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Tumor-associated macrophages are a critical component of tumor microenvironments, which affect tumor
growth, tumor angiogenesis, immune suppression, metastasis and chemoresistance. There is emerging evidence
that many anticancer modalities currently used in the clinic have unique and distinct properties that modulate
the recruitment, polarization and tumorigenic activities of macrophages in the tumor microenvironments. Edu-
cated tumor-associated macrophages significantly impact the clinical efficacies of and resistance to these antican-
cer modalities. Moreover, the development of drugs targeting tumor-associated macrophages, especially c-Fms
kinase inhibitors and humanized antibodies targeting colony-stimulating factor-1 receptor, are in early clinical
stages and show promising benefit for cancer patients. These experimental and clinical findings prompted us
to further evaluate the potential targets that exhibit tumorigenic and immunosuppressive potential in a manner
specific for tumor associated macrophages.

Keywords:
Tumor-associated macrophages
Tumor microenvironments
Anti-cancer therapy
CSF-1 receptor inhibitor

© 2015 Elsevier B.V. All rights reserved.

Contents
1.  Overview: phenotypic and functional characteristics of tumor-associated macrophages . . . . . . . . . . . . . . . . . . ... ... 123
2. Mechanisms regulating pro-tumor properties of macrophages: new insights from thebench . . . . . . . . . . . . .. ... ... ... .. 124
3. Clinical evidence of TAM-mediated tumor progression . . . . . . . . . . . . i i e e e e e e e e e e e e e e e e e e e e e e e e 125
4.  Anticancer strategies influencing the tumorigenic activities of macrophages . . . . . . . . . . . . . . L e e 125
5. Clinical development of antitumor therapies targeting TAM . . . . . . . . . . . 0 0 e e e e e e e e e e e e e e e 127
6.  Future perspectives: creating a path for the development of TAM-specificdrugs . . . . . . . . . . . . . . . . e e 128
Grant SUPPOTL . . . . . v v vt e et e e e e e e e e e e e e e e e e e e e e e e e e e e e e s e e 128
Conflict of INtErest. . . . . . . . L o o o o L e e e e e e e e e e e e e 128
References . . . . . . . . . L e e e 128

1. Overview: phenotypic and functional characteristics of tumor-
associated macrophages

first-line of defense against pathogens and environmental insults
through release of anti-microbe mediators such as proinflammatory
cytokines, they also play an important role in fine-tuning inflammatory
responses that are associated with tissue repair and remodeling pro-
cesses [3]. The complexity of tissue environments may render macro-
phages, which already possess functional diversification and plasticity,
able to acquire pro- and anti-inflammatory properties.

Tumor cells possess a high degree of genetic heterogeneity and form
a complex “society”, termed a “tumor microenvironment”. Within the
tumor microenvironment, various non-transformed cells such as fibro-

Emerging evidence has revealed that tumor-infiltrating macro-
phages play a critical role in regulating tumor growth, progression and
anticancer drug responses [1,2]. Although macrophages serve as a
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blasts, endothelial cells, and inflammatory cells as well as extracellular
matrix components are densely packed and in communication
with tumor cells and each other. Thus, the phenotypic and functional
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diversity of macrophages may be further expanded in the context of
heterogeneous tumor microenvironments [4].

Accumulating evidence has revealed that macrophages differentiate
predominantly into two major subsets depending on tissue microenvi-
ronments and/or inflammatory status; these subsets are referred to as
pro-inflammatory M1-type or anti-inflammatory M2-type macro-
phages [5,6]. M1-type macrophages are differentiated via multiple tran-
scription factors such as IRF-1, Stat1 and nuclear factor-kappaB (NF-kB),
and amplify inflammatory responses [5,6]. M2-type macrophages are
important in the regulation of tissue remodeling, repair, and anti-
fungal immunity under physiological conditions. This subset is regulat-
ed through various transcription factors including IRF-4, Stat-6, PPAR-y,
TRIB1, and chromatin modifiers including the histone demethylase
Jmjd3 [2,5].

