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The tumor microenvironment is a complex ecology of cells that evolves with and provides support to tumor
cells during the transition to malignancy. Among the innate and adaptive immune cells recruited to the tumor
site, macrophages are particularly abundant and are present at all stages of tumor progression. Clinical
studies and experimental mouse models indicate that these macrophages generally play a protumoral role.
In the primary tumor, macrophages can stimulate angiogenesis and enhance tumor cell invasion, motility,
and intravasation. During monocytes and/or metastasis, macrophages prime the premetastatic site and pro-
mote tumor cell extravasation, survival, and persistent growth. Macrophages are also immunosuppressive,
preventing tumor cell attack by natural killer and T cells during tumor progression and after recovery from
chemo- or immunotherapy. Therapeutic success in targeting these protumoral roles in preclinical models
and in early clinical trials suggests that macrophages are attractive targets as part of combination therapy

in cancer treatment.

Introduction

Tumors engage the immune system from their inception. Initially,
this mainly involves cells of the innate system such as macro-
phages and mast cells with their prevalence dependent on tumor
type. However, even early on, there is also engagement of cells
of the acquired system—particularly T cells (Gajewski et al.,
2013). Nevertheless, despite this adaptive response and data
that suggest better prognosis with CD8* T cell infiltration in
some cancers, there is little evidence of immune rejection in
established tumors, arguing that the local tumor microenviron-
ment is immunosuppressive (Gajewski et al., 2013). Macro-
phages are among the most abundant normal cells in the tumor
microenvironment. Substantial evidence indicates that macro-
phages, rather than being tumoricidal as suggested after their
activation in vitro (Fidler, 1988), adopt a protumoral phenotype
in vivo both in the primary and metastatic sites (Biswas et al.,
2013). Indeed in lung cancer, macrophages are polarized to a
protumoral phenotype at the time of tumor initiation (Redente
et al., 2010). These activities include suppression of T cell re-
sponses (Coussens et al., 2013; Qian and Pollard, 2010). In addi-
tion, macrophages promote many important features of tumor
progression including angiogenesis, tumor cell invasion, motility,
and intravasation as well as at the metastatic site, stimulation
of tumor cell extravasation and persistent growth (Qian and
Pollard, 2010). Each of these activities is delivered by an identifi-
able subpopulation of macrophages (Qian and Pollard, 2010).
These data, together with experimental studies showing inhibi-
tion of tumor progression and metastasis by ablation of macro-
phages, argue that immune cell engagement by tumors is essen-
tial for their acquisition of a malignant phenotype. Consequently,
this cell type might represent an important therapeutic target
for cancer treatment. Here we discuss the function of diverse
macrophage subpopulations and their dynamic interplay with tu-
mor cells that confer these protumoral activities and give partic-
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ular emphasis to the immunoregulatory role of these cells. We
suggest that ablation of or redifferentiation of macrophages
within the tumor microenvironment will become an important
prong of combination therapies designed to cure cancer.

Macrophages in the Primary Tumor: Cancer Initiation

Tumors acquire mutations in oncogenes or tumor-suppressor
genes that permit them to progress to malignancy. Although
most cancer research has focused upon these changes and
most therapeutics are directed against these tumor cells, it
is now apparent that the nonmalignant cells in the micro-
environment evolve along with the tumor and provide essential
support for their malignant phenotype (Joyce and Pollard,
2009). In fact both the systemic and local environment play a
tumor-initiating role through the generation of a persistent in-
flammatory responses to a variety of stimuli (Balkwill and Manto-
vani, 2012). For example, obesity is associated with increased
risk of many but not all cancers (Grivennikov et al., 2010)
and is characterized by an enhanced systemic inflammatory
response and locally, for example in the breast, to an increased
number of inflammatory crown-like structures consisting of
macrophage and adipocytes whose number strongly correlates
with breast cancer risk (Howe et al., 2013). Similarly persistent
inflammation referred to as “smoldering inflammation” caused
by chronic infection with viruses such as Hepatitis B virus in liver,
bacteria like Helicobacter pylori in the stomach, or due to contin-
uous exposure toirritants such as asbestos in the lung is casually
associated with cancer initiation (Balkwill et al., 2005; Brown
et al., 2008). Furthermore, inflammatory conditions such as
Crohn’s disease dramatically increase the risk of colorectal can-
cer (Balkwill et al., 2005; Balkwill and Mantovani, 2012; Cous-
sens and Werb, 2002; Grivennikov et al., 2010). Inflammation
always has a substantial macrophage involvement through their
production of molecules such as interleukin-6 (IL-6), tumor
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necrosis factor-a (TNF-a), and interferon-y (IFN-vy) (Brown et al.,
2008; Grivennikov et al., 2010). To support this correlative data
between macrophage-mediated inflammation and cancer in-
duction, Deng and colleagues found that genetic ablation of
the anti-inflammatory transcription factor Stat3 in macrophages
results in a chronic inflammatory response in the colon that is
sufficient to induce invasive adenocarcinoma (Deng et al.,
2010). In addition, loss of the anti-inflammatory cytokine IL-10
that acts through STAT3 enhances carcinogen-induced tumori-
genesis in the intestine (Jobin, 2013). Mechanistically, this
inflammation can cause tumor initiation by creating a mutagenic
microenvironment either directly through free radical generation
or indirectly via alterations in the microbiome and barrier func-
tions that allow access of genotoxic bacteria to the epithelial
cells (Dedon and Tannenbaum, 2004; Jobin, 2013). Furthermore,
Langerhans cells, a type of macrophage and/or dendritic cell
(DC), can promote skin carcinogenesis by metabolic conversion
of carcinogens to their activated mutagenic state (Modi et al.,
2012). Macrophages also produce growth factors and/or cyto-
kines that stimulate growth of epithelial cells that have spontane-
ously acquired cancer-associated mutations (Grivennikov et al.,
2010). These mutations in turn might cause recruitment of in-
flammatory cells resulting in a vicious cycle that drives cancer
progression (Balkwill and Mantovani, 2012; Qian and Pollard,
2010). Significant data therefore exists showing a causal role
for macrophages in cancer initiation because of their central
status as mediators of inflammation. However, it is unclear
whether macrophages in some inflammatory situations can kill
aberrant cells before they become tumorigenic and thus be anti-
tumoral.

