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Abstract

Tumor-associated macrophages are one of the major constituents of tumor stroma in many solid
tumors and there is compelling preclinical and clinical evidence that macrophages promote cancer
initiation and malignant progression. Therefore, these cells represent potential targets for
therapeutic benefit. In this review, we will summarize macrophage phenotypic heterogeneity, the
current understanding of how tumors take advantage of macrophage plasticity to generate
immunosuppression, and how manipulation of specific macrophage populations can be used for
therapeutic purposes through translational approaches.
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It has been well known for more than two centuries that dysplastic and malignant tissues are
extensively infiltrated with leukocytes [1]. However, the specific role of individual
leukocytic infiltrates in individual tumors remains less clear. Although clear experimental
and epidemiological evidence supports the conclusion that tumors arise at sites of
inflammation, there is also significant data to support a model in which the immune system
simultaneously plays a role in destroying neoplastic cells and, thus, restrains tumor onset
and progression [2,3]. Adding to this debate, the prognostic significance of individual
tumor-infiltrating immune cell populations varies widely between different tumor types and/
or even the markers used to define these immune cell infiltrates. This diversity of
immunologic responses to malignancies makes the targeting of the immune system as part of
anticancer therapies quite challenging. Nonetheless, tumor-associated macrophages (TAMS)
are often a major constituent of tumor stroma in many solid tumors and are being actively
pursued as a mediator of anticancer therapies. In this article, we will review the diversity of
macrophage responses present in tumors and how these diverse populations might impact
therapeutic targeting of these leukocytes in malignant disease.
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Macrophages are an essential component of the innate immune system in humans and are a
major constituent of normal tissues. Macrophages play a central role in tissue repair and
remodeling under homeostasis and stress response, and are the first line of defense against
pathogens. These cells originate from bone marrow precursors and extravasate into normal
tissues, where they acquire distinct morphological and functional properties directed by the
local tissue and immunological microenvironment. The hallmark feature of mononuclear
cells is their subset heterogeneity and plasticity, which enables these cells to change their
phenotype and functions in response to different innate and adaptive immune signals [4-6].

Cancer shares many features with chronic nonhealing wounds and is an extremely
deregulated tissue in which several genetic and epigenetic changes regulate cell
proliferation, survival and differentiation, and become initiators of tumor development [6].
However, these events do not occur in isolation; rather, they take place in the context of a
diverse organ-specific tumor stroma. The tumor microenvironment encompasses a wide
variety of cells including malignant and nonmalignant populations including stromal cells
and leukocyte infiltrate. TAMs comprise the dominant portion of the leukocyte population.
TAMs attempt to restore the normal function of damaged tissue, but their interaction with
the neoplastic cells in the tumor microenvironment changes their properties, which results in
immunosuppression and promotion of tumor growth [7]. These macrophages promote tumor
growth, proliferation, vascularity, invasion, metastasis and chemotherapeutic resistance, and
these features are linked to treatment resistance. The interaction of macrophages with tumor
cells regulates cancer-related inflammation and the prevalence of these cells within tumors
has been linked with worse overall prognosis emphasizing the importance of the molecular
mechanisms of these interactions and properties of TAMS, so that they can be efficiently
targeted.

Understanding macrophage heterogeneity and the molecular mechanisms by which
malignant cells derail antitumor immune responses in favor of immune programs that
facilitate tumor progression will allow for the identification of pharmacological targets that
can be manipulated in order to achieve therapeutic benefit. In this article, we discuss the
different types of macrophages and their properties within the tumor; we also discuss how
the characterization and manipulation of specific macrophage populations might be used for
therapeutic purposes.

Origin & subsets

Monocytes originate from progenitors in the bone marrow and traffic via the bloodstream to
peripheral tissues. During both homeostasis and inflammation, circulating monocytes leave
the bloodstream and migrate into tissues where, following conditioning by local growth
factors, proinflammatory cytokines and microbial products, they differentiate into
macrophage or dendritic cell populations [4]. Once recruited from the bloodstream these
monocytes undergo tissue-specific functional and morphological adaptation. For example,
under homeostatic conditions, monocytes can differentiate into alveolar macrophages (in the
lung), osteoclasts (in bone marrow), microglial cells (in the CNS), histiocytes (in connective
tissue) and Kupffer cells (in the liver) [8]. Thus, under homeostatic conditions tissue-
specific microenvironments dictate the functional activities and differentiation programs of
macrophages. This tissue specificity of macrophage differentiation is likely a critical
regulator of macrophage phenotype during malignancy.

