarization
Iron overload has received wide attention because of its functions
in facilitating M1 polarization, inhibiting M2 activation, and
exerting tumor immunotherapy effects. Mechanistically, iron
overload polarizes macrophages to the M1 subtype through
production of reactive oxygen species, thereby increasing p53
acetylation, which might participate in iron overload-induced
macrophage polarization (57). Moreover, iron overload
upregulates the expression of CCL2, IL-1B, TNF-0, and IL-6,
suggesting activation of the NF-kB signaling pathway, thereby
disrupting homeostasis of M1/M2 macrophage polarization (58).
Since ionized iron can promote M1 macrophage polarization,
Fe304 nanoparticles (NPs) were designed to target macrophage
polarization and fight malignancy (59). It's worth noting that
Fe304 NPs are mainly internalized by macrophages and
degraded to Fe2+ and Fe3+, thus playing a role in converting
macrophage phenotypes to M1.
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4.2.3 Phytochemicals and Macrophages Polarization

Phytochemicals, which are extracted from natural plant products,
also play an important role in mediating macrophage polarization
and functions through various pathways. For example, curcumin
was found to block M2 polarization of microglial cells in the mouse
brain and increase the proportion of M1 polarization by inducing
STAT1 and NF-kB signaling pathways, resulting in the decrease of
GBM cells (60). Curcumin was also shown to recruit both NK cells
and M1 macrophages into mouse GBM tumors, which reversed the
immunosuppressed state in the GBM microenvironment (61).
Similarly, rhodopsin, one of the main pharmacological active
components of rhubarb, has also been found to have an
inhibitory effect on tumor infiltration and M2 polarization. The
mechanism may be the suppression of STAT6 and C/EBPJ
signaling pathways (62). Furthermore, ginseng astragalus aqueous
extract (WEGA) may also have the potential to become a new anti-
cancer direction. Studies have revealed that WEGA can
significantly inhibit the proliferation of human lung cancer cells
A549 and stimulate the polarization of macrophages to M1 type
(63). In conclusion, the application of phycocyanin, to a greater or
lesser extent, is connected to the intrinsic mechanism of
macrophage polarization and deserves further investigation.

4.3 Approaches for Targeting TAM
Repolarization

In this section, we discuss several approaches for targeting TAM
repolarization, including exosomes, bacterial vectors,
nanocarriers, and CAR-macrophage (CAR-M) therapy, as
shown in Figure 3.

4.3.1 Targeting Macrophage-Derived and Cancer
Cell-Derived Exosomes

Exosomes are small extracellular vesicles enclosed by a lipid
membrane, typically between 30 and 150 nm in diameter, that

have been found to participate in the interaction between tumor
cells and macrophages. In general, both macrophage-and cancer
cell-derived exosomes are associated with tumor immune
evasion, metastasis, and drug resistance through various
signaling pathways (64). For example, exosomal miR-138-5p
derived from breast cancer cells suppresses the expression of
KDMS6B in macrophages, thereby suppressing M1-related gene
expression and promoting breast cancer metastasis (65).
Therefore, targeting exosomes derived from macrophages and
tumors to eliminate tumors has attracted attention. Improving
the ability of exosomes to target tumors and using exosomes to
mediate drugs to overcome biological barriers, including the
blood-brain barrier and gastrointestinal tract, are emerging as
potential therapeutic strategies (66). However, these strategies
still lack a comprehensive theoretical understanding and
exosome manufacturing remains a challenge.

4.3.2 Bacterial Therapy and Bacterial Carriers

Bacteria and other microbes have been detected in human
tumors. A comprehensive analysis of 1,526 tumor samples
found that bacterial components are prevalent in human solid
tumors, especially breast tumors (67). Bacterial therapy has been
widely studied as an important strategy for cancer tumor
treatment. For example, some studies showed that ablation of
bacteria in pancreatic cancer promotes immune cell infiltration
and reduces M2 macrophages in a murine model, while other
studies demonstrated that some bacteria are associated with
improved clinical outcomes (68). In general, bacteria that cause
acute infectious diseases, such as Salmonella and
Mycobacterium, contribute to M1 polarization. In contrast,
bacteria that cause chronic infections are more inclined
towards M2 polarization (69). Therefore, cancer treatment
utilizing bacteria that can stimulate M1 polarization could be
effective, and studies on the use of bacterial treatment to
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FIGURE 3 | Targeting tumor-associated macrophages repolarization via exosomes, bacterial vectors, nanocarriers, and chimeric antigen receptor-macrophage therapy.
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differentiate TAMs from an anti-tumor phenotype already exist.
Listeria monocytogenes, a bacterium with anti-tumor immune
potential, induces immune responses and expresses tumor-
associated antigens. The attenuated AactA/AinlB strain is
commonly used for tumor vaccine development, while its
ability to enrich antigen-presenting cells has been exploited by
researchers to induce repolarization of CD11b+ TAMs and
successfully trigger therapeutic anti-tumor immunity (70).
Recently, the tumor-targeting ability of bacteria has also been
explored to carry therapeutic agents and deliver them precisely
into the TME, where they participate in repolarization after being
phagocytosed by M2 macrophages (71).