Tumor-associated macrophages (TAM) have been defined as macro-
phages infiltrating tumor tissues or other tumor-enriched microenvi-
ronments (pleural or peritoneal effusions, etc.). TAM originate from
bone marrow precursors, as well as circulating and splenic monocytes
[7]. CCR2"Ly6CMe" jnflammatory monocytes are the main precursors
of TAM recruited into tumor tissues by CCL2 [8,9]. Within tumor micro-
environments, monocytes are induced to differentiate into “pro-tumor”
macrophages through networks comprised of multiple soluble media-
tors, such as M-CSF, GM-CSF, and immunosuppressive cytokines like
IL-4, IL-10 and TGF-p, etc. [10-12]. There is abundant evidence that
TAM are able to polarize into immunosuppressive M2 macrophages
upon exposure to M2 macrophage-differentiation factors produced by
tumor microenvironments [12-16]. Furthermore, lactic acid released
from tumor cells undergoing aerobic glycolysis drives differentiation
of macrophages expressing high levels of VEGF-A and arginase-I,
which contribute to supporting tumor growth [17]. On the other hand,
it has been recognized that TAM are composed of heterogeneous sub-
populations that possess high plasticity and flexibility enabling them
to adapt to different tumor microenvironments [18,19]. Indeed, Li
et al. proposed that TAM obtained from MMTV-PyMT breast tumor
models displayed unique phenotypes characterized by a CD11b'®*MHC
class I"VCAM™ population and a genetic profile not shared with either
M1 or M2 macrophages [20]. The divergent properties of TAM may
reflect their interactions with tumor cells with heterogeneous oncogen-
ic profiles, ultimately impacting tumorigenicity and responses to anti-
cancer therapies.

In this review, we provide a general overview of the pro-tumor ac-
tivities and the clinical impact of TAM, and the current status of TAM-
targeting strategies in pre-clinical and clinical studies.

2. Mechanisms regulating pro-tumor properties of macrophages:
new insights from the bench

Tumor microenvironments generate distinct sets of soluble factors
that contribute to the recruitment of macrophage precursors and differ-
entiation of pro-tumor and immunosuppressive macrophages. The
interaction of angiotensin-Il and S1P1, which occurs preferentially in tu-
mors, amplifies the expansion of hematopoietic stem cells, which serve
as the source of macrophage precursors infiltrating tumor tissues [21].
CCL2 serves as a major chemokine in promoting the infiltration of
CCR2"Ly6C"e" inflammatory monocytes into tumor tissues [8]. One of
the mechanisms whereby CCL2 is highly induced in tumors results
from commensal microbes and their inflammatory derivatives. These
contribute to CCL2 induction in tumor tissues through prostaglandin
E2 and TNFo/TNF receptor-mediated inflammatory cascades, which
trigger the infiltration of CCR2™" inflammatory monocytes into tumors
[22]. IL-4 and IL-13, which are produced at high levels by tumor tissues,
also contribute to the recruitment of F4/80*CD11b"#" M2 macrophages
into inflammatory colonic mucosa and promote the production of IL-6
and TGF-P. These latter factors trigger pro-tumorigenic phenotypes,
through Myd88-dependent signaling cascades [23,24].

TAM also have the capacity to produce high levels of CCL18 and GM-
CSF, which serve as critical regulators of the differentiation of pro-
metastatic and immunosuppressive macrophages, respectively [25,26].
CCL18 and GM-CSF produced by TAM augment the pro-metastatic and
immunosuppressive potential of breast tumor cells by inducing genetic
programs that are associated with mesenchymal transition [9,27].

Phagocytic systems serve as important safeguards against inflamma-
tion and the disruption of tissue homeostasis. However, these systems
are also manipulated by tumors to evade antitumor surveillance. The
phagocytic receptor TIM-4 also mediates immune tolerance by activat-
ing autophagy and targeting the presentation of tumor-associated anti-
gens by TAM. CD47 receptor, on the other hand, transduces “don't eat
me” signals that protect tumor cells from engulfment by macrophages
[28-30].

A critical role in the initiation of tumor cell metastasis involves the
protease-mediated proteolytic activities of the tumor-associated
matrix. In particular, the cathepsin protease family is upregulated in
macrophages infiltrating murine and human breast tumor tissues after
chemotherapy and contributes to the suppression of chemotherapy-
mediated cytotoxicity [31,32]. In addition, 15-lipoxygenase-2 pathways
and Wnt5a-mediated B-catenin signals serve as additional signaling
components that support the immunosuppressive functions of TAM
[33,34].