In addition to the phenotypic and functional heterogeneity of tissue resident macrophages
under homeostatic conditions, circulating monocytes themselves also exhibit significant
subtype heterogeneity. These subsets include both inflammatory monocytes (IMs) and
resident monocytes (RMs) that can be identified by their cell surface markers [9]. In mice,
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both subsets express CD11b and the CSF1 receptor (CSF1R). IMs can be further identified
by high expression of Ly6C, whereas RMs express low levels of Ly6C. In humans, IMs can
be identified as CD14M9"/CD16~ and RMs are CD14*/CD16™ [10]. In addition to
phenotypic markers, these monocyte subsets express different repertoires of cytokine
receptors. IMs express high levels of CC-chemokine receptor 2 (CCR2) but low levels of
CX3C-chemokine receptor 1 (CX3CR1!°W). By contrast, RMs express low to negligible
levels of CCR2 but high levels of CX3CR1. These differential receptor repertoires lead to
distinct recruitment profiles likely key to the functional differences in response to various
stimuli. Under homeostatic conditions, RMs ‘patrol’ the luminal side of vasculature to
respond rapidly to danger signals, and play critical roles in viral responses. RMs can also
promote tissue remodeling and repair via myofibroblast accumulation, angiogenesis and
collagen deposition [11], and may be critical for resolution of inflammation. On the other
hand, IMs are thought to promote inflammation typically expressing higher levels of TNF-a
and IL-18 in response to stimuli. IMs are also critical for antimicrobial responses. These
phenotypic and functional differences can influence tissue responses under nonmalignant
conditions, as well as malignant conditions. Expansion of the circulating IM population is
typical of many cancers [12,13], suggesting that this subset is dynamically regulated during
tumor progression.

Tumor types produce a spectrum of chemokines and cytokines that attract monocytes. These
can include CSF1, CCL2, CCL3, CCL4, CCL5, CCL8, SDF1, VEGF, MIP-1 and MIF. All
of these cytokines have the ability to enhance monocyte and macrophage recruitment in
various tumor models, and individual cancer types typically express them differentially. For
example, luminal breast cancer cells often produce high levels of CSF1 [14], while CSF1 is
not as frequently overexpressed by pancreatic cancer cells. By contrast, both of these tumor
types frequently have high levels of CCL2 expression. Interestingly, a high level of
production of these cytokines often correlates with poor overall survival [15-17]. For
example, the expression of CSF1 in breast, endometrial, hepatocellular and colorectal cancer
correlates with worse prognosis. As such, targeting these chemokines, or their receptors, is
actively being pursued as one way to manipulate macrophage responses. While recruitment
of monocytes and their development into TAMs is a thoroughly studied phenomenon, it may
not be the only source of macrophages in tumors.

In addition to monocytes and macrophages derived from bone marrow precursors, new data
suggest that some subsets of tissue-resident macrophages are also derived from progenitors
in the placenta. Yolk sac macrophages develop independently of hematopoietic stem cells
and do not require Myb, the transcription factor that regulates all hematopoietic stem cells.
Yolk sac-derived macrophages can persist in the adult and become sources for some subsets
of Kupffer cells and microglia [18]. This cellular subset can be sustained throughout life by
local proliferation rather than recruitment and occurs in macrophages as diverse as alveolar
macrophages, splenic white pulp and metallophilic macrophages [19], and Kupffer cells.
Additionally in mice, granulocyte macrophage progenitors in the spleen can become a
reservoir for monocyte mobilization independent of the bone marrow during tumorigenesis
[20]. However, the role of these macrophage subsets in malignancy is not fully known and
so targeting them for clinical benefit is yet to be determined.

Diversity of TAM responses

Once recruited to tumors, macrophages exhibit heterogeneous responses that lead to both
pro- and antitumor properties of macrophages. The cellular functions are often dependent on
the specific tissue microenvironment. One concept that has been widely used to try to
explain the phenotypic heterogeneity is macrophage polarization. Macrophage responses
have been traditionally classified into two major subtypes, M1 and M2, and can be viewed
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as two extremes on a linear scale. According to this classification, the M1 subtype includes
classically activated/antitumor macrophages and the M2 are alternatively activated/protumor
macrophages. This classification, although widely used to describe pro- and anti-tumor
macrophages, does not always work well for tumor-related macrophages. Owing to the
variations in their functions, we use the terms pro- and anti-tumor macrophages in addition
to M1 and M2, in this article.