4.3.3 NPs as Drug Carriers

Another emerging strategy for targeting TAMs is the use of NPs,
which are focused on overcoming the immunosuppressive TME
and in vivo delivery barriers. Increased advancements in
biomedical NP research has revealed the role of nano-targeted
drug delivery systems (nano-TDDS) in enhancing efficacy and
improving prognosis. Various nanomaterials have been used to
build nano-TDDSs, and substantial progress has been made in this
regard. Liposomes, polymeric NPs, and inorganic NPs have all
been employed for the development of nano-TDDS and TAM-
related tumor therapy. Hot topics of research in this area include,
but are not limited to, mimicking biological/natural vectors and
metal-organic framework (MOF)-based NPs (72, 73). For
instance, lipopolysaccharide-induced macrophage membranes
were designed to deliver Fe304 NPs and Toll-like receptor 7
agonist imiquimod (R837) (59). Following phagocytosis of PLGA-
ION-R837@M by TAMs, Fe304 NPs and R837 induced
polarization of TAMs to the M1 phenotype via IRF5 and NF-«xB
signaling pathways. The application of this nanocarrier effectively
increased the M1/M2 ratio from 0.36 t02.88. Another study linked
Escherichia coli MG1655 and resiquimod (R848) by electrostatic
interactions and used bacterial vectors to target hypoxic tumors,
regulating the repolarization of M2 macrophages into M1
macrophages by releasing R848 (71). These two types of nano-
TDDS using biological/natural vectors exert anti-tumor effects by
increasing M1 macrophage levels to modulate the pro-
inflammatory TME. In addition, MOF-NPs have emerged as
multifunctional platforms for next-generation drug delivery
systems and MOF-bearing immune agonists (isMOF) have been
developed to enhance the immune response, followed by surface
modification of isSMOF NPs with zoledronic acid (74). The
application of these NPs, known as BT-isMOF, not only
induced high levels of CD86 expression on macrophages, which
suggests an M1 phenotype, but also demonstrated potent
inhibitory effects against bone metastasis in mice. In summary,
although NP-based TAM-targeted therapy has transport barriers,
such as low drug solubility and short half-life, it is a promising
direction for tumor immunotherapy in the future.

4.3.4 Engineering Macrophages to Act Like M1 Cells

—CAR-M Cells

CAR-T cell therapy has made breakthroughs in the treatment of
refractory hematological tumors, such as acute lymphoblastic
leukemia and diffuse large B-cell lymphoma, but has not been

effective in solid tumors (28). Therefore, the development of other
immune cells using the CAR platform to treat solid tumors is
emerging, and CAR-M technology presents a new
immunotherapy strategy. Owing to the large number of
macrophages infiltrating the TME, CAR-M technology regulates
phagocytosis of macrophages, enhances their antigen-presenting
activity, and blocks them in M1 phenotype, thereby improving the
immunosuppressive microenvironment (75). Recently, Klichinsky
et al. developed a robust gene transfer approach to engineer
sustained pro-inflammatory signaling in macrophages in the
human TME by delivering first-generation CARs encoding the
CD3( signaling domain to the human macrophage THP-1 cell line
via an adenoviral vector (Ad5f35) (76). CAR-M cells have been
shown to eradicate tumor cells and reduce the metastatic tumor
burden in a dose- and time-dependent manner in in vivo
humanized mouse models. The advantage of this new cell-
editing approach is that CAR serves as a platform for precise
targeting of antigen-expressing tumor cells, overcoming the
difficulty of reaching the TME, while the edited macrophages
are able to maintain an anti-tumor phenotype.

5 CONCLUSION

TAMs located in the TME have the following characteristics: 1)
TAM:s have an M2-like macrophage phenotype and can exert anti-
inflammatory and pro-tumor effects; 2) studies have shown that
TAMs decrease the efficacy of ICB and CAR-T cell therapy; 3)
TAM polarization is regulated by the various signaling pathways
and regulating these pathways can effectively alter TAM
phenotype; and 4) strategies targeting TAM repolarization, such
as exosomes, bacterial therapy, NPs, and CAR-M therapy, show
potential in the treatment of solid tumors. Paradigm-shifting
discoveries of targeted TAM polarization in tumor
immunotherapy and their remarkable effect on some tumors
have made it a hot research topic. Nevertheless, almost all
studies have been conducted at the preclinical stage. It is
important to acknowledge that most drugs targeting TAMs still
face difficulties, such as transport barriers, complex preparation
methods, and unstable drug forms. In conclusion, research on
TAM repolarization is still in the preliminary stages and several
different targeting approaches are under investigation. The efficacy
of these approaches in combination with other anti-tumor
strategies in different tumors warrants further investigation.

AUTHOR CONTRIBUTIONS

JG, YL, and LW had a substantial contribution to the conception
of the work, drafted the work, revised it critically and approved it
for publication. All authors contributed to the article and
approved the submitted version.

FUNDING

This work was supported by grants from the National Natural
Science Foundation of China (grant No. 81873450, 82170181),
and Beijing Hospitals Authority Youth Programme (code:
QML20200201) to LW.

