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Abstract

Tumor-associated macrophages (TAMs) are a major cel-
lular component of numerous tumor types. TAM-targeted
therapies include depletion strategies, inhibiting their
effector functions or reprogramming toward an antitumori-
genic phenotype, with varying degrees of efficacy. Here, we

review preclinical and clinical strategies to target macro-
phages in cancer and discuss potential explanations for why
some strategies are effective while other approaches have
shown limited success. Clin Cancer Res; 23(4); 876–84. �2016
AACR.

Background
Tumor-associated macrophages (TAMs) are a major immune

component of many types of cancer and can account for up to
approximately 30% of cells within the tumor microenvironment
(1, 2). In adult tissues, macrophages can accumulate in tumors
through mobilization and recruitment from systemic reservoirs,
differentiation from monocyte precursors, and in some cases,
proliferationwithin localmicroenvironments. In addition to their
abundance, the activation status and phenotypes of TAMs are also
important considerations for tumor biology. TAMs are highly
plastic cells and can adopt either pro- or anti-inflammatory
activation states in response to cytokine exposure. In turn, TAMs
produce a variety of factors, including growth factors, cytokines,
and proteases, which can contribute significantly to regulating
disease progression. As such, they are attractive targets for recali-
brating immune responses within the tumor microenvironment.
Not surprisingly, drugs that aim to either deplete or reprogram
macrophages are meriting considerable attention. Here, we will
review key components of macrophage biology, discuss thera-
peutic approaches that are currently being employed to target
macrophages in both clinical and preclinical settings, highlight
mechanisms bywhich TAMs candevelop resistance, anddelineate
strategies to overcome such resistance.

Key facets of macrophage biology
In normal tissues, macrophages play important roles during

tissue homeostasis. Tissue-resident macrophages, including liver
Kupffer cells, brain microglia, skin Langerhans cells, etc., are
important for maintaining steady-state homeostasis within a
given organ, whereas peripherally derived macrophages are

recruited in response to cytokines and chemokines that are
released as a result of tissue imbalance or injury. In cancer,
macrophages can be hijacked by the tumor, even though many
of their fundamental biological pathways are maintained. Within
the tumormicroenvironment, macrophages can be "educated" by
the tumor to promote cancer development, progression, and
metastasis. Therefore, understanding the mechanisms of mobili-
zation, differentiation, and activation in normal macrophage
biology is critical for designing effective targeted strategies against
TAMs in cancer.

Macrophages arise from differentiation of precursor cells
through at least two distinct ontogenetic processes, as determined
through mouse genetic studies. Yolk sac–derived macrophages
(F4/80hi) arise during early developmental hematopoiesis and
seed tissues prior to birth. Bone marrow–derived macrophages
(F4/80lo) arise from monocyte precursors and are recruited to
tissues in response to inflammation. Another source of macro-
phages within adult tissues is through local proliferation in
response to specific inflammatory stimuli (3–6).

Macrophage differentiation is largely driven by colony-stim-
ulating factor-1 (CSF-1 or M-CSF) and IL34 signaling via their
cognate receptor, CSF-1R, which is located on the plasma mem-
brane (7). These same factors are also involved in mobilization
of monocytes from systemic reservoirs and their recruitment
to tissues when required. In CSF-1–null mouse models (e.g.,
osteopetrotic op/op mice), monocytes and macrophages are
depleted in several tissues, and there is a complete deficiency of
bone macrophages (osteoclasts), resulting in aberrant bone
remodeling (8, 9). Therefore, inhibiting CSF-1R signaling is a
major focus of current macrophage-targeted therapies, which
will be discussed here in detail.

Macrophages can be activated by a variety of different cytokines
within themicroenvironment. Perhaps themost classical groupsare
Th1 and Th2 cytokines, which give rise to pro-inflammatory and
anti-inflammatory states, respectively. Th1-activated macrophages
(classical activation/M1-like) are associated with antitumorigenic
functions, whereas Th2-activated macrophages (alternative activa-
tion/M2-like) tend to be associated with protumorigenic pheno-
types (10, 11). In recent years, this polarization model has been
regarded as oversimplistic, as studies have demonstrated that
macrophages can adopt overlapping M1-like and M2-like gene
expression programs (12). In light of these observations, it is now
appreciated that macrophages adopt a more spectrum-based
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activation state (10, 11, 13–15), whereby different cytokines can
integrate to induce a broad and dynamic range of gene expression
patterns and biological functions.