Classically activated macrophage responses are triggered by Toll-like receptor (TLR)
agonists or by cell-mediated immune responses such as IFN-y, TNF-a and GM-CSF. IFN-y
produced by adaptive or innate immune cells, such as NK cells, primes macrophages for
enhanced tumoricidal capacity by secreting high levels of proinflammatory cytokines, such
as superoxide anions and oxygen and nitrogen radicals, to increase their killing ability. NK
cells can only sustain a transient population of protumor macrophages so an adaptive
immune response is required for their constant maintenance. Classically activated
macrophages also produce proinflammatory cytokines such as IL-1, IL-6 and IL-2, which
are important in host defense. These antitumor macrophages induce the development of
Th17 cells that produce IL-17, which causes neutrophil recruitment to the tumor. In addition
to proinflammatory activity, in some instances, TAMSs can play critical roles in antigen
presentation and sustaining Thl and cytotoxic T-cell responses through the production of
IL-12. Unfortunately, in most clinically apparent tumors, there is little evidence of a large
population of TAMs with M1 programming. However, therapeutics, which can enhance
these functional activities of macrophages, are a promising treatment strategy (discussed
later).

TAMs are also characterized as having activity similar to alternative activation. Traditional
classification of alternative activation is subdivided into macrophages responding to either
the Th2 type cytokines IL-4, IL-13 (M1a) and IL-10 (M1b), or TLR stimuli plus interaction
with immune complexes (M1c) [5,21]. While in tumors, M2-like protumor activity can be
driven by a large variety of stimuli, which include IL-4, IL-13, IL-1, glucocorticoids, TGF-
3, Wnt-5a, IL-10 or hypoxia [22]. Existing macrophages in the tumor can also modify their
phenotype by the inhibition of NF-xB signaling, which downregulates inflammatory genes,
polarizing them towards a protumor phenotype. In addition to more typical polarizing
stimuli, hyperactivation of recruitment or maturation pathways can also enhance protumor
activity of macrophages; for example, CSF1 and CCL2, produced by breast cancer,
specifically promote the protumor phenotype of macrophages [14]. In response to all these
stimuli, protumor macrophages generally have high levels of expression of scavenger,
mannose and galactose receptors; their metabolism is shifted to ornithine and polyamines
[23], and they express lower levels of costimulatory molecules such as CD80 and CD86.

Unlike classically activated macrophages, most TAMSs appear to promote
immunosuppression. This can be mediated by expression of CCL17, CCL22 and CCL24,
which play a significant role in recruitment of Tregs [24]. TAMs also often express PDL1
and PDL2, which can induce T-cell unresponsiveness. Thus, TAMs suppress the activity of
antigen presentation and T-cell responses in tumors [25].

Interestingly, these pro- versus anti-tumor phenotypes appear to be readily reprogrammable.
This is an important consideration for therapeutic intervention. It has been observed that
macrophage phenotypes and functions change during tumor progression. For example,
macrophages in early neoplastic tissue often play proinflammatory roles and support
immune surveillance which may restrain tumor development. Notably, in the long term this
chronic inflammatory program may be mutagenic [26]. By contrast, in advanced
malignancy, the microenvironment is changed and macrophages can promote angiogenesis,
enhance tumor cell dissemination and suppress antitumor immunity [27,28]. Thus the
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outcome of pharmacologic targeting of macrophage activities may depend on the disease
stage, that is, premalignant, malignant or metastatic.

Subsets of macrophages with different phenotype can often also exist within the same
tumor. Thus pro- versus anti-tumor phenotypes of macrophages may be influenced by
regional effects, such as the predominance of stromal or tumors cells or local hypoxia. The
impact of these heterogeneous populations can be observed in human clinical samples. For
example, in non-small-cell lung cancer the stromal macrophages correlate with poor clinical
outcome, whereas macrophages infiltrating tumor cell nests correlate with good clinical
outcome and increased T-cell responses [29-31].