Frontiers in Immunology | www.frontiersin.org

June 2022 | Volume 13 | Article 888713


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

Gao et al.

Polarization of Tumor-Associated Macrophages

REFERENCES

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Mosser DM, Edwards JP. Exploring the Full Spectrum of Macrophage
Activation. Nat Rev Immunol (2008) 8(12):958-69. doi: 10.1038/nri2448

Colin S, Chinetti-Gbaguidi G, Staels B. Macrophage Phenotypes in
Atherosclerosis. Immunol Rev (2014) 262(1):153-66. doi: 10.1111/imr.12218

. Anderson NR, Minutolo NG, Gill S, Klichinsky M. Macrophage-Based

Approaches for Cancer Immunotherapy. Cancer Res (2021) 81(5):1201-8.
doi: 10.1158/0008-5472.CAN-20-2990

. Shapouri-Moghaddam A, Mohammadian S, Vazini H, Taghadosi M, Esmaeili

SA, Mardani F, et al. Macrophage Plasticity, Polarization, and Function in
Health and Disease. ] Cell Physiol (2018) 233(9):6425-40. doi: 10.1002/
jcp.26429

. Mantovani A, Sica A, Sozzani S, Allavena P, Vecchi A, Locati M. The

Chemokine System in Diverse Forms of Macrophage Activation and
Polarization. Trends Immunol (2004) 25(12):677-86. doi: 10.1016/
j.it.2004.09.015

. Osipov A, Murphy A, Zheng L. From Immune Checkpoints to Vaccines: The

Past, Present and Future of Cancer Immunotherapy. Adv Cancer Res (2019)
143:63-144. doi: 10.1016/bs.acr.2019.03.002

. Sylvestre M, Crane CA, Pun SH. Progress on Modulating Tumor-Associated

Macrophages With Biomaterials. Adv Mater (2020) 32(13):e1902007. doi:
10.1002/adma.201902007

. Wu T, Dai Y. Tumor Microenvironment and Therapeutic Response. Cancer

Lett (2017) 387:61-8. doi: 10.1016/j.canlet.2016.01.043

. Shu Y, Cheng P. Targeting Tumor-Associated Macrophages for Cancer

Immunotherapy. Biochim Biophys Acta Rev Cancer (2020) 1874(2):188434.
doi: 10.1016/j.bbcan.2020.188434

Xiao M, Zhang J, Chen W, Chen W. MIl-Like Tumor-Associated
Macrophages Activated by Exosome-Transferred THBS1 Promote
Malignant Migration in Oral Squamous Cell Carcinoma. J Exp Clin Cancer
Res (2018) 37(1):143. doi: 10.1186/s13046-018-0815-2

Wang H, Wang X, Li X, Fan Y, Li G, Guo C, et al. CD68(+)HLA-DR(+) M1-
Like Macrophages Promote Motility of HCC Cells via NF-kb/FAK Pathway.
Cancer Lett (2014) 345(1):91-9. doi: 10.1016/j.canlet.2013.11.013

Nakao S, Kuwano T, Tsutsumi-Miyahara C, Ueda S, Kimura YN, Hamano S,
et al. Infiltration of COX-2-Expressing Macrophages Is a Prerequisite for IL-1
Beta-Induced Neovascularization and Tumor Growth. J Clin Invest (2005) 115
(11):2979-91. doi: 10.1172/JCI23298

Fujimoto J, Aoki I, Khatun S, Toyoki H, Tamaya T. Clinical Implications of
Expression of Interleukin-8 Related to Myometrial Invasion With
Angiogenesis in Uterine Endometrial Cancers. Ann Oncol (2002) 13(3):430-
4. doi: 10.1093/annonc/mdf078

Liu KX, Joshi S. “Re-Educating”Tumor Associated Macrophages as a Novel
Immunotherapy Strategy for Neuroblastoma. Front Immunol (2020)
11:1947.doi: 10.3389/immu.2020.01947

Fu LQ, Du WL, Cai MH, Yao JY, Zhao YY, Mou XZ. The Roles of Tumor-
Associated Macrophages in Tumor Angiogenesis and Metastasis. Cell
Immunol (2020) 353:104119. doi: 10.1016/j.cellimm.2020.104119

Hwang I, Kim JW, Ylaya K, Chung EJ, Kitano H, Perry C, et al. Tumor-
Associated Macrophage, Angiogenesis and Lymphangiogenesis Markers
Predict Prognosis of non-Small Cell Lung Cancer Patients. | Transl Med
(2020) 18(1):443. doi: 10.1186/512967-020-02618-z

Wu H, Zhang X, Han D, Cao J, Tian J. Tumour-Associated Macrophages
Mediate the Invasion and Metastasis of Bladder Cancer Cells Through
CXCLS8. Peer] (2020) 8:8721. doi: 10.7717/peerj.8721

Naito Y, Takagi T, Higashimura Y. Heme Oxygenase-1 and Anti-
Inflammatory M2 Macrophages. Arch Biochem Biophys (2014) 564:83-8.
doi: 10.1016/j.abb.2014.09.005