Targeting the CSF-1R pathway in cancer: Successes and
limitations

Given its pivotal role in regulating multiple aspects of macro-
phage biology, inhibiting CSF-1R has been the focus of many
preclinical cancer studies (Fig. 1A and B). It has been shown by
several groups that blocking CSF-1R signaling in mouse tumor

models can have variable effects on outcome. For example, in
proneural glioblastoma multiforme, Pyonteck and colleagues
showed that early intervention with a CSF-1R inhibitor, BLZ945,
prevented tumor initiation and that late intervention caused a
rapid and robust tumor debulking after just 1 week of treatment
(16). In this study,microglia were depleted in the normal brain as
expected, but not within the tumor region due to the presence of
glioma-enriched survival factors. Surviving TAMs were instead
reeducated by CSF-1R inhibition to downregulate protumori-
genic/M2-like activation programs (16).

© 2016 American Association for Cancer Research

A

B

C

D

E

Enhancing immune responses

Other checkpoint inhibitors?

Targeting CSF-1R

Macrophage reprogramming

Disrupting chemokine axes

Targeting TEMs

TCR

T cell MHCII

Neutralizing Ab
(e.g., RG7115)

Recruitment

Macrophage

Reeducation
M2-likeM1-like

CD40L

Th1 cytokines
(e.g., IL1, TNFα, IFNγ)

Th2 cytokines
(e.g., IL4, IL13, IL10)

Proangiogenic
factors

(e.g., VEGF, bFGF)

Chemokine
gradient

(e.g., CXCL12, CCL2)

Neutralizing Ab

TC

Neutralizing Ab

TIE-2

Ang1/2

BLZ945
PLX3397
GW2580

Arg1, Mrc1, Chil3,
F13a1, Retnla

Il12, Il23, Tlr4,
MHCII, Cd86

CSF-1

CSF-1R

CD40FGK45
agonist

Figure 1.

Diversity of macrophage-targeting strategies in cancer. A, Rather than depleting macrophages, therapies aimed at reprogramming or reeducating M2-like
macrophages to adopt antitumor M1-like phenotypes or enhanced antigen-presenting capacity have demonstrated survival benefits in preclinical models
(16, 19, 31, 41,67). B,Mostmacrophage-targeted therapies are currently focused on CSF-1R inhibitors, which either deplete or reprogrammacrophages depending on
the context. For example, in brain tumors, CSF-1R inhibitors have been shown to reprogram macrophages toward an antitumor phenotype (16, 19), whereas
in breast cancer, CSF-1R inhibitors have been shown to reduce macrophage numbers and thereby improve responses to cytotoxic therapies (17, 23–25). C,
Macrophages can be targeted to reprogram the immunosuppressive tumormicroenvironment and consequently enhance antitumor T cell responses. For example, in
models of pancreatic ductal adenocarcinoma, CD40 agonists have been shown to enhance antigen presentation through MHCII expression on myeloid cells,
leading to enhanced antitumor outcomes (39), and CSF-1R inhibitors have yielded similar results (41). D, Another strategy to target macrophages is to
prevent their systemic mobilization and recruitment toward specific tissues through blockade of chemokine gradients. Two examples of well-characterized
gradients of this nature are SDF1/CXCR4 (45, 46) and CCL2/CCR2 (50–54). E, Myeloid cells can be targeted by virtue of specific behaviors, such as angiogenesis.
For example, TEMs can be targeted in different cancer models via neutralizing TIE-2 or angiopoietins, to reduce vascularization of tumors (55–60). TC, tumor cell;
TCR, T cell receptor; TEM, TIE-2–expressing monocyte/macrophage.
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Using the same compound, Strachan and colleagues showed
that CSF-1R inhibition delayed the growth of orthotopically
transplanted mammary cancer cell lines derived from the
MMTV-PyMT mouse model (17). In this study, macrophages
were depleted within the tumor in response to CSF-1R inhibition,
leading to a shift in the immune profile of the breast tumor
microenvironment, characterized by high numbers of CD8þ