Macrophages promote tumor progression

In mouse models, the tumor-promoting properties of TAMs have been well studied. These
properties have been extensively reviewed elsewhere [7,32-34]. Therefore, here we will only
briefly highlight some of these properties that may impact the therapeutic targeting/
reprogramming of these cells. TAMs have been shown to be capable of enhancing
angiogenic, invasive and immunosuppressive programs in tumors (Figure 1). TAMs can
enhance angiogenesis by the production of various chemokines including IL-8, MIF, VEGF,
TNF-a and thymidine phosphorylase. These chemokines have been shown to promote tumor
vascularity in breast, ovarian, endometrial and CNS malignancies. Tumor cell migration and
invasion are also enhanced by protumor macrophages. Tumor invasion is facilitated by
upregulation of proteolytic enzymes that mediate basement membrane breakdown. MMPs
produced by protumor macrophages also play an important role in tumor invasion [35-37].
Furthermore, upon recruitment to tumors, macrophages increase the production of
cathepsin-B expression, a cysteine-type lysosomal protease which plays an important role in
tumor growth and lung metastasis [38]. Other than the well accepted role of protumor
macrophages in promoting metastasis, resident macrophages in the liver have also been
studied for their effects on establishment of metastasis. It was previously thought that liver
macrophages or Kupffer cells were protective and destroyed circulating tumor cells because
their depletion lead to increased tumor growth [39]. The latest evidence actually
demonstrates the opposite. Recent data have demonstrated that Kupffer cells provide
essential mitogens in hepatocellular carcinoma through an NF-xB-dependent signaling
mechanism because its ablation reduces tumor burden [40].

The interaction between macrophages and cancer cells can facilitate changes in tumor cell
differentiation including the development of epithelial-mesenchymal transition (EMT) and
cancer stem-like phenotypes. EMT is a process that allows epithelial cells to separate from
their neighbors and migrate to distant regions resulting in invasion and metastasis [41,42]. In
some tumors, macrophages have been shown to mediate EMT, which can be blocked by
EGF receptor inhibitors and SRC family kinase inhibitors [43]. Work by Tahara et al.
identified MFGE-8 as a macrophage-derived factor, which can potently increase the tumor
initiating properties of murine colon and lung carcinoma cell lines [44]. This activity was
attributed to both activation of STAT3 signaling and Hedgehog signaling, which are major
contributors in triggering tumorigenicity and resistance to anticancer therapy. It has been
shown that the crosstalk between TAMSs and tumor cells can regulate the induction of
pluripotency gene SOX-2 through EGF receptor-mediated activation of STAT3 signaling
[45]. These data suggest that TAMs play a key role in cancer stem cell maintenance and/or
expansion, and chemotherapeutic resistance. Blocking TAM recruitment also decreases
cancer stem cell population in a pancreas cancer model by activating STAT3 [46]. These
properties make macrophages independent targets within the tumor microenvironment.
Therefore, targeting macrophages is likely to improve response to conventional
chemotherapy in solid tumors that are chemoresistant.
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Targeting macrophages

As discussed above there is strong evidence of tumor promotion by macrophages in different
cancer models and increased macrophage prevalence correlates with poor overall survival in
many human cancers. This provides a strong basis for targeting macrophages independently
at different levels and comparing responses to different targeting strategies (Figure 2 &
Table 1) . In this section, we will discuss how different properties of macrophages can be
targeted in order to achieve a therapeutic benefit and will review the experimental data in
animal models for each.

Inhibiting monocyte/macrophage recruitment

One strategy is to block the recruitment or infiltration of monocytes into tumors. On
approach to this is blockade of CCL2 or its receptor CCR2. The CCL2-CCR2 axis plays an
important role in monocyte recruitment in the tumor in many cancer types. CCL2 is
produced by tumor cells and stroma and it is a major chemoattractant for monocytes, which
can then develop into macrophages and promote invasiveness, metastasis and correlate with
poor prognosis [47,48]. Targeting the CCL2-CCR2 axis is promising as it results in
blocking mobilization of monocytes from the bone marrow to the blood, which results in
preventing their recruitment to the tumor [49-52]. CCL2 also promotes a protumor
phenotype and its blockade leads to decreased tumor growth and necrosis. Recently, Sanford
et al. demonstrated that a CCR2 antagonist (PF-04136309) can block the mobilization of
CCR2-positive monocytes from the bone marrow to the tumor in a mouse model of
pancreatic cancer and lead to TAM depletion, causing slower tumor growth and preventing
distant metastasis [12]. CCL2-blocking agents have also been shown to promote initiation
and promotion of colon carcinogenesis [49]. Neutralization of CCL2 reduces tumor growth
in prostate cancer [53,54], breast cancer [55] and lung cancer [56] in mice.

In a recent study, trabectedin was used to selectively deplete monocytes and TAMs by
targeting downstream TNF-related apoptosis, inducing ligand receptors and activating a
caspase-8-mediated extrinsic apoptotic pathway in a fibrosarcoma model [57]. Trabectedin
also targets CCL2, which suppresses the recruitment of monocytes and inhibits TAM
development, as has been shown in ovarian cancer and myxoid liposarcoma in humans [57].
Other pharmacological inhibitors have also been shown to exhibit negative effects on
macrophage migration and many CCL2/CCR2 humanized monoclonal antibodies (mAbs)
are under clinical investigation (Table 2).