Arnold JN, Magiera L, Kraman M, Fearon DT. Tumoral Immune Suppression
by Macrophages Expressing Fibroblast Activation Protein-o. and Heme
Oxygenase-1. Cancer Immunol Res (2014) 2(2):121-6. doi: 10.1158/2326-
6066.CIR-13-0150

Kim SH, Saeidi S, Zhong X, Gwak SY, Muna IA, Park SA, et al. Breast Cancer
Cell Debris Diminishes Therapeutic Efficacy Through Heme Oxygenase-1-
Mediated Inactivation of M1-Like Tumor-Associated Macrophages. Neoplasia
(2020) 22(11):606-16. doi: 10.1016/j.ne0.2020.08.006

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Carvalho MI, Pires I, Prada J, Raposo TP, Gregorio H, Lobo L, et al. High
COX-2 Expression Is Associated With Increased Angiogenesis, Proliferation
and Tumoural Inflammatory Infiltrate in Canine Malignant Mammary
Tumours: A Multivariate Survival Study. Vet Comp Oncol (2017) 15
(2):619-31. doi: 10.1111/vc0.12206

Obermajer N, Wong JL, Edwards RP, Odunsi K, Moysich K, Kalinski P. PGE
(2)-Driven Induction and Maintenance of Cancer-Associated Myeloid-
Derived Suppressor Cells. Immunol Invest (2012) 41(6-7):635-57. doi:
10.3109/08820139.2012.695417

La Fleur L, Botling ], He F, Pelicano C, Zhou C, He C, et al. Targeting MARCO
and IL37R on Immunosuppressive Macrophages in Lung Cancer Blocks
Regulatory T Cells and Supports Cytotoxic Lymphocyte Function. Cancer
Res (2021) 81(4):956-67. doi: 10.1158/0008-5472.CAN-20-1885

Weichand B, Popp R, Dziumbla S, Mora J, Strack E, Elwakeel E, et al. SIPR1
on Tumor-Associated Macrophages Promotes Lymphangiogenesis and
Metastasis via NLRP3/IL-1B. J Exp Med (2017) 214(9):2695-713. doi:
10.1084/jem.20160392

Morad G, Helmink BA, Sharma P, Wargo JA. Hallmarks of Response,
Resistance, and Toxicity to Immune Checkpoint Blockade. Cell (2021) 184
(21):5309-37. doi: 10.1016/j.cell.2021.09.020

Larson RC, Maus MV. Recent Advances and Discoveries in the Mechanisms
and Functions of CAR T Cells. Nat Rev Cancer (2021) 21(3):145-61. doi:
10.1038/541568-020-00323-z

Bagchi S, Yuan R, Engleman EG. Immune Checkpoint Inhibitors for the
Treatment of Cancer: Clinical Impact and Mechanisms of Response and
Resistance. Annu Rev Pathol (2021) 16:223-49. doi: 10.1146/annurev-pathol-
042020-042741

Yu MW, Quail DF. Immunotherapy for Glioblastoma: Current Progress and
Challenges. Front Immunol (2021) 12:676301. doi: 10.3389/
fimmu.2021.676301

Bagley S, Desai AS, Linette GP, June CH, O'Rourke DM. CAR T-Cell Therapy
for Glioblastoma: Recent Clinical Advances and Future Challenges. Neuro
Oncol (2018) 20(11):1429-38. doi: 10.1093/neuonc/noy032

Zhang M, Huang L, Ding G, Huang H, Cao G, Sun X, et al. Interferon Gamma
Inhibits CXCL8-CXCR2 Axis Mediated Tumor-Associated Macrophages
Tumor Trafficking and Enhances Anti-PD1 Efficacy in Pancreatic Cancer. J
Immunother Cancer (2020) 8(1):e000308. doi: 10.1136/jitc-2019-000308
Yang H, Zhang Q, Xu M, Wang L, Chen X, Feng Y, et al. CCL2-CCR2 Axis
Recruits Tumor Associated Macrophages to Induce Immune Evasion
Through PD-1 Signaling in Esophageal Carcinogenesis. Mol Cancer (2020)
19(1):41. doi: 10.1186/s12943-020-01165-x

Fang W, Zhou T, Shi H, Yao M, Zhang D, Qian H, et al. Progranulin Induces
Immune Escape in Breast Cancer via Up-Regulating PD-L1 Expression on
Tumor-Associated Macrophages (TAMs) and Promoting CD8+ T Cell
Exclusion. J Exp Clin Cancer Res (2021) 40(1):4. doi: 10.1186/s13046-020-
01786-6

Luo Q, Zheng N, Jiang L, Wang T, Zhang P, Liu Y, et al. Lipid Accumulation
in Macrophages Confers Protumorigenic Polarization and Immunity in
Gastric Cancer. Cancer Sci (2020) 111(11):4000-11. doi: 10.1111/cas.14616
Rodriguez-Garcia A, Lynn RC, Poussin M, Eiva MA, Shaw LC, O'Connor RS,
et al. CAR-T Cell-Mediated Depletion of Immunosuppressive Tumor-
Associated Macrophages Promotes Endogenous Antitumor Immunity and
Augments Adoptive Immunotherapy. Nat Commun (2021) 12(1):877. doi:
10.1038/541467-021-20893-2