cytotoxic T (Tc) cells. This observation of macrophage depletion
concomitant with CD8þ Tc cell infiltration extends to the K14-
HPV-16 primary cervical tumor model, where BLZ945 treatment
is also efficacious (17). These studies highlight key examples of
CSF-1R blockade efficacy via completely distinct mechanisms:
Pyonteck and colleagues found that macrophages were main-
tained and reprogrammed to become antitumorigenic, whereas
Strachan and colleagues showed that anticancer efficacy was
dependent on macrophage depletion. As a result of these studies
and others, CSF-1R inhibitors are being tested in clinical trials for
several cancer types, including but not limited to breast cancer,
glioma, ovarian cancer, melanoma, and lung cancer (18).

In amore recent preclinical study on glioblastomamultiforme,
it was shown that acquired resistance to CSF-1R inhibition even-
tually emerges within a subset of mice (19). Resistance was found
to be driven by PI3K hyperactivation after long-term exposure to
theCSF-1R inhibitor BLZ945. This PI3K activation phenotypewas
driven by insulin-like growth factor 1 (IGF-1) supplied bymacro-
phages and IGF-1R upregulated on tumor cells, resulting in
canonical PI3K signaling in BLZ945-resistant tumors. Of note,
IGF-1 productionbymacrophages appeared to be triggered inpart
by Tc cells in the microenvironment, again demonstrating a link
between Tc cells, macrophages, and CSF-1R inhibition in cancer.
Interestingly, in recurrent tumors, combined inhibition of either
IGF-1R or PI3K with CSF-1R blockade resulted in a pronounced
improvement in overall survival. However, none of these inhi-
bitors were effective as monotherapy in recurrent disease (19).
These findings thus demonstrate that sustained inhibition of
CSF-1R is necessary to expose the signaling dependency on
IGF-1R/PI3K and thereby render the tumors susceptible to sec-
ondary pathway inhibition; one of several examples that will
be reviewed here of how CSF-1R inhibition, even in cases where
seemingly ineffective alone, can nonetheless significantly
improve response to additional therapies.

In clinical studies in glioblastomamultiforme [NCT01790503,
NCT01349036 (20), and newly initiatedNCT02829723], CSF-1R
inhibitors have shown limited efficacy to date. Butowsky and
colleagues recently reported findings from a phase II trial with a
different inhibitor of CSF-1R, PLX3397 (which had shown some
efficacy in a preclinical glioma model; ref.21), in 37 patients with
recurrent aggressive glioblastoma multiforme. Overall, treated
patients showed no change in progression-free survival over a

6-month follow-up period (20). Patients in this study varied in
terms of macrophage depletion post-treatment, with several gli-
omas showing sustained abundance. In light of the high frequen-
cy of PI3K and phosphatase and tensin homolog (PTEN) altera-
tions in human glioblastoma multiforme (22), these results raise
the critical question of whether inherent resistance to CSF-1R
inhibitors in glioblastoma multiforme could be mechanistically
similar to acquired resistance through PI3K activation (19), as
discussed above. If so, this suggests that dual inhibition of PI3K
and CSF-1R may be important upfront in the subset of patients
with PTEN/PI3K pathway mutations. For a list of CSF-1R inhibi-
tors currently in clinical trials, and available published trial
results, see Table 1.