Use of systemic CD11b-neutralizing monoclonal antibodies also prevents the recruitment of
myeloid cells to tumors. In squamous cell carcinoma xenografts in mice, it has been shown
that the use of Mac-1 (CD11b/CD18) antibodies leads to an improved response to radiation
therapy, which is accompanied by a reduced infiltration of myeloid cells expressing MMP-9
and S100A8 into the tumors [58]. Hypoxia within the tumor microenvironment leads to the
production of hypoxia inducible factors (HIFs), which increase vascularization and directly
increase macrophage recruitment. It has been shown in a glioblastoma model that HIF-1a
deficiency can lead to a decrease in macrophage density in the tumor [59]. Therefore, HIF
inhibitors decrease vascularity and macrophage density within the tumor. These factors have
been shown to be transcriptional activators of VEGF and CXCR4 genes [60]. The
CXCR4-SDF1 axis and VEGF receptor 1 pathway are also important in recruitment of
macrophages and their targeting leads to reduced macrophage counts [61,62]. Inhibition of
the VEGF receptor 2 pathway results in reduced macrophage infiltration and decreased
angiogenesis in breast and pancreatic cancer models [63,64]. While targeting monocyte/
macrophage recruitment before they arrive to the tumors is effective in various cancer
models, macrophages can also be directly targeted by other approaches once they invade the
tumors.
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Targeting macrophage activation

TAMs can be targeted at the level of activation by various strategies. Targeting CSF1 or
CSF1R may be one approach. CSF1 is highly expressed by several tumor types and in some
cancer types, its expression correlates with poor survival [17]. CSF1/CSF1R signaling is
critical for the generation of monocyte progenitors in the bone marrow. In the tumor
microenvironment CSF1 can act as a chemoattractant; however, other factors, such as
CCL2, may play a dominant role in monocyte migration. Nonetheless, blockade of CSF1/
CSF1R signaling can rapidly result in reduced numbers of TAMSs within 24-48 h [46,65].
This effect is likely due to a prosurvival role of CSF1R signaling in macrophages within the
tumors. In addition to regulation of macrophage numbers, CSF1R signaling appears to also
regulate the protumor properties of TAMs. Elegant work by several groups has shown that
CSF1R signaling can be critical for the invasion-promoting behavior of macrophages, by
upregulating their EGF production [66]. Genetic loss of CS-1 (op/op mice) results in
significantly reduced metastasis in mammary tumors and delayed tumor progression in
breast and neuroendocrine tumor models [14,67]. For these reasons, CSF1/ CSF1R has been
an attractive target and has been tested in several mouse models. While less effective as a
single agent as compared with op/op mice, neutralizing CSF1 in breast cancer xenografts
decreased tumor growth [68]. Even more strikingly, CSF1R signaling blockade appears to
enhance the efficacy of several other standard therapies. As such CSF1R blockade has been
shown to increase the efficacy of chemotherapy in murine mammary and pancreatic tumors
[46,65], radiation therapy in prostate tumor models [69] and improve responses to
antiangiogenic therapies [70]. Based on these results, several Phase | clinical trials of CSF1/
CSF1R inhibitors have been initiated (Table 2).

Decreasing survival of TAMs

Another attractive strategy for targeting of TAMs within the tumor is to trigger apoptosis.
Clodronate and zoledronic acid are two bisphosphonates that have been investigated for
their role in macrophage depletion [71]. Clodronate, which has been shown to destroy
macrophages and other phagocytic cells, also depletes TAM population and this can result in
the regression of tumor growth, angiogenesis and metastasis as shown in lung cancer models
[72-74]. In breast cancer, zoledronic acid was shown to selectively deplete MMP-9-
expressing TAM, as well as impair differentiation of myeloid cells into TAM, which
improves tumoricidal activity of macrophages and some trials have shown prolonged
survival in cancer patients [75-77]. This tumoricidal activity can also be seen in prostate
cancer and cervical cancer models [78,79]. In chronic myelogenous leukemia, the use of Src
kinase inhibitor (dasatinib) has been demonstrated to decrease the density of MMP9*
macrophages [80].