Recent evidence has also validated the roles of several transcription
factors in regulating the recruitment and differentiation of macrophages
in tumor tissues. TAM promote the transcriptional activities of hypoxia-
inducible factor-1a (HIF-1ct), which serves as an upstream regulator of
arginase-I and VEGF-A. HIF-1a-mediates the induction of arginase-I and
VEGF-A, which suppress the antitumor responses of cytotoxic T
lymphocytes (CTL) and support tumor angiogenesis, respectively [35].
[-B kinase-a (IKKot), which modulates NF-<B pathways through phos-
phorylation and degradation of the I-xBa protein, has recently emerged
as a critical node in the control of inflammation and carcinogenesis [ 36,
37].Recent studies have revealed that IKKa serves as a key transcription
factor suppressing the recruitment of antitumor M1 macrophages into
tumor tissues, whereas the NF-xB p50 element in macrophages inhibits
polarization into the M1 phenotype [38,39]. Thus, multiple transcrip-
tional and soluble networks, within the heterogeneous tumor microen-
vironments may be critical elements in controlling the recruitment of
pro- and anti-tumor macrophages into tumor tissues.

MicroRNA-mediated regulation of TAM has emerged as one of the
hallmarks of TAM-associated tumorigenicity [40]. For example, the
miR-511-3p is preferentially expressed on mannose receptor CD206*
TAM and serves as a pivotal regulator of their tumorigenic actions by
targeting the 3’ UTR of multiple genes including rho-dependent
kinase-2 (ROCK2) [41]. Moreover, CUE domain-containing protein
CUEDC2 promotes tumoricidal macrophage differentiation by trigger-
ing pro-inflammatory cytokine expression on monocytes. In addition,
IL-4-mediated upregulation of miR-324-5p down-regulates CUEDC2
expression on TAM [42]. The miR-126/miR-126* complex directly
inhibits SCF-1ac mRNA expression. SCF-1a is an upstream regulator of
CCL2 in breast cancer cells and the impaired SDF-1a-CCL2 axis leads
to suppression of CCR2" monocyte recruitment into tumor tissues and
inhibits tumor metastasis [43]. The miR-142-3p represses gp130 and
the LAP*isoform of C/EBPR, which are critical for generating pro-
tumor M2 macrophages through regulation of TGF-{ signals [44,45].
Other microRNA families, including miR-19a-3p, miR-17 and miR-30e,
etc. are also involved in the regulation of TAM differentiation and func-
tion by the targeting of various oncogenic and angiogenic factors [39].
Thus, tumor microenvironments adopt multiple strategies to counter
the microRNA-mediated inhibition of macrophage recruitment and
differentiation.

Taken together, the above data demonstrate that microRNAs regu-
lated by tumor microenvironments play a critical role in supporting
the tumorigenic and immunoregulatory activities of macrophages
(Fig. 1).
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Fig. 1. Pathways regulating recruitment, differentiation and pro-tumor activities of TAM. Tumor microenvironments directly recruit monocytic precursors in bone marrow through S1P1
and angiotensin-II interaction in some cases. However, circulating and splenic CCR2*Ly6C"" inflammatory monocytes serve as a major reservoir of tumor-infiltrating macrophages,
which are recruited into tumor tissues by tumor-derived CCL2 and SCF-1 whose expression is controlled by inflammatory mediators and the miR-126/miR-126" pair. The monocyte pre-
cursors are differentiated into M2 macrophages by soluble mediators (M-CSF, GM-CSF, IL-4, IL-13, etc.) delivered from tumor microenvironments. The tumor-mediated regulation of
microRNA expression profiles also plays a critical role in directing macrophages toward M2 polarization. Tumor-associated macrophages then exert diverse arrays of protumorigenic ac-
tivities through various effector molecules: VEGF-A mediates tumor angiogenesis, CCL18 and cathepsin support invasive and metastatic potentials, TIM-4 and arginase-I contribute to im-
munosuppression and cathepsin and Wnt5a suppress therapeutic responses to chemotherapy. Strategies targeting these pathways may offer new opportunities to reverse the pro-tumor

activities of macrophages.