Although these studies were the first to identify mechanisms
of acquired resistance to CSF-1R inhibitors in glioblastoma
multiforme (19), there were earlier reports of inherent resis-
tance to CSF-1R blockade in other tumor types. DeNardo and
colleagues showed that PLX3397 caused no change in primary
tumor growth of an orthotopic PyMT mammary tumor trans-
plantation model, despite effective macrophage depletion (23).
CSF-1R inhibition in this case still improved disease outcome,
as macrophage depletion led to enhanced response to chemo-
therapy and allowed for infiltration of antitumorigenic CD8þ Tc
cells, consistent with other reports (17, 23–25). Strachan and
colleagues also showed that spontaneous metastasis of breast
cancer to lung was not affected by BLZ945 monotherapy in
PyMT genetic models. In this case, BLZ945 did not cause
macrophage depletion in the lungs, which was required for
antitumorigenic CD8þ Tc cell infiltration (17). Given the role of
CD8þ Tc cells in the efficacy reported in several of these studies,
and the findings from Quail and colleagues that CD8þ Tc cells
can in part be responsible for engaging the IGF-1/PI3K axis in
the context of acquired CSF-1R resistance in glioblastoma
multiforme (19), these data together emphasize that the inter-
section between Tc cells and macrophages ought to be evalu-
ated as a putative predictor of drug response, and in cases of
resistance, may serve as an additional therapeutic target.

Combining CSF-1R inhibitors with other RTK inhibitors
As discussed above, at least one mechanism of CSF-1R

inhibitor resistance has been attributed to aberrant activation
of PI3K signaling through IGF-1R in glioblastoma multiforme
(19). Indeed, several studies have reported enhanced treat-
ment efficacy when CSF-1R inhibitors are used in combination
with additional receptor tyrosine kinase (RTK) inhibitors
(26–28). This suggests that cross-talk between different RTK
pathways can compensate for one another, causing reactiva-
tion of alternative survival pathways that then require addi-
tional drug intervention.

Table 1. Compounds currently in clinical trials for cancer, with targets relevant to macrophage biology

Compound Target Cancer trials Trial results

BLZ945 CSF-1R antagonist Phase I/II In progress
PLX3397 CSF-1R/Kit/Flt3 antagonist Phase II In progress
RG7155 CSF-1R mAb Phase I In progress
CP 870893 CD40 mAb agonist Phase I 39, 69
AMD3100 CXCR4 antagonist Phase III 70–78
MLN1202 CCR2 mAb Phase I/II In progress
PF-04136309 CCR2 antagonist Phase I/II 79
CNTO888 CCL2 mAb Phase I/II 80
CEP-11981 TIE-2/VEGFR/FGFR antagonist Phase I 81
AMG386 Ang1/2 antagonist Phase III 82–94

Quail and Joyce

Clin Cancer Res; 23(4) February 15, 2017 Clinical Cancer Research878



In one study, Patwardhan and colleagues showed that PLX3397
treatment caused a delay in tumor outgrowth of malignant
peripheral nerve sheath tumors (26). However, consistent with
thefindings fromQuail and colleagues, combination treatment of
PLX3397 and rapamycin [a mechanistic target of rapamycin
(mTOR) inhibitor] further improved this response, whereas
treatment of tumors with either of these drugs as monotherapy
was not as effective by comparison (19, 26). Although Pataward-
han and colleagues reported a decrease in macrophages in tissue
samples in response to PLX3397 treatment, these cells were still
clearly abundant in the reported immunohistochemical images
of the general macrophage marker, ionized calcium-binding
adapter molecule 1 (Iba1). This observation is consistent with
those fromQuail and colleagues, wheremacrophage number was
somewhat reduced in BLZ945-resistant glioblastoma multi-
forme tumors compared with vehicle controls; however, TAMs
were not completely depleted. It would therefore be of interest
to determine whether there is a similar heterotypic signaling
loop between TAM-derived IGF-1 and the nerve sheath tumor
cells to cause activation of PI3K signaling specifically in the
context of CSF-1R inhibition, and thus explain the observations
of enhanced sensitivity to rapamycin treatment.