Macrophages involved in these cancer-initiating inflammatory
responses are immune activated (Balkwill and Mantovani, 2012).
However, once tumors are established, the macrophages are
educated to become protumoral (Pollard, 2004; Qian and
Pollard, 2010). During this transition from benign growth to an
invasive cancer, the microenvironment appears to be dominated
by cytokines and growth factors that cause a bias away from this
T helper 1 (Th1)-like inflammatory response to create a Th2-type
immune environment. This bias results in the polarization of mac-
rophages by a number of factors including IL-4 synthesized by
CD4* T cells and/or tumor cells (Coussens et al., 2013; Gocheva
et al., 2010) and growth factors produced by tumor cells such as
colony stimulating factor-1 CSF1 (Lin et al., 2002) and GM-CSF
(Su et al., 2014). This Th2 environment is characterized by trans-
forming growth factor-B1 (TGF-B1) and Arginase 1, as well as
increased numbers of CD4* T cells (DeNardo et al., 2009). It
could be argued therefore that for tumors to prosper they need
to acquire mutations and/or epigenetic changes that result in
the synthesis of such factors that repolarize resident macro-
phages or more likely recruit new monocytes (see below) so
that they become differentiated into tumor-promoting cells and
act as their handymen.

Origins of Tumor-Associated Macrophages

It has recently been demonstrated that the historic description of
adult resident tissue macrophages as being solely derived from
bone marrow (BM) is not correct. In fact, most tissue macro-
phages although with some exceptions such as the intestine,
arise from yolk sac progenitors. In contrast, macrophages

50 Immunity 47, July 17, 2014 ©2014 Elsevier Inc.

Immunity

involved in pathogen responses appear to come from circulating
BM monocytes (Wynn et al., 2013). These different embryonic
origins challenge the assumption that tumor-associated macro-
phages (TAMs) in the primary tumor originate from the BM.
Evidence for different origins and responses has recently been
shown in a mouse model of glioma with the presence of resident
yolk-sac derived microglia and recruited BM-derived TAMs in
the tumor microenvironment behaving differently to antimacro-
phage therapies based on inhibition of the lineage regulating
growth factor CSF1 signaling. In this case, the recruited TAMs
appear to survive in response to another macrophage lineage
regulating growth factor, granulocyte-macrophage colony stim-
ulating factor (GM-CSF) (Pyonteck et al., 2013). Nevertheless,
several recent studies suggest that most TAM subpopulations
arise from the Ly6C* population of circulating mouse monocytes
in grafted tumors (Movahedi et al., 2010), primary mouse mam-
mary tumors (Franklin et al., 2014), and in lung metastases
(Qian et al., 2011). There has also been discussion about the or-
igins of these monocytes with the suggestion that instead of
coming directly from the BM they arise from extramedullary he-
matopoiesis, particularly in the spleen. It is claimed that this
gives a reservoir of monocytes that allows rapid mobilization to
the tumor (Cortez-Retamozo et al., 2012). However, recent
elegant experiments using photoconvertible fluorescent lineage
tracing of spleen and BM monocytes suggest that the splenic
contribution is minor and that BM is the primary source of mono-
cytes that generate TAMs at least in the Lewis Lung carcinoma
syngeneic transplant model (Shand et al., 2014).

CSF1 is the major lineage regulator of most populations of
macrophages whether they derive from the yolk sac or BM,
but in addition, it is a chemotactic factor for macrophages (Chitu
and Stanley, 2006). High CSF1 concentrations in tumors are
associated with poor prognosis, and expression is often found
at the leading edge of tumors (Laoui et al., 2011; Qian and
Pollard, 2010). In endometrial cancer, its synthesis by tumor cells
is an independent predictor of poor overall survival (Smith et al.,
2013). Consistent with these clinical observations, deletion of
CSF1 genetically from several models of cancer results in de-
layed initiation (cervical), progression (breast, pancreas), and
metastasis (breast) associated with the loss of TAMs. Similarly,
the use of neutralizing antibodies, small molecule inhibitors, or
antisense RNA strategies to inhibit CSF1R signaling also
affected tumor malignancy in both xenograft and GEM models
of cancer (Abraham et al., 2010; Lin et al., 2001; Qian and Pollard,
2010; Quail and Joyce, 2013). Most of these strategies however,
will have had systemic effects as well as local ones, making it
difficult to determine whether the therapeutic effects are on the
macrophage lineage and/or directly affecting the recruitment
and survival of TAMs in the tumor. Direct evidence for CSF1
recruiting macrophages was provided in the mouse model of
breast cancer caused by the mammary epithelial-restricted
expression of the Polyoma Middle T oncoprotein (PyMT). In
these studies, organ-autonomous gain-of-function experiments
whereby CSF1 was expressed in the mammary epithelium re-
sulted in local macrophage recruitment and an acceleration of
tumorigenesis in wild-type mice and also the rescue of the
loss-of Csf1 function mutation that had resulted in delayed tumor
progression and reduced metastasis (Lin and Pollard, 2007;
Wyckoff et al., 2007). Genetic gain-of-function of VEGFA over
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a loss-of function of CSF1 in the PyMT mouse model also re-
sulted in a dramatic recruitment of macrophages and a rescue
of angiogenesis that resulted in an acceleration of tumor pro-
gression to malignancy (Lin et al., 2007). VEGFA also recruits
macrophage progenitors that then differentiate to TAMs under
IL-4 influence in a xenograft model of skin cancer (Linde et al.,
2012). Loss of these VEGF-recruited TAMs inhibited tumor
growth, angiogenesis, and invasion (Linde et al., 2012). These
data indicate that CSF1 and VEGFA can be independent re-
cruiters of macrophages to tumors in mouse models. This effect
could be via recruitment of monocytes and/or through prolifera-
tion of recruited or resident cells. These growth factors probably
act collaboratively with locally synthesized chemokines to rein-
force recruitment or retention. For example, CCL2 acting via its
receptor CCR2 is a direct mediator of monocyte recruitment to
the primary tumor and to metastases in the PYMT model (Cor-
tez-Retamozo et al.,, 2012; Franklin et al., 2014; Qian et al.,
2011) even though this recruitment requires CSF1 (Lin et al.,
2001; Qian et al., 2011). Another example of chemokine-medi-
ated TAM recruitment collaborating with GM-CSF is CCL18
acting via its receptor PITPNMS3 in human breast cancer models
(Su et al., 2014). Furthermore CCL9 acting through its receptor,
CCRA1, recruits immature myeloid cells in colon cancer models
(Kitamura et al., 2010; Kitamura et al., 2007). In each case, abla-
tion of these chemokines resulted in loss of monocytes and/or
TAMs and a resultant inhibition of malignancy with effects partic-
ularly on tumor cell invasion and occasionally growth.