3. Clinical evidence of TAM-mediated tumor progression

Emerging evidence has revealed the importance of TAM derived
from patient materials in predicting poor prognosis in many hematolog-
ic and solid tumors [46]. In solid tumors, TAM are detected mainly as a
stromal component within the invasive front along with cancer-
associated fibroblasts. In hematologic tumors, including gliomas and
lymphomas, TAM serve as the main component of the tumor microen-
vironment and the tumor infiltration of CD68* macrophages is a sign
of poor prognosis in patients with Hodgkin lymphoma [47] (Fig. 2).
CD163 and CD204 are markers for the pro-tumor M2 phenotype in
studies using human materials. Based on statistical analysis using clini-
cal data related to survival rates or survival times, high numbers of
CD163- or CD204-positive cells within the TAM infiltration closely cor-
relate with tumor progression and a worse clinical prognosis [6,48].

In some malignant tumors, the number of infiltrating TAM is associ-
ated with the Ki-67 labeling index, which reflects tumor cell prolifera-
tion [49]. In in vitro studies using glioma and lymphoma cell lines, the
proliferation of tumor cells was induced significantly by direct contact
with macrophages [49,50]. TNF-a, I-309, GRO-q, IL-6, and C5a in addi-
tion to EGF, bFGF, and PDGF secreted from activated macrophages con-
tribute to tumor cell proliferation [50]. CD163 and CD204 are scavenger
receptors, and both antigens are specifically expressed on monocytes
and macrophages. The ligands of CD163 are hemoglobin-haptoglobin
complex and bacterial components [6]. CD163 activation and phosphor-
ylation of the cytoplasmic portion of CD163 are linked to the activation
of casein kinase II and protein kinase C [51]. CD204 recognizes various
negatively charged macromolecules and is involved in cell adhesion
and host defense [6]. CD204 suppresses the inflammatory responses of
macrophages by competitively binding TLR4-ligands [6]. Although

further studies are necessary to delineate scavenger receptor-mediate
macrophage activation, one possibility is that scavenger receptors
might be involved in cell-cell interactions between macrophages and
tumor cells.

Some studies using human surgical specimens have demonstrated
that the number of TAM also positively correlates with angiogenesis
and the number of regulatory T cells present [52]. TAM produce VEGF,
IL-8, bFGF, thymidine phosphorylate and MMPs, which are associated
with various tumorigenic potentiators, such as angiogenesis, tumor in-
flammation and metastasis. TAM also produce various immunosuppres-
sive factors, including PGE,, IDO and IL-10 and contribute to
immunosuppression [6]. TAM may also be involved in the maintenance
of tumor cell stemness and are associated with resistance to chemother-
apy [53,54]. An in vitro study using tumor cell lines and primary macro-
phages showed that co-culture with macrophages induces Stat3
activation in co-cultured tumor cells [6]. Since Stat3 serves as a critical
regulator of cancer stem cell functions, TAM may influence the mainte-
nance of stem-like states and chemoresistance via Stat3 activation,
which is induced by cell-cell interactions between tumor cells and TAM.

4. Anticancer strategies influencing the tumorigenic activities of
macrophages

Although tumor cells are the major targets for most anticancer ther-
apeutics, compelling evidence exists that tumor microenvironments
play a critical role in regulating responses to anticancer therapies. In
particular, TAM serve as the main players for impeding the therapeutic
efficacy of various anticancer agents, including cytotoxic chemotherapy,
radiotherapy and molecular targeting therapies [55,56].
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Colon cancer

Malignant lymphoma

Fig. 2. Distribution of TAM in human malignant tumors. Macrophages are mainly detected in the cancer invasive front in colon tumor tissue. In malignant lymphoma, TAM and lymphoma
cells are mixed within tissues. Iba-1 and CD163 are used as markers for total TAM or the pro-tumor M2 phenotypes, respectively.

Certain anticancer treatments elicit therapeutic responses by manip-
ulating the infiltration and numbers of macrophages in tumor tissues.
Various types of anticancer therapies, such as cisplatin, paclitaxel, and
ionizing radiation, trigger recruitment of macrophages into tumors by
inducing CSF1 and IL-34 expression [57]. Allavena et al. demonstrated
that trabectidin (ET-743), an anticancer agent approved for late-stage
soft-tissue sarcoma, exerts antitumor responses by depleting mono-
cytes and macrophages. In addition, certain sets of cytotoxic agents,
such as 5-FU, taxane and docetaxel, are proposed to have unique prop-
erties of selectively depleting M2 macrophages and myeloid-derived
suppressor cells (MDSC), while assisting the survival and increasing
the intra-tumor numbers of M1 macrophages [58-60]. These findings
suggest that distinct classes of anticancer agents regulate recruitment
and optimize the quantity of TAM through divergent processes,
although the molecular mechanisms of chemotherapy-mediated regu-
lation of TAM remain largely unclear.