An intersection between myeloid cells and PI3K signaling has
also been shown in the context of immune regulation. Schmid
and colleagues reported that G-protein–coupled receptors, RTKs,
and Toll-like receptors are capable of activating PI3Kg in
CD11bþGr1þmyeloid cells, causing their infiltration into tumors
in response to various chemoattractants, including CSF-1 (29).
Kaneda and colleagues recently provided further insights into
the roles of macrophages in immune regulation by showing that
the PI3Kg isoform in macrophages regulates a critical switch
between immune stimulation and suppression in cancer (30).
Accordingly, macrophage-specific inactivation of PI3Kg restored
CD8þ Tc cell activation, leading to enhanced efficacy of immune
checkpoint inhibition. These findings are intriguing as tumor cells
oftenhijack or co-opt existingbiological processes; in this case, the
relationship between myeloid cells and PI3Kg may lend insight
into how tumor cells mimic these immune pathways to support
more aggressive disease.

It has been shown that macrophages play an important role
during tumor angiogenesis in a variety of cancer types. As such,
targetingmacrophages together with proangiogenic pathways has
been investigated in preclinical models. In one study, Priceman
and colleagues demonstrated that treatment of Lewis lung carci-
noma (LLC) with the CSF-1R inhibitor GW2580 prevented
monocytic myeloid cell infiltration into tumors and reduced
angiogenesis but provided no overall benefit in blocking tumor
growth (27). By comparison, treatment of LLC tumors with the
VEGFR inhibitor DC101 caused a substantial reduction in tumor
volume, attributed to a robust devascularization and significant
increase in tumor necrosis. However, combining both treatment
regimens had a synergistic effect, whereby tumor volume and
angiogenesis were further reduced (27). These data suggest that
CSF-1R inhibition causes an increased dependency of LLC tumors
on effective angiogenesis, whereby dual targeting of CSF-1R and
VEGFR would result in better outcomes than VEGFR inhibition
alone. Thus, even in cases where there seems to be inherent
resistance to CSF-1R blockade as a monotherapy, these inhibitors
may nonetheless prove useful to improve response in combina-
tion with alternative therapies that are currently under clinical or
preclinical investigation (19, 23, 25, 28, 31).

Myeloid cells have also been shown to play an immunosup-
pressive role in some cancers; this is particularly relevant in the
context of melanoma, where immunotherapy is proving effective
in a growing patient population. The successes with immuno-
therapy in melanoma indicate that there is a large immune
component to these tumors, and studies have suggested a role
for macrophages during immunosuppression and regulating
checkpoint expression (32–34). In preclinical melanoma models
whereCSF-1 is secreted by tumors to cause recruitment ofmyeloid
cells, Mok and colleagues demonstrated that inhibition of CSF-1R
can improve efficacy of vemurafenib [a B-Raf proto-oncogene,
serine/threonine kinase (BRAF) inhibitor] by reducing infiltra-
tion of immunosuppressive myeloid cells (28). However, the
authors did not find a myeloid-based mechanism of resistance to
vemurafenib; rather, depletion of myeloid cells allowed for
increased antitumorigenic CD8þ Tc cell infiltration, providing
an improved "immunological space" for the BRAF inhibitor to be
effective. Consistently, depletion of CD8þ Tc cells in the context
of dual targeting of CSF-1R and BRAF abrogated the benefits of
this combination therapy (28). Similar to other studies discussed
here, inhibition of CSF-1R alone had minimal benefit for disease
outcome and was instead most effective at enhancing efficacy of
the BRAF inhibitor.

Alternative strategies for targeting macrophages in cancer
biology

In addition to targeting CSF-1R pathways to either deplete or
reprogram macrophage populations within tumors (Fig. 1A
and B), multiple alternative strategies have been explored in
animal models that involve abrogating macrophage recruit-
ment and/or functions.