Macrophage surface markers are very important as these can act as useful targets. Targeting
markers such as scavenger receptor A and CD52 by using immunotoxin-conjugated mAbs is
an attractive approach and has been studied in ovarian cancer [81,82]. Folate receptor j is
another surface specific marker for protumor macrophages and their density positively
correlates with tumor vascularity and poor prognosis in patients with pancreatic cancer [83].
By inhibiting this receptor using a folate immunotoxin conjugate, it was observed that
protumor macrophages were significantly depleted whereas the antitumor macrophage
population was maintained [84,85]. Specific bacteria that target the macrophage population
can be used to induce macrophage apoptosis. Important ones that have been tested in mouse
models are Shigella flexneri. A single injection of an attenuated strain of Shigella was shown
to induce TAM apoptosis and >70% reduction in the size of tumor [86]. In addition, certain
bacteria that harbor in macrophages, such as Listeria monocytogenes, Chlamydia psittaci
and Legionella pneumophila, are also being considered for TAM-targeted immunotherapy
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[87]. Macrophage destruction within the tumor is being studied further in the setting of
preclinical models and clinical trials in different cancer models.

Increasing antitumor macrophages

As discussed earlier, one of the key features of macrophages is their plasticity, which
enables them to change their phenotype in the tumor. Thus, reprogramming tumor-
infiltrating myeloid cells towards an antitumor phenotype is an attractive therapeutic
strategy in targeting macrophages. CD40 is a macrophage cell surface marker that inhibits
cytotoxic functions, and anti-CD40 mAb results in upregulation of expression of MHC-11
and costimulatory molecule CD86 on TAMSs. The combination of a CD40 agonist with
gemcitabine in unresectable pancreatic cancer patients showed tumor regression by
promoting antitumor macrophages [88]. CD40 mAb also promotes TLR9 to respond to
CpG-oligodeoxynucleotide (ODN) in macrophages and polarizes them towards an antitumor
phenotype [89]. NF-xB pathway activation also plays an important role in modulating Th1
immune response and this can polarize the macrophages towards an antitumor phenotype,
which have antitumor properties [74]. The NF-xB pathway can be activated by using TLR
agonists, anti-CD40 mAbs and IL-10 mAbs [90]. There are many types of TLR agonists
including Polyl:C, a dSRNA that reverses protumor macrophages to antitumor phenotype by
binding TLR-3 [90,91]. CpG-ODN (for TLR-9) promotes production of IL-12, IFN-a and
TNF-a by the macrophages and can upregulate TLR-9 activity of NF-xB in macrophages
[92]. Imiquimod (for TLR-7) enhances antigen presentation by the tumor responses of
lymphocytes and in cutaneous squamous cell carcinoma, it has been shown to polarize
macrophages towards an antitumor phenotype [93]. Combination of one or more of these
agents has been shown to cause rapid switch from a protumor to an antitumor phenotype; for
example, CpG-ODN in combination with anti-1L-10 receptor mAb [94]. In a mouse ovarian
cancer model, inhibition of NF-kB activity has been shown to significantly polarize
macrophages towards a tumoricidal phenotype [95]. Further exploration of applicability of
NF-kxB mediators to re-educate macrophages is essential.

Modulation of STATL activity is an attractive target to induce an antitumor phenotype in
macrophages [6]. IFN-vy is an activator of STAT1 and has been approved by the US FDA for
its role in promoting antitumor activities [96]. STAT1 deficiency has been shown to enhance
IL-12 induced tumor regression by a T-cell-dependent mechanism in a murine squamous
cell carcinoma model. STAT1-positive TAMs are also associated with adverse survival in
human follicular lymphomas [97]. Therefore, the effects of STAT1 on the modulation of
TAM properties have to be carefully studied before they can be used for therapy. STAT3
and STAT6 pathways have an important role in protumor-like macrophage polarization. A
small molecule inhibitor of STAT3 (WP1066) was found to reverse immune tolerance in
patients with malignant glioma, correlating with selectively induced expression of
costimulatory molecules, CD80 and CD86 on peripheral macrophages and tumor-infiltrating
microglias and cytokines such as IL-12 [98]. Other cytokines, such as GM-CSF, have been
shown to polarize macrophages towards an antitumor phenotype and are used as an
immunotherapy for human cancers; for example, neuroblastoma [99]. Tyrosine kinase
inhibitors, sorafenib and sunitinib, have also been demonstrated to inhibit STAT3 in
macrophages in vitro [100,101]. Sorafenib can restore IL-12 production, but suppresses
IL-10 expression in prostaglandin E,-conditioned macrophages, which shows that the
immunosuppressive cytokine profile of TAMs is reversed [101]. STAT1 deficiency
enhances IL-12 induced tumor regression by a T-cell-dependent mechanism in a murine
squamous cell cancer model [102]. Pathways that promote a protumor phenotype include
peroxisome proliferator-activated receptor (PPAR)-y and HIF-d. PPAR promotes the
protumor macrophages and antagonizes antitumor macrophage polarization [103].
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Therefore, the role of synthetic inhibitors of PPAR-a and -vy in targeting TAMs should be
evaluated.