The origins of macrophages in many cancers particularly in
early stages is still uncertain and, further, this recruitment and
differentiation is likely to be different and more complex in those
cancers exposed to microbial products such as in colon cancer
than those in sterile sites. Nevertheless, while the understanding
the origins of TAMs and their methods of recruitment, retention,
and differentiation is in its infancy, understanding the mecha-
nisms offers the tantalizing possibility of therapies targeted to re-
cruited subpopulations of protumoral macrophages that spares
antitumoral ones and the resident macrophages associated with
homeostasis.

Protumoral Mechanisms of TAMs

Among the ways in which the microenvironmental support to
tumors is the acquisition of a vasculature that provides oxygen-
ation, as well as the nutrition and waste disposal required for
growth above a certain size in a process often referred to as
the “angiogenic switch” (Hanahan and Weinberg, 2011).
CSF1-regulated macrophages regulate this switch in the PyMT
model in part through production of VEGF (Lin and Pollard,
2007). In this model, macrophage-synthesized WNT7b targets
vascular endothelial cells, stimulating their production of VEGF,
resulting in the angiogenic switch (Yeo et al., 2014). Macro-
phages also promote neoangiogenesis in glioblastoma models
(Du et al., 2008) Characterization of angiogenic TAMs show
that they express TIE2. Genetic ablation of this population in-
hibits angiogenesis in a variety of models including glioblastoma
and the PyMT model (De Palma et al., 2005). These Tie2* mac-
rophages are often aligned along the abluminal surface of blood
vessels through endothelial cell expression of the TIE2 ligand
ANG2. Targeting ANG2 or Tie2 releases this macrophage-vessel
association and inhibits angiogenesis in the PyMT and RIP1-TAG

models of breast and pancreatic cancer (Mazzieri et al., 2011).
Interestingly, CSF1 upregulates TIE2 on TAMs (Forget et al.,
2014) indicating a link between CSF1, TIE2* macrophages,
and the induction of the angiogenic switch. There are numerous
additional reports of TAMs affecting angiogenesis in a wide
range of models, mostly xenograft ones, and for further informa-
tion the reader is referred to recent reviews on this topic (Coffelt
et al., 2009; Nucera et al., 2011).

This population of TIE2* macrophages aligned along the ves-
sels also promotes another phenotype of malignancy, tumor cell
intravasation into the circulation (Wyckoff et al., 2007). In fact,
macrophages promote directional tumor cell migration and inva-
sion via a paracrine loop that consists of tumor-cell-synthesized
CSF-1 and macrophage-derived epidermal growth factor (EGF)
or EGF family ligands. This causes tumor cells and macrophages
to rapidly stream along collagen fibers in lock-step, ending up in
tumor cells clustering around blood vessels (Condeelis and
Pollard, 2006; Wyckoff et al., 2007) (Figure 1). Upon arrival at
the blood vessels, macrophages open up a gate for the tumor
cells to escape. Macrophages also produce several other mole-
cules that advance tumor cell invasion, including Osteonectin
(also known as SPARC) that increases tumor cell-ECM interac-
tion and thus migration (Sangaletti et al., 2008), Cathepsin
proteases that remodel the matrix and release sequestered
growth factors (Laoui et al., 2011; Quail and Joyce, 2013) and
TGF-B that promotes EMT of the invading tumor cells (Bonde
et al., 2012). Thus these protumoral macrophages not only in-
crease the invasive capacity of tumor cells but also increase
the density of blood vessels giving a double whammy that in-
creases the number of circulating tumor cells and thus metas-
tasis (Figure 1). Consequently, ablation of TAMs for example
by genetic depletion of their major growth factor, CSF-I, dimin-
ishes the number of circulating tumor cells and reduces metas-
tasis (Wyckoff et al., 2007). Importantly, an anatomical structure
consisting of macrophages, endothelial, and tumor cells named
the tumor microenvironment for metastasis (TMEM) is recogniz-
able in histological sections and is predictive of metastatic
potential in primary human breast cancers (Rohan et al., 2014).

Once the barrier of the angiogenic switch has been sur-
mounted, tumors rapidly become invasive and thus character-
ized as malignant. This correlates with enhanced engagement
of the acquired immune system indicating antigen recognition
probably because the immune system has access to the prod-
ucts of mutated genes and/or recognizes tissue damage caused
by invasion (Coussens and Pollard, 2011; Gajewski et al., 2013).
However, despite data that suggest better prognosis with early
T cell infiltration of some cancers, successful tumors that prog-
ress to kill the patients clearly are not rejected. This immunosup-
pression is at least in part mediated by macrophages or their
progenitors (Figure 2) but also involves regulatory T cells, as
well as tumor-cell-mediated immune evasion (Coussens and
Pollard, 2011; Gajewski et al., 2013; Movahedi et al., 2010). In
this context and importantly, the combination of macrophages
and a high ratio of CD4* regulatory versus CD8* T cells in human
breast cancer is predictive of poorer survival (Ruffell et al., 2011).