Creating an imbalance between tissue-resident and recruited mac-
rophage populations. Different approaches to target specific mac-
rophage subpopulations in several animalmodels have also been
investigated. This is largely based on the hypothesis that depleting
one type ofmacrophagemay result in disruption of themonocyte
immune ecosystem and consequently result in replenishment of
new macrophage populations from the periphery. For instance,
MacDonald and colleagues demonstrated that a neutralization
antibody specifically targeting CSF-1R depleted tissue-resident
monocytes across a variety of different healthy peripheral tissues
and tumors (35, 36). The authors hypothesized that reducing
tissue-resident macrophages in this manner would create a
requirement for monocyte replenishment specifically under
inflammatory stress conditions. When this hypothesis was tested
using different inflammatory models, depletion of the resident
monocyte pool did not result in an overall loss of monocytes;
rather, local depletion was countered by enhanced recruitment of
pro-inflammatory monocytes from the bone marrow (36). These
data suggest that antibody-mediated neutralization of CSF-1R
may specifically target monocytes that are committed to produc-
ing tissue-resident macrophages, but not inflammatory mono-
cytes, despite both of these populations expressing CSF-1R on
their cell surface. In other words, CSF-1 may not be necessary for
monocyte differentiation in response to inflammatory stimuli. In
the studies discussed up to this point, it is unclear whether tissue-
resident or recruited macrophages are most affected by pharma-
cologic blockade of CSF-1R, or how efficacy of these agents might
be altered by inflammatory monocyte recruitment; these will be
important questions to address in future studies.
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A similar study by Varvel and colleagues investigated the effects
of microglia depletion on macrophage repopulation of brain
tissue, an organ that is protected from inflammation and mono-
cyte recruitment under normal physiologic conditions (37). The
authors showed that depletion of microglia using a transgenic
CD11b-HSVTK mouse model caused a repopulation of Iba1þ

peripheral monocytes (bone marrow–derived macrophage pre-
cursors) after just 2 weeks. After longer time periods, the distri-
bution of Iba1þ cells within brain tissue from the CD11b-HSVTK
model was similar to that ofmicroglia in control tissues (37). This
study, alongwith that ofMacDonald and colleagues (36), demon-
strates that specific depletion of tissue-resident macrophage
populations can cause a homeostatic imbalance and compensa-
tory recruitment of peripheral monocytes into tissues, even in
organs such as the brain where inflammation is generally tightly
controlled. Animal models that distinguish between the relative
contributions of recruited versus resident macrophages to tumor
initiation and progression are now being developed (38); it will
be important to use these genetically engineered mice to deter-
minewhether inhibitingmacrophages broadly, or rather targeting
specific subpopulations to encourage pro-inflammatory cell
repopulation, will be most effective in cancer therapy.

Maximizing antitumor immune responses. Another rationale for
targeting macrophages is to reprogram the immunosuppressive
tumor microenvironment and consequently enhance antitumor
T cell responses (Fig. 1C). In one study, Beatty and colleagues
tested whether CD40 activation could overcome the immuno-
suppressive microenvironment in pancreatic ductal adenocarci-
noma (PDA) by augmenting T cell function (39). CD40 is known
to regulate antitumor immune responses, in part by enhancing
immune activation via antigen-presenting cells (40). Beatty and
colleagues demonstrated that treatment of PDA tumors with an
agonistic CD40 antibody (FGK45) increased macrophage expres-
sion of MHC class II (MHCII) and CD86 (a T cell costimulatory
molecule expressed on antigen-presenting cells that is important
for T cell activation) and caused them to infiltrate tumors, adopt
an antitumorigenic phenotype, and disrupt the dense tumor
stroma (39). Consistently, in the KPC model of PDA, Zhu and
colleagues targeted immunosuppressivemacrophages via CSF-1R
inhibition in combination with checkpoint blockade (41). In this
model, treatment of tumor-bearing animals with a CSF-1R inhib-
itor did not cause a depletion of macrophages; rather, TAMs were
reprogrammed to adopt enhanced antigen-presenting capacity
and triggered antitumorigenic T cell activation, including mod-
ulation of checkpoint molecules. Subsequent combination treat-
ment of PDA with CSF-1R blockade and checkpoint immuno-
therapy [including programmed cell death protein 1 (PD1) or
cytotoxic T lymphocyte–associated protein 4 (CTLA4) antag-
onists] enhanced efficacy, compared with checkpoint inhibitor
treatment alone (41).