Many drugs suppress TAMs by various off-target activities and may be effectively utilized
as combinatorial therapies. The most common include histidine-rich glycoprotein and
copper chelate. Histidine-rich glycoprotein polarizes macrophages towards an antitumor
phenotype by the downregulation of placental growth factor [104]. Copper chelate-CuNG,
has been shown to increase IFN-vy, IL-12 and also decreases the production of TGF-f thus,
promoting an antitumor phenotype of macrophages [105]. 5,6-dimethy XAA xanthenone-4-
acetic acid and Vadimezan (ASA404) increase immune stimulation in innate immune cells
and CD8 infiltration in the tumor. Other chemotherapeutic agents, such as silibinin [106]
and proton pump inhibitors [107], have been shown to target different functional properties
of protumor macrophages. It is important to understand the direct and synergistic effects of
these drugs on TAMs in preclinical cancer models so that they can be effectively used in
clinics.

TAM targeting & radiation therapy

Radiation therapy is a useful treatment modality in many cancer types and studies have
demonstrated that myeloid infiltrate increases after tumor irradiation. However, the
interactions between the tumor cells and stroma after tumor radiation remain poorly defined.
It has been demonstrated in multiple animal models that DNA damage, cell death and
increased hypoxia in the tissue after radiation therapy leads to macrophage recruitment,
which can promote tumor growth [108]. The SDF1/CXCR4, HIF-1 pathways are stimulated
by radiation-induced tumor hypoxia. Using a HIF-1 inhibitor results in decreased infiltration
of myeloid cells to the tumor [109]. Blocking the interaction of SDF-1 with its receptor in
irradiated tumors has been shown to inhibit regrowth of tumor after irradiation [110].
Additionally, CSF1/CSF1R signaling has recently been implicated in the recruitment of
myeloid cells to tumors during radiation. Xu et al. have recently demonstrated that a
selective inhibitor of CSF1R combined with radiation therapy suppressed tumor growth in
murine prostate cancer model compared with radiation alone. According to their model,
radiation-induced DNA damage leads to activation and translocation of ABL kinase into the
nucleus, which binds to the CSF1 gene promoter and increases CS-1 gene expression [111].

TAMs isolated from irradiated tumors have increased expression of arginase-1, COX-2 and
inducible nitric oxide synthase, and promoted tumor growth as compared with tumors that
are not irradiated [112]. The location of these macrophages is variable in different models
depending on the level of hypoxia in the tumor. This suggests that they play an important
role in tissue repair after tumor irradiation [113]. Evidence supports that TAMSs can promote
tumor growth and survival; therefore, targeting TAMSs within the tumor will improve the
overall effectiveness of radiation therapy.

Conclusion

TAMs orchestrate tumor progression in many malignancies and targeting these cells offers a
novel therapeutic approach to improve anticancer therapy. Many targeting strategies
mentioned earlier have been shown to improve outcome and efficacy of chemotherapeutic
response in experimental models and some of these strategies are being tested in clinical
trials. The challenge of shifting the balance between protumor and antitumor responses to
achieve maximum responses to these therapies remains unexplored. In addition, there are
practical issues associated with determining the most appropriate patient population, timing
and therapeutic combination in various cancer patients because it affects the therapeutic
efficacy of these strategies.

Immunotherapy. Author manuscript; available in PMC 2014 August 01.
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Future perspective

We anticipate that emerging technologies will develop novel therapeutics that will
effectively target macrophages in human cancers and will be a part of future

ch

emotherapeutic regimens in many human cancers. Targeting recruitment of monocyte/

macrophages and/or reprogramming their activity after invading the tumor will be key areas

to

investigate clinically. Development of effective therapeutic agents in order to achieve an

optimal balance between pro- and anti-tumor macrophage activities will help us achieve
maximal therapeutic responses.
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Executive summary

Origin & subsets of macrophages

Bone marrow-derived and nonbone marrow-derived macrophages contribute

to malignancy.