Huffaker TB, Ekiz HA, Barba C, Lee SH, Runtsch MC, Nelson MC, et al. A
Statl Bound Enhancer Promotes Nampt Expression and Function Within
Tumor Associated Macrophages. Nat Commun (2021) 12(1):2620. doi:
10.1038/541467-021-22923-5

Le K, Sun J, Khawaja H, Shibata M, Maggirwar SB, Smith MR, et al. Mantle
Cell Lymphoma Polarizes Tumor-Associated Macrophages Into M2-Like
Macrophages, Which in Turn Promote Tumorigenesis. Blood Adv (2021) 5
(14):2863-78. doi: 10.1182/bloodadvances.2020003871

Zhong Q, Fang Y, Lai Q, Wang S, He C, Li A, et al. CPEB3 Inhibits Epithelial-
Mesenchymal Transition by Disrupting the Crosstalk Between Colorectal
Cancer Cells and Tumor-Associated Macrophages via IL-6r/STAT3 Signaling.
J Exp Clin Cancer Res (2020) 39(1):132. doi: 10.1186/s13046-020-01637-4
Tao S, Chen Q, Lin C, Dong H. Linc00514 Promotes Breast Cancer Metastasis
and M2 Polarization of Tumor-Associated Macrophages via Jaggedl-

Frontiers in Immunology | www.frontiersin.org

June 2022 | Volume 13 | Article 888713


https://doi.org/10.1038/nri2448
https://doi.org/10.1111/imr.12218
https://doi.org/10.1158/0008-5472.CAN-20-2990
https://doi.org/10.1002/jcp.26429
https://doi.org/10.1002/jcp.26429
https://doi.org/10.1016/j.it.2004.09.015
https://doi.org/10.1016/j.it.2004.09.015
https://doi.org/10.1016/bs.acr.2019.03.002
https://doi.org/10.1002/adma.201902007
https://doi.org/10.1016/j.canlet.2016.01.043
https://doi.org/10.1016/j.bbcan.2020.188434
https://doi.org/10.1186/s13046-018-0815-2
https://doi.org/10.1016/j.canlet.2013.11.013
https://doi.org/10.1172/JCI23298
https://doi.org/10.1093/annonc/mdf078
https://doi.org/10.3389/fimmu.2020.01947
https://doi.org/10.1016/j.cellimm.2020.104119
https://doi.org/10.1186/s12967-020-02618-z
https://doi.org/10.7717/peerj.8721
https://doi.org/10.1016/j.abb.2014.09.005
https://doi.org/10.1158/2326-6066.CIR-13-0150
https://doi.org/10.1158/2326-6066.CIR-13-0150
https://doi.org/10.1016/j.neo.2020.08.006
https://doi.org/10.1111/vco.12206
https://doi.org/10.3109/08820139.2012.695417
https://doi.org/10.1158/0008-5472.CAN-20-1885
https://doi.org/10.1084/jem.20160392
https://doi.org/10.1016/j.cell.2021.09.020
https://doi.org/10.1038/s41568-020-00323-z
https://doi.org/10.1146/annurev-pathol-042020-042741
https://doi.org/10.1146/annurev-pathol-042020-042741
https://doi.org/10.3389/fimmu.2021.676301
https://doi.org/10.3389/fimmu.2021.676301
https://doi.org/10.1093/neuonc/noy032
https://doi.org/10.1136/jitc-2019-000308
https://doi.org/10.1186/s12943-020-01165-x
https://doi.org/10.1186/s13046-020-01786-6
https://doi.org/10.1186/s13046-020-01786-6
https://doi.org/10.1111/cas.14616
https://doi.org/10.1038/s41467-021-20893-2
https://doi.org/10.1038/s41467-021-22923-5
https://doi.org/10.1182/bloodadvances.2020003871
https://doi.org/10.1186/s13046-020-01637-4
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Gao et al.

Polarization of Tumor-Associated Macrophages

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Mediated Notch Signaling Pathway. J Exp Clin Cancer Res (2020) 39(1):191.
doi: 10.1186/513046-020-01676-x

Yu T, Gan S, Zhu Q, Dai D, Li N, Wang H, et al. Modulation of M2
Macrophage Polarization by the Crosstalk Between Stat6 and Trim24. Nat
Commun (2019) 10(1):4353. doi: 10.1038/s41467-019-12384-2

Wang Y, Lyu Z, Qin Y, Wang X, Sun L, Zhang Y, et al. FOXO1 Promotes
Tumor Progression by Increased M2 Macrophage Infiltration in Esophageal
Squamous Cell Carcinoma. Theranostics (2020) 10(25):11535-48. doi:
10.7150/thno.45261

Sa JK, Chang N, Lee HW, Cho HJ, Ceccarelli M, Cerulo L, et al.
Transcriptional Regulatory Networks of Tumor-Associated Macrophages
That Drive Malignancy in Mesenchymal Glioblastoma. Genome Biol (2020)
21(1):216. doi: 10.1186/s13059-020-02140-x