Macrophages and DCs express classical and nonclassical
MHC-I molecules, and this is normally associated with the pre-
sentation of antigens to T cells. However macrophages can
also express HLA molecules such as HLA-C (classical), HLA-E,
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Figure 1. Tumor-Associated Macrophages in the Primary Tumor
Promote Malignancy

In the primary tumor, microenvironment macrophages under the influence of
IL-4 produced by CD4" T cells and tumors and WNT7b promote tumor cell
invasion. This invasion is mediated via a paracrine loop involving tumor-syn-
thesized CSF1 and macrophage-produced EGF that drives migration of tumor
cells in lock-step with macrophages along collagen fibers that act as highways
toward blood vessels. This process also requires TGFf that drives an
epithelial-mesenchymal transition (EMT) in the tumor cells that promotes
migration and matrix remodeling via Cathepsins and matrix adhesion of tumor
cells via SPARC. This streaming of tumor cells results in their pileup on the
vessels where macrophages promote their intravasation into the circulation
through a structure named the “Tumor Microenvironment of Metastasis”
(TMEN). In addition to effect on tumor cell migration and invasion, TIE2*
macrophages produce VEGF and WNT7b that stimulates angiogenesis in the
tumor. Thus, there is an additive effect caused by macrophages of increased
migration of tumor cells toward vessels and increased vascular targets that
results in a large number of circulating tumor cells and thus increased malig-
nancy. Macrophages also suppress cytotoxic T cell responses through the
mechanisms described in Figure 2.

and HLA-G (nonclassical) membrane bound or soluble forms
that can inhibit the activation of natural killer (NK) cells and a sub-
sets of activated T cells upon their ligation to killer cell immuno-
globulin like receptor CD94 (also known as NKG2) (Borrego et al.,
1998) or the inhibitory leukocyte immunoglobulin-like receptors
LIT-2 (HLA-E and HLA-G respectively). While some tumors ex-
press HLA-G (membrane bound or soluble) as part of their
evasion mechanisms from NK and T cell lysis, others do not.
These HLA-G negative tumors might rely on myeloid cell
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HLA-G expression as an effector of inhibitory mechanisms. An
example of this is in glioblastoma and neuroblastoma where
high concentrations of soluble HLA-G can be found in patient’s
serum. In this case, microglia and circulating monocytes are
the source of this secreted HLA-G (Kren et al., 2010; Morandi
et al., 2007). The inhibition of effector CD8* T cell activation in
the lymph nodes by HLA-G expressing monocytes, macro-
phages, or DCs might also be indirect. For example, it has
been shown that INF-y secretion by activated NK cells that
have migrated to the lymph node is an important mediator of
CD8* T cell activation and that HLA-G and HLA-E inhibits this
NK cells migration and INF-y secretion (Kelly et al., 2002). In
addition, HLA-G-transfected APCs can inhibit CD4* T cell activa-
tion and induce immunosuppressive differentiation in vitro
(LeMaoult et al., 2004). Moreover, trogocytosis of HLA-G by acti-
vated CD4* and CD8" T cells during interaction with HLA-G*
APCs leads to rapid generation of T cell’s suppressor functions
(LeMaoult et al., 2007). Monocytes and macrophages can them-
selves express members of the LILRB inhibitory receptors family
(LIT-2 and LIT-4) that upon binding HLA-G causes them to ac-
quire immunosuppressive phenotype through the secretion of
IL-10 and TGF-B1 (Brown et al., 2004; Mclntire et al., 2004). How-
ever, the expression of inhibitory receptors and their HLA ligands
by TAMs and their effect on TAMs immunosuppressive function
are yet to be determined.

In addition to these MHC molecules, macrophages express
the ligands of the inhibitory receptors programmed cell death
protein 1 (PD-1) and cytotoxic T-lymphocyte antigen 4
(CTLA-4). These inhibitory ligands are normally upregulated in
activated immune effector cells such as T cells, B cells, and
NK T cells as part of a safety mechanism that controls the inten-
sity of the immune response and as part of inflammation resolu-
tion. Activation of PD-1 and CTLA-4 by their ligands (PD-L1,
PD-L2, and B7-1 [D80], B7-1 [CD86], respectively) directly in-
hibits TCR and BCR signaling. This activation also inhibits
T cell cytotoxic function, regulates their cell cycle, and inhibits
their activation as CTLA4 competes with CD28 (costimulatory)
binding. PD-L1 and PD-L2 are differentially expressed, with
PD-L1 constitutively expressed by immune cells including
T cells, B cells, macrophages, DCs, nonhematopoietic cells,
and cancer cells. In contrast, PD-L2 expression is limited to an-
tigen-presenting cells (APCs). Its expression is induced in mono-
cytes and macrophages by CSF1, IL-4, and INF-y (Loke and
Allison, 2003). Both PD-L1 and L2 are regulated in TAMs and
myeloid-derived suppressor cells (See below—MDSC) (Belai
et al., 2014; Duraiswamy et al., 2013). Recently, Noman et al.
showed that MDSCs and TAMs in hypoxic tumor regions upre-
gulate the expression of PD-L1 as a consequence of HIF-1a
signaling (Noman et al., 2014). Hypoxia acting via hypoxia induc-
ible factor 1- a (HIF-1a) also induces T cell suppression by TAMS
although the mechanism is unknown (Doedens et al., 2010). It
has also been shown that monocytes from blood of glioblastoma
patients express higher amounts of PD-L1 compared to healthy
donors and that glioblastoma-cell-conditioned medium can
upregulate PD-L1 expression in monocytes from healthy donors
(Bloch et al., 2013). Similarly, monocytes from patients with
hepatocellular carcinoma express PD-L1 that contributes to hu-
man tumor xenograft growth in vivo, while the blocking of PD-L1
reverses this effect (Kuang et al., 2009). The identification of B7-1
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Figure 2. Protumor Macrophage Mechanisms of Effector Cells Inhibition