M acr ophages can promote tumor progression by multiple mechanisms

These include enhancing angiogenesis, invasion and metastasis,
immunosuppression, promotion of epithelial-mesenchymal transition and
increasing cancer stem cells.

Diversity of tumor-associated macr ophage r esponses

Strategiest
|

Conclusion

Protumor/M2 macrophages have protumor activity that can be driven by
IL-4, 1L-13, IL-10 and other factors. These tumor-associated macrophages
(TAMSs) suppress T-cell immunity, increase angiogenesis and promote
invasion.

Antitumor/M1 macrophages are activated by Toll-like receptor agonists and
IFN-y and secrete superoxide anions, oxygen and nitrogen radicals to
increase their tumor killing ability.

otarget TAMsfor therapeutic benefit
Strategies to target TAMs for therapeutic benefit include:
- Blocking monocyte recruitment;
- Targeting macrophage activation;
- Decreasing macrophage survival;
- Reprogramming TAMs toward antitumor immune responses;

- Radiation therapy and macrophages.

Shifting the balance between pro- and anti-tumor responses is important to
improve clinical outcome.

Appropriate timing of macrophage targeted therapy will be important.

Appropriate combination therapy needs to be investigated.
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Figure 1. Properties of pro- and anti-tumor -associated macrophages

EMT: Epithelial-mesenchymal transition; IC: Immune complex; IM: Inflammatory
monocyte; iINOS: Inducible nitric oxide synthase; ROI: Reactive oxygen intermediate; RM:
Resident monocyte; TAM: Tumor-associated macrophage.
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Targets:
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Figure 2. Strategiesto target macrophagesin blood and at different levelswithin the tumor
CD40L: CD40 ligand; CSF1R: CSF1 receptor; TAM: Tumor-associated macrophage; TLR:
Toll-like receptor; VEGFR: VEGF receptor.
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Table 1

Targeting strategies for tumor-associated macrophages in mouse models.

Target or drug M echanism of action

CCL2-CCR2 axis Prevents monocyte recruitment
CSF1-CSF1R axis Inhibits/reprograms TAMs
CXCL12-CXCR4 axis Prevents recruitment of macrophages

DNA repair mechanisms (trabectedin) ~ Targets TAMs

Clodronate and zoledronic acid Induces macrophage apoptosis

Anti-CpG and IL-10 Ab Prevents antitumor to protumor macrophage
polarization

CDA40 agonist Restores tumor immunity

Sibilin Suppresses NF-kB and STAT3

phosphorylation, blocks angiogenesis

Ab: Antibody; CSF1R: CSF1 receptor; TAM: Tumor-associated macrophage.
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Table 2
Summary of NIH clinical trials.
Target Phase Trial number  Tumor type Agent name Effect Ref.
CSF1/CSF1R I/l NCTO01346358 Advanced solid tumors IMC-CS4 CSF1 R-blocking antibody [201]
NCT01444404  Advanced solid tumors AMG 820 CSF1 R-blocking antibody [202]
NCTO01804530 Pancreatic cancer PLX7486 Kinase inhibitor of CSF1R [203]
and Trk
NCT01004861  Advanced solid tumors PLX3397 Kinase inhibitor of CSF1R [204]
and cKit
CCL2/CCR2 1l NCT01015560 Bone metastasis MLN1202 Anti-CCR2 antibody [205]
NCT01413022 Locally advanced pancreatic ~ PF-04136309 CCR2 antagonist [206]
cancer
IL-6R 11 NCT01637532  Ovarian cancer Tocilizumab and IL-6R monoclonal antibody [207]
Peg-Intron
DNA repair 11 NCT01692678 Liposarcoma and YONDELIS DNA backbone cleavage and  [208]
mechanisms leimyosarcoma (Trabectedin) cell apoptosis
1 NCT01772979  Ovarian cancer [209]
| NCT01426633 Liposarcoma and [210]
leimyosarcoma
CD40 mAb 111 NCTO01433172  Lung cancer (GM.CD40L) vaccine  Boosts the immune system [211]
in combination with
CCL21
NCT01103635 Metastatic melanoma Tremelimumab and CD40 agonist mAb [212]
CP-870, CP-893
STAT3 | NCTO01839604 Metastatic hepatocellular AND9150 Antisense oligonucleotide [213]

carcinoma

(ISIS-STAT3 Rx)

inhibitor of STAT3

CD40L: CDA40 ligand; CSF1R: CSF1 receptor; mAb: Monoclonal antibody; R: Receptor; Rx: Prescription.
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