Li M, Li M, Yang Y, Liu Y, Xie H, Yu Q, et al. Remodeling Tumor Immune
Microenvironment via Targeted Blockade of PI3K-y and CSF-1/CSF-1R
Pathways in Tumor Associated Macrophages for Pancreatic Cancer Therapy.
J Control Release (2020) 321:23-35. doi: 10.1016/j.jconrel.2020.02.011

Zhu MY, Liu W], Wang H, Wang WD, Liu NW, Lu Y. NSE From Diffuse
Large B-Cell Lymphoma Cells Regulates Macrophage Polarization. Cancer
Manag Res (2019) 11:4577-95. doi: 10.2147/CMAR.S203010

Lu CS, Shiau AL, Su BH, Hsu TS, Wang CT, Su YC, et al. Oct4 Promotes M2
Macrophage Polarization Through Upregulation of Macrophage Colony-
Stimulating Factor in Lung Cancer. ] Hematol Oncol (2020) 13(1):62. doi:
10.1186/s13045-020-00887-1

Wang Z, Zhao Y, Xu H, Liang F, Zou Q, Wang C, et al. CtBP1 Promotes
Tumour-Associated Macrophage Infiltration and Progression in non-Small-
Cell Lung Cancer. J Cell Mol Med (2020) 24(19):11445-56. doi: 10.1111/
jemm.15751

Di Martile M, Farini V, Consonni FM, Trisciuoglio D, Desideri M, Valentini
E, et al. Melanoma-Specific Bcl-2 Promotes a Protumoral M2-Like Phenotype
by Tumor-Associated Macrophages. | Immunother Cancer (2020) 8(1):
€000489. doi: 10.1136/jitc-2019-000489

Zhang M, Hutter G, Kahn SA, Azad TD, Gholamin S, Xu CY, et al. Anti-CD47
Treatment Stimulates Phagocytosis of Glioblastoma by M1 and M2 Polarized
Macrophages and Promotes M1 Polarized Macrophages In Vivo. PloS One
(2016) 11(4):e0153550. doi: 10.1371/journal.pone.0153550

Villarino AV, Kanno Y, O'Shea JJ. Mechanisms and Consequences of Jak-
STAT Signaling in the Immune System. Nat Immunol (2017) 18(4):374-84.
doi: 10.1038/ni.3691

Wang P, Xue Y, Han Y, Lin L, Wu C, Xu S, et al. The STAT3-Binding Long
Noncoding RNA Inc-DC Controls Human Dendritic Cell Differentiation.
Science (2014) 344(6181):310-3. doi: 10.1126/science.1251456

Hagemann T, Biswas SK, Lawrence T, Sica A, Lewis CE. Regulation of
Macrophage Function in Tumors: The Multifaceted Role of NF-Kappab.
Blood (2009) 113(14):3139-46. doi: 10.1182/blood-2008-12-172825

Yang H, Shao R, Huang H, Wang X, Rong Z, Lin Y. Engineering Macrophages
to Phagocytose Cancer Cells by Blocking the CD47/SIRPo. Axis. Cancer Med
(2019) 8(9):4245-53. doi: 10.1002/cam4.2332

Ivashkiv LB. The Hypoxia-Lactate Axis Tempers Inflammation. Nat Rev
Immunol (2020) 20(2):85-6. doi: 10.1038/s41577-019-0259-8

Van den Bossche J, O'Neill LA, Menon D. Macrophage Immunometabolism:
Where Are We (Going)? Trends Immunol (2017) 38(6):395-406. doi: 10.1016/
j.it.2017.03.001

Zhang A, Xu Y, Xu H, Ren J, Meng T, Ni Y, et al. Lactate-Induced M2
Polarization of Tumor-Associated Macrophages Promotes the Invasion of
Pituitary Adenoma by Secreting CCL17. Theranostics (2021) 11(8):3839-52.
doi: 10.7150/thno.53749

Xu D, Wang Y, Wu J, Zhang Z, Chen J, Xie M, et al. ECT2 Overexpression
Promotes the Polarization of Tumor-Associated Macrophages in
Hepatocellular Carcinoma via the ECT2/PLK1/PTEN Pathway. Cell Death
Dis (2021) 12(2):162. doi: 10.1038/s41419-021-03450-z

Bohn T, Rapp S, Luther N, Klein M, Bruehl TJ, Kojima N, et al. Tumor
Immunoevasion via Acidosis-Dependent Induction of Regulatory Tumor-
Associated Macrophages. Nat Immunol (2018) 19(12):1319-29. doi: 10.1038/
541590-018-0226-8

Zhou Y, Que KT, Zhang Z, Yi ZJ, Zhao PX, You Y, et al. Iron Overloaded
Polarizes Macrophage to Proinflammation Phenotype Through ROS/acetyl-
P53 Pathway. Cancer Med (2018) 7(8):4012-22. doi: 10.1002/cam4.1670

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Handa P, Thomas S, Morgan-Stevenson V, Maliken BD, Gochanour E,
Boukhar S, et al. Iron Alters Macrophage Polarization Status and Leads to
Steatohepatitis and Fibrogenesis. ] Leukoc Biol (2019) 105(5):1015-26. doi:
10.1002/JLB.3A0318-108R