TAMs express an array of effector molecules that inhibit the antitumor immune responses; this includes cell surface receptors, cytokines, chemokines, and
enzymes. Inhibition of immune responses by direct cell-to cell-contact is based on the interaction of TAMs receptors ligands with their counterpart death and/or
inhibitory receptors expressed by the target immune effector cells. TAMs express the ligand receptors for PD-1 and CTLA-4 that upon activation suppress
cytotoxic functions of T cell, NK T cells and NK cells. TAMs also express the ligand for the death receptors FAS and TRAIL that triggers caspase-dependent cell
death (apoptosis) in target cells. TAMs also express the nonclassical HLA-G that inhibits T cell function through interaction with the costimulatory signal of T cells
ILT2 and HLA-E that inhibit NK cells through CD94 (also known as NKG2). TAMs secrete the cytokines IL-10 and TGF- that inhibit T cells effector functions and
induce regulatory functions and chemokines CCL5, CCL20, and CCL22 that recruit nTreg cells. TAMs secrete Arginase | that inhibit TCR ¢ chain re-expression in

activated T cells by the depletion of L-arginine.

(CD80) as an additional inhibitory receptor for PD-L1 suggested
the possibility of reverse signaling. Indeed, the culture of bone-
marrow-derived DCs with anti PD-L1 antibody inhibits their acti-
vation, induces IL-10 expression, and suppresses cocultured
CD4* T cell activation (Kuipers et al., 2006). However, it is chal-
lenging to determine the specific impact of TAM PD-1 ligand
expression on effector cells inhibition in vivo since numerous
cells in the tumor microenvironment express PD-L1 (Greaves
and Gribben, 2013). Thus it is yet to be discovered whether the
signals from PD-1 and PD-1 ligands contribute to TAMs immu-
nosuppressive phenotype in vivo.

The CTLA-4 ligands B7-1 and B7-2 are differentially expressed
by APCs. B7-2 is constitutively expressed in low amounts and it
is upregulated during activation, whereas B7-1 is expressed
only upon APC activation. B7-1 and B7-2 are also the ligands of

the T cell costimulatory CD28; however, they bind with higher
affinity to the inhibitory receptor CTLA-4. This differential affinity
suggests direct competition for the ligand binding as a mecha-
nism to induce suppression (Greenwald et al., 2002). TAM
expression of B7-1 and B7-2 was shown to be dependent on
their activation phenotype; both molecules are expressed by
proinflammatory macrophages and are downregulated by anti-
inflammatory macrophages (Ding et al., 1993; Flores Villanueva
et al., 1994; Kennedy et al., 2013). However, the specific inhibi-
tory effect mediated by TAMs in vivo is still unknown and as
with PD1 ligands, CTLA-4 ligands are expressed on some human
tumors and other immune cells (Greaves and Gribben, 2013; Ta-
mura et al., 2005; Tirapu et al., 2006). Finally, evidence from
studies on the DC-T cell immunological synapse suggests that
interaction of CTLA-4 with B7 ligands not only signals for the
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inhibition of T cells but also induces a DCs inhibitory phenotype
(Butte et al., 2007; Mellor et al., 2004). Additional investigation
is needed to determine whether such reverse signaling in TAMs
is associated with a proinflammatory to anti-inflammatory switch.

B7-H4 is a relatively new member of the B7 superfamily that
was implicated with suppression of T cells activation and is
expressed on TAMs. The coreceptor for B7-H4 is currently
unknown. In human ovarian cancer, TAMs expressing B7-H4
suppress the activation of antigen-specific T cells. Moreover,
the inhibition of B7-H4 restores the stimulating function of
TAMs and contributes to tumor regression (Kryczek et al.,
2006). In addition, the expression of B7-H4 on TAMs was found
to correlate with clinical stage of lung carcinoma and gastric can-
cer (Chen et al., 2012; Matsunaga et al., 2011).

TAMs also secrete an array of cytokines, chemokines, and
enzymes that can suppress CD4* and CD8" T cells effector
function directly or indirectly by recruitment of natural regulatory
T (nTreg) cells to the tumor microenvironment, as well as by
inducing the CD4" regulatory fraction (iTreg) cells and sustaining
their survival. Chemokine receptors CCR4, CCR5, CCR®6, and
CCR10 expressed by nTreg cells are involved in their migration
into the tumor microenvironment (Adeegbe and Nishikawa,
2013). Curiel at al. demonstrated that CCL22 secreted by
TAMSs recruits CCR4™ nTreg cells to human ovarian carcinoma
tumors and foster tumor growth (Curiel et al., 2004). In colorectal
cancer, CCL20 secreted by TAMs recruit CCR6" nTreg cells (Liu
et al., 2011). In addition, CCL3, CCL4, and CCL5 expressing
myeloid-MDSC from a melanoma mouse model recruited nTreg
cells through CCR5 signaling. TAMs in this mouse model ex-
pressed some of the CCR5 ligands (Schlecker et al., 2012). In
addition, CCL5 is expressed by TAMs in other mouse tumor
models (Biswas et al., 2006; Liou et al., 2013). The induction of
iTreg cells in the tumor microenvironment is a complex process
that is not completely understood. Nevertheless, TGF-$ and
IL-10 induce regulatory functions by the upregulation of the
pivotal regulatory transcription factor, Foxp3, in CD4* T cells
(Adeegbe and Nishikawa, 2013). TAMs have been found to ex-
press IL-10 and TGF-B in different pathological scenarios
including human and mouse cancers (Pollard, 2004). Macro-
phages in the intestinal immune system were shown to induce
iTreg cells by the secretion of IL-10 and TGF-$ (Denning et al.,
2007). Savage and coworkers investigated the ability of human
macrophages to induce regulatory T cells and showed that
IL-10 expressing anti-inflammatory macrophages but not proin-
flammatory macrophages are responsible for induction of iTreg
cells (Savage et al., 2008). In addition, TAMs isolated from hu-
man renal cell carcinoma induce the expression of CTLA4
and Foxp3 in CD4* T cells (Daurkin et al., 2011). TGF-B and IL-
10 are also involved in direct modulation of T cells functions.
TGF-B inhibits cytotoxic T lymphocyte, Th1, and Th2 CD4*
T cells (Oh and Li, 2013), whereas IL-10 inhibits Th1 and Th2
CD4™" T cell helper functions (Ng et al., 2013).