Ample evidence exists that subsets of anticancer drugs have distinct
properties driving macrophages toward anti-tumor subsets within the
tumor microenvironments. Low-dose irradiation elicits antitumor
responses at least in part through the recruitment and differentiation
of inducible nitric oxide synthase (iNOS) * M1 macrophages in tumors,
which is critical in stimulating infiltration and activation of tumor-
specific T lymphocytes [61]. Moreover, antigen-targeting antibodies
manifest modulating effects on the functional properties of TAM. For
example, the numbers of TAM provide a better prognostic value in pa-
tients with non-Hodgkin lymphoma who receive the anti-CD20 mADb ri-
tuximab and chemotherapy [62]. Moreover, treatment with anti-CD40
agonistic mAb augmented the antitumor activities of gemcitabine by
eliciting the infiltration of M1 macrophage into tumor tissues and
enhancing antitumor immune responses in patients with pancreatic
cancer [63,64]. Thus, the antitumor machineries exploited by several
immunotherapies and by irradiation might rely on the polarization of
tumoricidal macrophages in tumor microenvironments. Some chemo-
therapeutic agents, such as oxaliplatin and doxorubicin, exploit the pro-
cess of “immunogenic cell death” (ICD) for tumor cells, leading to the
release of inflammatory mediators recognized by pattern-recognition

receptors and activating antigen-presenting cells [65,66]. Indeed,
clinical responses to anthracyclin and radiotherapy are significantly
impaired in patients with advanced breast cancer who possess a
loss-of-function allele of TLR-4, as TLR-4 is critical in exploiting
ICD-meditated antitumor immunity [67]. Thus, it is likely that the
increased immunogenicity mediated by ICD-inducing drugs may
have an impact on restraining the tumorigenic status of TAM.

On the other hand, recent results indicate that several anticancer
agents generate pro-tumor macrophages. The KIT oncogene inhibitor
Imatinib has the characteristic property of driving polarization of M2
macrophages via the C/EBP transcription factor induced by apoptotic
tumor cells [68]. A recent randomized phase III clinical trial (CAIRO2
study) demonstrated that the addition of cetuximab to chemotherapy
had a detrimental effect on overall survival compared to chemotherapy
alone in patients with metastatic colorectal cancer [69]. Furthermore,
the frequency of CD163 ™ M2 macrophages is increased in tumor tissues
in patients with advanced colorectal carcinomas after treatment with
cetuximab mAb, which targets epidermal growth factor receptor
(EGFR) [70]; this finding provides a potential mechanism whereby
EGFR inhibitors reduce the clinical efficacy of chemotherapy. This
suggests that cetuximab may antagonize the EGFR-mediated differenti-
ation of antitumor macrophages, which negatively impacts the clinical
courses of patients with colorectal cancers.

The mTOR pathway also positively regulates M2 macrophage po-
larization and the mTOR inhibitor rapamycin causes monocytes to
develop into IL-12"¢"[L10'°" M1 macrophages, which exhibit antitu-
mor immunity and anti-angiogenic activities in murine tumor
models [71]. In addition, TAM contribute to negative regulation of
the antitumor efficacy of the multi-kinase inhibitor sorafenib
and anti-VEGF-A mAb by interfering with their anti-angiogenic ac-
tions. In contrast, others propose that sorafenib triggers pro-
inflammatory TAM and activates NK cell-mediated antitumor re-
sponses [72,73]. These results suggest that the status of different
tumor environments may exert distinct influences on the tumori-
genic and immunogenic properties of TAM modified by multi-
kinase inhibitors.
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In summary, different types of anticancer therapies have unique pro-
pensities for directing monocytes and macrophages into different phe-
notypic and functional subsets in tumor microenvironments (Fig. 3).
Moreover, the comprehensive analysis of TAM in patients receiving an-
ticancer therapies may offer useful information for selecting appropriate
anticancer agents that preferentially activate the antitumor properties
of TAM. A deep understanding of the macrophage-modulating effects
of each anticancer therapy will optimize the combinations of drugs ac-
cording to TAM-modulating effects, which may be a rational strategy
with which to improve clinical efficacy.