Liu L, Wang Y, Guo X, Zhao J, Zhou S. A Biomimetic Polymer Magnetic
Nanocarrier Polarizing Tumor-Associated Macrophages for Potentiating
Immunotherapy. Small (2020) 16(38):e2003543. doi: 10.1002/smll.202003543
Koh YC, Yang G, Lai CS, Weerawatanakorn M, Pan MH. Chemopreventive
Effects of Phytochemicals and Medicines on M1/M2 Polarized Macrophage
Role in Inflammation-Related Diseases. Int ] Mol Sci (2018) 19(8):2208. doi:
10.3390/ijms19082208

Mukherjee S, Fried A, Hussaini R, White R, Baidoo J, Yalamanchi S, et al.
Phytosomal Curcumin Causes Natural Killer Cell-Dependent Repolarization
of Glioblastoma (GBM) Tumor-Associated Microglia/Macrophages and
Elimination of GBM and GBM Stem Cells. ] Exp Clin Cancer Res (2018) 37
(1):168. doi: 10.1186/s13046-018-0792-5

Jia X, Yu F, Wang J, Iwanowycz S, Saaoud F, Wang Y, et al. Emodin
Suppresses Pulmonary Metastasis of Breast Cancer Accompanied With
Decreased Macrophage Recruitment and M2 Polarization in the Lungs.
Breast Cancer Res Treat (2014) 148(2):291-302. doi: 10.1007/s10549-014-
3164-7

Chen Y, Bi L, Luo H, Jiang Y, Chen F, Wang Y, et al. Water Extract of Ginseng
and Astragalus Regulates Macrophage Polarization and Synergistically
Enhances DDP's Anticancer Effect. ] Ethnopharmacol (2019) 232:11-20.
doi: 10.1016/j.jep.2018.12.003

Guo W, Li Y, Pang W, Shen H. Exosomes: A Potential Therapeutic Tool
Targeting Communications Between Tumor Cells and Macrophages. Mol
Ther (2020) 28(9):1953-64. doi: 10.1016/j.ymthe.2020.06.003

Xun J, DuL, Gao R, Shen L, Wang D, Kang L, et al. Cancer-Derived Exosomal
miR-138-5p Modulates Polarization of Tumor-Associated Macrophages
Through Inhibition of KDM6B. Theranostics (2021) 11(14):6847-59. doi:
10.7150/thno.51864

Shao J, Zaro ], Shen Y. Advances in Exosome-Based Drug Delivery and Tumor
Targeting: From Tissue Distribution to Intracellular Fate. Int ] Nanomed
(2020) 15:9355-71. doi: 10.2147/TJN.S281890

Nejman D, Livyatan I, Fuks G, Gavert N, Zwang Y, Geller LT, et al. The
Human Tumor Microbiome is Composed of Tumor Type-Specific
Intracellular Bacteria. Science (2020) 368(6494):973-80. doi: 10.1126/
science.aay9189

McAllister F, Khan MAW, Helmink B, Wargo JA. The Tumor Microbiome in
Pancreatic Cancer: Bacteria and Beyond. Cancer Cell (2019) 36(6):577-9. doi:
10.1016/j.ccell.2019.11.004

Benoit M, Desnues B, Mege JL. Macrophage Polarization in Bacterial
Infections. ] Immunol (2008) 181(6):3733-9. doi: 10.4049/jimmunol.
181.6.3733

Lizotte PH, Baird JR, Stevens CA, Lauer P, Green WR, Brockstedt DG, et al.
Attenuated Listeria Monocytogenes Reprograms M2-Polarized Tumor-
Associated Macrophages in Ovarian Cancer Leading to iNOS-Mediated
Tumor Cell Lysis. Oncoimmunology (2014) 3:e28926. doi: 10.4161/
onci.28926

Wei B, Pan ], Yuan R, Shao B, Wang Y, Guo X, et al. Polarization of Tumor-
Associated Macrophages by Nanoparticle-Loaded Escherichia Coli Combined
With Immunogenic Cell Death for Cancer Immunotherapy. Nano Lett (2021)
21(10):4231-40. doi: 10.1021/acs.nanolett.1c00209

Yang Y, Guo J, Huang L. Tackling TAMs for Cancer Immunotherapy: It's
Nano Time. Trends Pharmacol Sci (2020) 41(10):701-14. doi: 10.1016/
j.tips.2020.08.003

Pang Y, Fu Y, Li C, Wu Z, Cao W, Hu X, et al. Metal-Organic Framework
Nanoparticles for Ameliorating Breast Cancer-Associated Osteolysis. Nano
Lett (2020) 20(2):829-40. doi: 10.1021/acs.nanolett.9b02916

Gu Z, Liu T, Liu C, Yang Y, Tang J, Song H, et al. Ferroptosis-Strengthened
Metabolic and Inflammatory Regulation of Tumor-Associated Macrophages
Provokes Potent Tumoricidal Activities. Nano Lett (2021) 21(15):6471-9. doi:
10.1021/acs.nanolett.1c01401