TAMs can also suppress T cell activity by the depletion of
L-arginine in the tumor microenvironment. Nitric-oxide synthase
(NOS) and arginase | (ARGI) are L-arginine processing enzymes
that were shown to be differentially secreted by macrophages as
a function of their activation state (proinflammatory and anti-in-
flammatory, respectively) (Biswas and Mantovani, 2010). TAMs
secrete ARG into the microenvironment in different human can-
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cers and mouse cancer models (Doedens et al., 2010; Sharda
et al.,, 2011). ARGI metabolizes L-arginine to urea and L-orni-
thine, hence depleting it from the tumor microenvironment.
L-arginine is necessary for T cells function, and its depletion in-
hibits the re-expression of the CD3 ¢ chain after internalization
caused by antigen stimulation and TCR signaling (Rodriguez
et al., 2003, 2004). In fact, the expression of ARGl is considered
to be the hallmark of anti-inflammatory macrophages, so-called
M2 macrophages (see below), in mice and a marker of many
TAM populations (Sica and Mantovani, 2012).

In addition to bona fide macrophages, there is extensive liter-
ature on a group of cells collectively called myeloid-derived sup-
pressor cells (MDSCs) that accumulate in the spleen and tumors
during malignant progression. These cells in ex vivo CTL assays
can suppress T cell responses (Gabrilovich et al., 2012). Further-
more, in vivo MDSCs block DC maturation at the invasive edge of
tumors (Gabrilovich et al., 2012). In mice, MDSCs are defined
as being CD11b* and Gr1*. These markers define both mono-
cytic and granulocytic cells (both Ly6C and Ly6G antigens are
recognized by the anti-GR1 antibody). The consensus view is
that MDSCs consist of a mixed population (Gabrilovich et al.,
2012). The majority of MDSCs being Ly6G* immature granulo-
cytes will not be further discussed in this review, and they
have been well reviewed recently (Gabrilovich et al., 2012). The
minority population is Ly6C* Ly6G~, suggesting they are mono-
cytic in origin and thus have been termed monocytic MDSCs
(M-MDSCs). These M-MDSCs have greater immunosuppressive
potency than the granulocytic ones and are further defined as
F4/80" a marker also found on inflammatory monocytes (Gabri-
lovich and Nagaraj, 2009; Gabrilovich et al., 2012). It has long
been recognized that monocytes can be immunosuppressive,
but it is unclear in cancer whether such cells accumulate in
excessive numbers as a transient to mature macrophages or
even granulocytes or whether M-MDSCs represent a mono-
cyte-derived terminal cell type. These cells are MHC'® and cos-
timulatory molecule low or negative suggesting they do not
directly induce anti-T cell activity. Instead, they highly express
TGF-B and ARG1, which contribute to nonspecific immune sup-
pression (Gabrilovich and Nagaraj, 2009; Gabrilovich et al., 2012;
Yang et al., 2008). Despite the obvious distinction between
monocytic and granulocytic subtypes, the usual lack of discrim-
ination between these groups in experiments and the lack of
unique markers on M-MDSCs precluding specific ablation of
these cells makes the specific in vivo function M-MDSCs in
immunosuppression hard to define. Consequently, they will not
be further discussed here, and there are excellent reviews
defining their functions and classification elsewhere (Gabrilovich
and Nagaraj, 2009; Gabrilovich et al., 2012; Montero et al., 2012).
These studies with M-MDSCs also calls into question the cell
type that can present antigens to the incoming T cells in tumors
and thus cause recognition of tumors at early stages. Krummel
and colleagues developed a system to detect OVA antigen pre-
sentation in the PyMT mouse model and using this model
defined an APC that was Cd11c* F4/80" in the tumor margin
that could be either a TAM or DC, but not an M-MDSC. However,
this antigen presentation by this TAM/DC population to T cells
while present was abortive (Engelhardt et al., 2012). In fact, these
DC-like cells and CD8* T cells appear to be “trapped” in the tu-
mor margin, even in xenograft models in the face of
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chemotherapy, suggesting an immunosuppressive mechanism
(Boissonnas et al., 2013; Engelhardt et al., 2012).

Altogether, TAM expression of cell surface receptors, secreted
cytokines, chemokines, and enzymes suggest they have an
important role in recruitment and activation of Treg cells and
the suppression of effector cells in the tumor microenvironment
(Figure 2). Nevertheless, the dominant mechanisms in vivo
even in simple xenograft mouse models are unknown. This
failure is not surprising given that the exact myeloid cell type(s)
that engages the acquired immune system is ill-defined and
because most experiments use homogeneous, transplanted
tumor models that are inherently immunogenic due to upregula-
tion of latent retroviruses and other epigenetic changes caused
by cell culture. A better definition of these immunosuppressive
mechanisms needs complex evolving autochthonous and thus
“self” models in which immune response can be tracked as the
tumor evolves. These models will allow specific definition of anti-
gen presentation and the means whereby cells of the monocyte
and/or macrophage lineage suppresses this response.