5. Clinical development of antitumor therapies targeting TAM

Emerging evidence has validated the concept that inhibition of
key signaling pathways critical for the survival and functioning of
TAM could elicit potent antitumor activities in preclinical tumor
models and cancer patients. In particular, c-Fms kinase serves as
an indispensable node controlling the survival and differentiation
of TAM [4]. The bcr-abl and c-kit kinase inhibitors (imatinib,
dasatinib, etc.) and the multi-kinase inhibitor sunitinib represent
clinically approved anticancer agents that also target c-Fms kinase
and are proposed to modulate the tumorigenic and immunosup-
pressive functions of TAM [74-76]. PLX3397 (Plexxikon) was origi-
nally developed as a selective FLT3 inhibitor for hematological
malignancies but it functions as a multi-kinase inhibitor targeting
CSF1 receptor-associated kinases and c-KIT [77,55]. Treatment
with PLX3397 elicited clinical benefit for patients with pigmented
villonodular synovitis (PVNS), which is characterized by high levels
of CSF1R-expressing tumor cells [78]. The main antitumor actions of
PLX3397 result from the reduced survival of tumor-infiltrating M2
macrophages and increased infiltration of antitumor CTL in patients
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*lonizing radiation
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CSF-1
L. O IL-34
CCR2*'Ly6C"e" monocytes

[Inhibition of CSF1 receptor pathways]
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* Anti-CSF1 receptor mAb
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microenvironments -~

with advanced breast cancers [55]. Furthermore, PLX3397 augment-
ed the therapeutic efficacies of various anticancer therapies such as
rapamycin, imatinib and adoptive T cell transfer [79-81]. These pre-
clinical and clinical manifestations of CSF1 receptor-targeting thera-
py further validate the importance of TAM in the regulation of
tumorigenicity and resistance to anticancer drugs. However, there
are concerns that imatinib and other multi-kinase inhibitors may
be deficient in maintaining the survival and activities of antitumor
macrophages, since some molecular targeting therapies might be
beneficial by antagonizing tumorigenic subsets while maintaining
tumoricidal and immunogenic subsets of TAM [70]. Thus, it is critical
to develop drugs specifically targeting key signaling nodes or down-
stream effectors for tumorigenic macrophages. In this regard, recent
development of the selective c-Fms kinase inhibitor, BLZ945
(Novartis), may provide a proof-of-concept that strategies specifi-
cally targeting TAM are feasible options for treating cancer patients.
BLZ945 is a selective CSF-1R inhibitor with an IC50 of 1 nM and is
over 1000-fold more selective against the closest receptor tyrosine
kinase homologs, c-Kit and Platelet-Derived Growth Factor Receptor
(PDGFR). The preclinical studies have shown that BLZ945 treatment
produced potent antitumor activities in various types of malignan-
cies, including proneural glioblastoma models, MMTV-PyMT breast
carcinoma and K14-HPV-16 cervical carcinoma models [82].
BLZ945 had little effect in promoting TAM survival, but converted
the tumorigenic macrophages with M2 phenotypes into GM-
CSFTIFN-y™ macrophages [83]. The BLZ945-primed macrophages
create an immunogenic antitumor milieu as manifested by
increased activation of tumor-specific CD8'T cells and their
infiltration into tumor tissues [83].

Preclinical animal studies have demonstrated the antitumor and
anti-metastatic activities of an anti-CSF1 receptor mAb against
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Fig. 3. Anticancer strategies influencing the tumorigenic and immunosuppressive activities of tumor-associated macrophages. Chemotherapeutic agents impact the tumorigenic activities
of macrophages by regulating recruitment of monocytes into tumor tissues (cisplatin and paclitaxel) and controlling the numbers of TAM (5-FU, taxane, docetaxel). Irradiation also reg-
ulates the monocyte infiltration of tumors by promoting CSF-1 and IL-34 expression. Anticancer modalities have a peculiar effect on the polarization of M1/M2 macrophages in tumor
microenvironments. Low-dose irradiation, anti-CD40 mAb, and mTOR inhibitors trigger antitumor responses in part through the differentiation of M1 type proinflammatory macrophages
from TAM, whereas c-KIT inhibitors and anti-EGFR mAbs support the polarization of M2 type immunosuppressive subsets. The CSF1 receptor-mediated pathway serves as a key player for
generating tumorigenic macrophages, and recent clinical studies have revealed the therapeutic efficacy of CSF1 receptor inhibitors against various human cancers, stimulating further de-