Santoni M, Massari F, Montironi R, Battelli N. Manipulating Macrophage
Polarization in Cancer Patients: From Nanoparticles to Human Chimeric
Antigen Receptor Macrophages. Biochim Biophys Acta Rev Cancer (2021)
1876(1):188547. doi: 10.1016/j.bbcan.2021.188547

Frontiers in Immunology | www.frontiersin.org

June 2022 | Volume 13 | Article 888713


https://doi.org/10.1186/s13046-020-01676-x
https://doi.org/10.1038/s41467-019-12384-2
https://doi.org/10.7150/thno.45261
https://doi.org/10.1186/s13059-020-02140-x
https://doi.org/10.1016/j.jconrel.2020.02.011
https://doi.org/10.2147/CMAR.S203010
https://doi.org/10.1186/s13045-020-00887-1
https://doi.org/10.1111/jcmm.15751
https://doi.org/10.1111/jcmm.15751
https://doi.org/10.1136/jitc-2019-000489
https://doi.org/10.1371/journal.pone.0153550
https://doi.org/10.1038/ni.3691
https://doi.org/10.1126/science.1251456
https://doi.org/10.1182/blood-2008-12-172825
https://doi.org/10.1002/cam4.2332
https://doi.org/10.1038/s41577-019-0259-8
https://doi.org/10.1016/j.it.2017.03.001
https://doi.org/10.1016/j.it.2017.03.001
https://doi.org/10.7150/thno.53749
https://doi.org/10.1038/s41419-021-03450-z
https://doi.org/10.1038/s41590-018-0226-8
https://doi.org/10.1038/s41590-018-0226-8
https://doi.org/10.1002/cam4.1670
https://doi.org/10.1002/JLB.3A0318-108R
https://doi.org/10.1002/smll.202003543
https://doi.org/10.3390/ijms19082208
https://doi.org/10.1186/s13046-018-0792-5
https://doi.org/10.1007/s10549-014-3164-7
https://doi.org/10.1007/s10549-014-3164-7
https://doi.org/10.1016/j.jep.2018.12.003
https://doi.org/10.1016/j.ymthe.2020.06.003
https://doi.org/10.7150/thno.51864
https://doi.org/10.2147/IJN.S281890
https://doi.org/10.1126/science.aay9189
https://doi.org/10.1126/science.aay9189
https://doi.org/10.1016/j.ccell.2019.11.004
https://doi.org/10.4049/jimmunol.181.6.3733
https://doi.org/10.4049/jimmunol.181.6.3733
https://doi.org/10.4161/onci.28926
https://doi.org/10.4161/onci.28926
https://doi.org/10.1021/acs.nanolett.1c00209
https://doi.org/10.1016/j.tips.2020.08.003
https://doi.org/10.1016/j.tips.2020.08.003
https://doi.org/10.1021/acs.nanolett.9b02916
https://doi.org/10.1021/acs.nanolett.1c01401
https://doi.org/10.1016/j.bbcan.2021.188547
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Gao et al.

Polarization of Tumor-Associated Macrophages

76. Klichinsky M, Ruella M, Shestova O, Lu XM, Best A, Zeeman M, et al. Human
Chimeric Antigen Receptor Macrophages for Cancer Immunotherapy. Nat
Biotechnol (2020) 38(8):947-53. doi: 10.1038/s41587-020-0462-y

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Gao, Liang and Wang. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication in
this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

June 2022 | Volume 13 | Article 888713


https://doi.org/10.1038/s41587-020-0462-y
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Shaping Polarization Of Tumor-Associated Macrophages In Cancer Immunotherapy
	1 Introduction
	2 Polarization of TAMs and Their Role in the TME
	2.1 Differentiation of Macrophages
	2.2 TME and TAM Polarization
	2.3 Role of M1-Like TAMs in the TME
	2.4 Role of M2-Like TAMs in the TME

	3 Cancer Immunotherapy and M2-Like TAMs
	3.1 Recent Advances and Challenges in Cancer Treatment
	3.2 Role of M2-Like TAMs in ICB and CAR-T Cell Therapy

	4 Targeting TAM Repolarization as a Cancer Treatment Strategy
	4.1 Signaling Pathways and TAMs Reprogramming
	4.1.1 STAT Family Signaling Pathways
	4.1.2 PI3K&gamma;/AKT Signaling Pathway
	4.1.3 NF-κB Signaling Pathway
	4.1.4 CD47/SIRPα Signaling Pathway

	4.2 Other Factors Involved in Macrophage Polarization
	4.2.1 Lactic Acid and Tumor Acidosis Promotes M2 Macrophage Polarization
	4.2.2 Iron Promotes M1 Macrophage Polarization
	4.2.3 Phytochemicals and Macrophages Polarization

	4.3 Approaches for Targeting TAM Repolarization
	4.3.1 Targeting Macrophage-Derived and Cancer Cell-Derived Exosomes
	4.3.2 Bacterial Therapy and Bacterial Carriers
	4.3.3 NPs as Drug Carriers
	4.3.4 Engineering Macrophages to Act Like M1 Cells—CAR-M Cells


	5 Conclusion
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