Macrophages at the Metastatic Site

Once tumor cells escape from the primary site, they passage
through the lymphatic and/or circulatory system and ultimately
a few establish at distant sites to give metastases. These sites
vary according to cancer; for example, in the breast they primar-
ily go to bone then lung and brain. It is essential to understand
this process because 95% of deaths from solid tumors in the
developed world are due to metastasis. Monocytes and/or mac-
rophages are essential metastasis promoters acting both to pre-
pare sites and also to promote the extravasation, survival, and
persistent growth of metastatic cells (Joyce and Pollard, 2009;
Qian et al., 2009). Even before tumor cells arrive, the frequency
and site specificity of metastatic growth can be influenced by
primary tumors through the formation of sites that enhance hom-
ing of circulating tumor cells known as premetastatic niches
(Psaila and Lyden, 2009). These niches are populated by
Cd11b* VEGFR1* myeloid cells whose recruitment is promoted
by Lysyl Oxidase and S110A and whose ablation inhibits the
formation of these sites (Psaila and Lyden, 2009). Several other
factors have been shown to be important for premetastatic niche
formation, most recently, tumor derived exosomes that program
the myeloid cells to be protumoral and proangiogenic through
activation of the receptor tyrosine kinase MET (Peinado et al.,
2012). Exosomes derived from different melanoma strains can
also redirect metastatic cell target tropisms from one tissue to
another (Peinado et al., 2011). The formation of the niche is
also dependent on platelets that presumably deposit fibrin in
the target tissues that attract myeloid cells. Consequently, pre-
metastatic niche formation is blocked by anticoagulants (Gil-
Bernabé et al., 2012).

Studies of lung metastasis show that upon their arrival at
the target site, tumor cells together with associated platelets
recruited via their expression of tissue factor form microclots
and arrest in the target tissue vessels (Gil-Bernabé et al,
2012). This arrest enables CCL2 synthesized by the tumor cells
to generate a chemoattractive gradient that recruits Ly6C mono-
cytes through their expression of the CCL2 receptor, CCR2 (Cor-
tez-Retamozo et al., 2012; Qian et al., 2011). In addition, clotting
upregulates VECM1 on endothelial cells that promote myeloid

cell attachment and thus their recruitment (Ferjancic et al.,
2013). These recruited monocytes enhance extravasation of
tumor cells in part by expression of VEGF, which cause vascular
permeability. Consistent with this is that inhibition of CCR2
signaling blocks tumor cell extravasation and inhibits metastasis
(Qian et al., 2011). These recruited monocytes differentiate into
CCR2*, VEGFR1* Ly6C" F4/80* metastasis-associated macro-
phages (MAMs) (Figure 3). Ablation of this MAM population using
genetic and chemical means inhibits metastatic seeding and
persistent growth, the latter effect being evident even after the
metastases have been established (Qian et al., 2009, 2011).
Mechanistically, this is via the maintenance of CSF1 signaling
in macrophages and through the enhancement of tumor cell
survival (Qian et al., 2009) via engagement of VCAM1 expressed
upon the tumor cells that generates an AKT mediated antiapop-
totic signal (Chen et al., 2011). Myeloid cells also promote
mesenchymal-to-epithelial transition (MET) and tumor growth
by inhibiting TGF- signaling in these epithelial metastatic cells
(Gao et al., 2012).

Many cancers also metastasize to the bone such as breast
and prostate. In this process, another cell from the mononuclear
phagocytic lineage, the osteoclast, plays an important role. This
cell is lineage regulated by CSF1 followed by differentiation and
proliferation in response to RANK ligand that lead to the multinu-
clear functional osteoclast. These cells are often activated by
metastatic cells to degrade bone and release growth factors re-
sulting in a vicious cycle. Because this process is dependent on
a different cell type to classical macrophages it will not be re-
viewed further here, but readers are referred to recent reviews
that discuss the process and therapeutic opportunities (Cama-
cho and Pienta, 2014; Esposito and Kang, 2014; Mundy, 2002).

Macrophages as Therapeutic Targets

Macrophages are exceptionally diverse in their functions reflect-
ing the different origins, local environment, and responses to
challenges (Wynn et al., 2013). Consideration of macrophage
function in immunity let to the proposal of two classes of macro-
phages: (1) the activated macrophages responding to IFN-v,
TNF-a,, and Toll-like receptor 4 (TLR4) activation capable of
kiling pathogens through mechanisms such as iNOS, and
(2) alternatively activated macrophages responding to IL-4 and
IL-13 involved in antiparasitic immunity and in asthma (Gordon,
2003). The original in vitro characterizations were extended to
in vivo models by Mills and coworkers who called these states
M1 (activated) and M2 (alternatively activated) (Mills, 2012).
These descriptions were captured to suggest that TAMs could
be either tumor kiling (M1) or tumor promoting (M2) (Sica
etal., 2008). However, although these extreme forms of polariza-
tion are seductive, the already described multiple phenotypes of
TAMs activity engaged in different biological functions in the
tumor suggested such definitions are limiting and probably do
not exist in the complex tumor microenvironment (Qian and
Pollard, 2010). In fact, different macrophages associated with
diverse phenotypes and particular to different tumor types ar-
gues for a plethora of different populations. Furthermore, in
most large-scale transcriptome analysis, macrophages have a
mixed phenotype expressing both M1 and M2 markers (Qian
and Pollard, 2010). In addition, there have been no definitive ex-
periments where unique ablation of macrophages designated as
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Arrest of tumor cells in the vasculature of target organs through the formation of microclots (1) results in CCL2-mediated recruitment of CCR2-expressing
circulating inflammatory monocytes (2). These monocytes differentiate into metastasis-associated macrophages (MAMs) that mediate tumor cell extravasation
via VEGF that increases vascular permeability (3). MAMS under the influence of CSF-1 further promote tumor cell survival (4) and persistent growth associated by

angiogenesis and might also prevent T cell cytotoxicity (5).