velopment of TAM-targeting strategies.
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subcutaneous EL4 lymphoma models and MMTV-PyMT breast tumor
models [84]. In line with this potential clinical utility, the RG7155 anti-
body has been developed as a humanized anti-human CSF1 receptor
mADb that specifically inhibits dimerization of human and cynomolgus
CSF1 receptors (Roche). RG7155 specifically depletes CSF1 receptor
TCD163" M2 macrophages and augments T cell-mediated antitumor
immune responses in tumors of various cancer patients. More impor-
tantly, RG7155 elicits potent antitumor immunity and offers a durable
clinical benefit for patients with diffuse-type giant cell tumors [85].

Given these findings, many pharmaceutical companies are now
focusing on the development of therapeutic tools targeting TAM,
and early clinical studies have validated the clinical utilities of
these drugs, in particular CSF1 receptor inhibitors, against various
types of human malignancies. These clinical observations will en-
courage further studies on the subject of the application of CSF1 re-
ceptor inhibitors for diverse types of malignancies. In addition, it is
critical to pursue more suitable combination strategies to improve
clinical outcomes in the future.

6. Future perspectives: creating a path for the development of TAM-
specific drugs

The recent clinical success of CSF1 receptor inhibitors for human
malignancies should stimulate the development of TAM-targeting
strategies in the future. However, inhibition of the CSF1 receptor
may cause severe adverse events, such as opportunistic infections
and delayed tissue repair, since CSF1 and IL-34 are indispensable
for macrophages in maintaining normal homeostasis and
defending against pathogens [86,87]. In this regard, it is necessary
to focus the development of drugs on the targeting of molecules
expressed specifically on TAM. These “TAM-specific therapies”
may be a suitable option for further increasing the specificity and
reducing the toxicity of macrophage-targeted drugs. As shown
above, there are multiple sets of molecules that target the recruit-
ment of inflammatory monocytes and/or polarization to M2 macro-
phages in tumor microenvironments. For example, inhibitors of
angiotensin-II, CCL2, IL-13 and prostaglandin E2 may be useful for
impeding the generation and recruitment of CCR2* monocytes
into tumor tissues [6,20-22]. Furthermore, the therapeutic strate-
gies targeting IL-6, TGF-P and cancer-associated metabolites such
as lactic acid, may reverse the M2 differentiation of TAM [88,89].
A CD47 blocking mAb exhibits strong antitumor responses by
promoting phagocytosis of viable tumor cells by macrophages,
whereas inhibition of TIM-4 augments antitumor immunity by
preventing TAM-mediated degradation of tumor-associated anti-
gens [28-30]. Drugs targeting distinct sets of miRNA, such as miR-
115-3p and miR-324-5p, which have regulatory roles for the pro-
tumor and immune regulatory activities of TAM, should serve as
next-generation agents for remodeling the functional propensities
of TAM to create antitumor environments [38]. In addition, the
clinical efficacies of TAM-targeting therapies should be improved
by optimizing appropriate combinations with conventional anti-
cancer agents, which have alternative properties that modulate
the phenotypic and functional status of macrophages. In turn, con-
ventional anticancer agents may augment the clinical efficacy of
TAM-targeting therapies, since suitable combinations of chemo-
therapy and antibody-based regimens may increase the immuno-
genic potentials of TAM [90,91].

Altogether, there are a wealth of opportunities for the development
of new types of anticancer agents whose major activities are focused on
the modulation of macrophages in tumor microenvironments. A more
detailed analysis and deeper understanding of molecular machineries
whereby tumor microenvironments regulate the functional plasticity
of TAM should provide useful insights into the development of new
therapeutic approaches for specifically targeting the tumorigenic and
immunosuppressive subtypes of TAM in the future.
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