M1 or M2 has been achieved and thus their role in tumor
promotion is unknown. In contrast, ablation of specific subpop-
ulations such as TIE2* or MAMs can be demonstrated to affect
specific activities such as angiogenesis or metastatic seeding.
We have always proposed that subpopulations should be
defined by biology rather than enforcing preexisting nomencla-
ture upon function (Qian and Pollard, 2010). Thus despite
ongoing discussion on nomenclature, the clinical challenge re-
mains to block macrophage trophic phenotypes together with
theirimmunosuppressive behaviors and enhance their activation
and antitumoral activities. Several recent studies suggest that
such an approach is feasible and therapeutic (Coussens et al.,
2013; De Palma and Lewis, 2013). The major strategy so far is
based upon genetic experiments whereby inhibition of CSF1
signaling in PYMT models inhibits tumor progression and metas-
tasis (Lin et al., 2001) and uses anti-CSF1 receptor-neutralizing
antibodies or small-molecule inhibitors to interfere with this
pathway (Coussens et al., 2013). Strikingly inhibition of CSF1R
in glioblastoma mouse models results in a dramatic reduction
in tumor volume and long-term survival of the mice. This
CSF1R inhibition did not kill the TAMs but caused them to repo-
larize to a state regulated by GM-CSF that has been suggested
to be antitumoral (Quail and Joyce, 2013). Similar results can be
seenin cervical and breast cancer models (Strachan et al., 2013).
Small-molecule inhibitors to CSF1R also have been shown to
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deplete some populations of TAMs and in established tumors
to dramatically enhance responses to chemotherapy. This effect
is at least in part due to the removal of macrophage-mediated
immunosuppression during the tumor recovery period (DeNardo
et al., 2011; Mitchem et al., 2013). These effects seem not to be
restricted to chemotherapy because TIE* positive TAMs limit the
efficacy of antivascular reagents, and their ablation strongly in-
creases the therapeutic efficacy of these agents (Priceman
et al., 2010; Welford et al., 2011). In other models, M-MDSCs
modulate the efficacy of antivascular therapies (Shojaei et al.,
2007). Furthermore, low-dose irradiation of tumors programs
macrophages to an activated state that orchestrate T cell immu-
notherapy (Klug et al., 2013). Macrophages also enhance the
therapeutic efficacy of monoclonal antibodies (De Palma and
Lewis, 2013). In addition, the chemotherapeutic agent Trabecte-
din directly kills monocytes and/or macrophages and has thera-
peutic efficacy against tumors in mouse models (Germano et al.,
2013). Similarly, amphotericin B enhances macrophage-medi-
ated inhibition of glioma tumor-initiating cells (Sarkar et al.,
2014). Most importantly a recent clinical trial reports objective
clinical responses in diffuse-type giant cell tumors that overex-
press CSF1 by using a neutralizing antibody to the CSF1R in a
single-molecule approach, and this response is characterized
by an increase in the CD8*/CD4™" T cell ratio (Ries et al., 2014).
This dramatic result together with the other examples given
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Figure 4. Reprogramming Macrophages to Be Antitumoral
Macrophages in the tumor in general are immunoregulatory and suppress
immune responses to tumor-derived antigens. However, in some circum-
stances particularly with appropriate therapeutic interventions, macrophages
can be antitumoral by direct tumor cell killing, the removal of vital support such
as inhibition of angiogenesis or by the activation of T cells. This differential
polarization is under the control of many stimuli (as shown) that alters the
differentiated state of the macrophages. Some factors such as GM-CSF act in
protumoral or antitumoral fashion dependent on context (Pyonteck et al.,
2013; Su et al., 2014). Therapeutic interventions can repolarize these cells to
become immunostimulatory macrophages that on their own can cause tumor
regression or that enhance the activity of chemovascular, antivascular, or
immunotherapies. References to these polarizing agents can be found in (De
Palma and Lewis, 2013; Sica and Mantovani, 2012).

above strongly support targeting the destruction or redifferentia-
tion of macrophages as an important part of combinatorial ther-
apies in human cancer patients.

Perspectives

We have argued previously that TAMs recapitulate the roles of
macrophages in tissue development and repair that is coupled
with suppression of immune responses to the tissue damage
caused by invading epithelial structures (Pollard, 2004). Gene
profiling of TAMs supports this hypothesis while at the same
time defines many subpopulations with different protumoral
functions (Qian and Pollard, 2010). The preclinical experimental
data described above suggest that targeting TAMs either by
ablation or repolarization can be beneficial in cancer therapy.
This is an attractive approach because these diploid normal cells
do not have the enhanced mutation rates of tumor cells that
inevitably lead to drug resistance. Indeed, several clinical trials
are underway targeting CSF1R signaling as a means of removing
macrophage protumoral support, and the most recent of these
studies reports clinical efficacy (Ries et al., 2014). However,
these pan-macrophage therapeutic approaches will have sys-
temic toxicities as they target all macrophages. As we move
forward, the realization of diverse origins of macrophages with
recruited ones being different from resident ones (Wynn et al.,
2013) suggest that more sophisticated therapies that only target
TAMs or MAMs might be possible (Modi et al., 2012). Impor-

tantly, a definition of macrophage subpopulations in different
human cancers and in different subtypes of cancer in a particular
tissue is needed to advance these options. Another exciting
therapeutic approach is to enhance chemotherapy or immuno-
therapy by removing the immunosuppressive activities of mac-
rophages. In this arena, preclinical data (Figure 4) indicate
several strategies that can be combined to improve the already
encouraging antitumoral clinical results obtained by inhibiting
regulatory T cell mechanisms through the use of neutralizing
anti-PD1, -PD-L1, or -CTLA4 antibodies (Page et al., 2014).
Further definition of the regulation of immunoregulatory mecha-
nisms in macrophages should allow the development of a whole
new range of therapeutics.
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