Finally, in a BRAF-driven melanoma study by Mok and collea-
gues, pharmacologic inhibition of CSF-1R via PLX3397 inhibited
immunosuppressive myeloid cells in tumors and favored an
MHCIIhi antigen-presenting population, resulting in improved
efficacy of adoptive cell therapy of melanoma-targeted T cells
(31). The authors suggest that targeting macrophages in combi-
nationwith enhancing T cell responses is likely to provide optimal
therapeutic outcomes. From these collective studies, it follows
that the abundance and nature of immunosuppressive myeloid
cell populations need to be considered when evaluating which

patientsmay best respond to T cell–based immunotherapies. This
is consistent with other reports discussed here, where there is an
apparent reciprocal relationship between CD8þ Tc cells and
macrophages within several tumor types (17, 19, 23, 25, 31,
41). However, it remains unclear whether altering myeloid cell
function in long-term trials would result in stablemanagement of
disease, whether newmechanisms of immunosuppression would
develop over time, or whether there would be broader, and
perhaps dangerous, consequences for systemic autoimmune com-
plications outside of the context of cancer.

Disrupting chemokine gradients to prevent macrophages from enter-
ing tumors. Another strategy to target macrophages is to prevent
their systemic mobilization and recruitment to specific tissue
niches through blockade of chemokine gradients (Fig. 1D; refs.42,
43). One classic example is the CXCL12 [also known as stromal-
derived factor 1 (SDF1)]/CXCR4 axis (44).Multiphoton intravital
imaging studies by Boimel and colleagues have demonstrated that
CXCL12 is upregulated by highly metastatic and invasive tumor
cell lines derived from anMMTV-Neu transgenic mousemodel of
breast cancer when subsequently implanted in vivo (45). This
invasive behavior is thought to be in part the result of enhanced
macrophage recruitment, as metastatic phenotypes were reduced
upon disruption of either CXCL12/CXCR4 or CSF-1/CSF-1R axes
(45). In another study, it was shown that autocrine CXCL12
regulates differentiation of monocytes into macrophages in the
perivascular niche of metastatic melanoma, where it is thought to
facilitate CXCR4-mediated metastatic cell recruitment or leuko-
cyte infiltration (46). Consistently, outside the context of cancer,
high CXCL12 levels are known to maintain hematopoietic stem
and progenitor cells within bone marrow reservoirs (47–49),
perhaps providing some explanation for why CXCL12-expressing
monocytes were found to be abundant in perivascular niches.
Given the nonspecific role for this axis during macrophage
recruitment, however, it is unclear whether disrupting the
CXCL12/CXCR4 axis in cancer would be beneficial or cause broad
systemic inflammation.

Another example of an important chemokine axis in tumor-
associated recruitment of macrophages is CCL2/CCR2. In one
study on colorectal and lung cancers, tumor cell–derived CCL2
supported the recruitment of CD11bþGr1mid myeloid cells to the
metastatic liver niche, and inhibition of CCL2 blocked recruitment
of these cells and subsequently reducedmetastaticburden(50–52).
In another study on MMTV-PyMT breast cancer, Qian and collea-
gues showed that lungmetastases specifically support infiltrationof
inflammatory monocytes expressing CCR2 to facilitate metastatic
seeding (53). In this model, the chemokine CCL2 was found to be
producedbyboth tumor cells and the lung stroma, andblockadeof
theCCL2/CCR2axiswas sufficient to reducemonocyte recruitment
and metastatic seeding, ultimately resulting in prolonged overall
survival (53). However, animals still eventually succumbed to their
disease despite continued blockade of the CCL2/CCR2 axis (53).
Moreover, others have reported accelerated progression of
disease after CCL2 blockade is stopped (54), indicating that
caution should be taken, as this treatment regimen may be only
temporarily effective at keeping metastases at bay.

Targeting angiogenesis through TIE-2–expressing monocytes. Final-
ly, another means to target macrophages in cancer is to block
subpopulations that regulate specific protumorigenic behaviors.
One phenotype that is frequently associated with macrophages is
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their ability to regulate vascularization. This is often attributed to
angiopoietin receptor (TIE-2)–expressingmonocytes/macrophages
(TEMs; ref.55), which can be recruited to tumors through classical
macrophage cytokine axes, suchasCXCL12/CXCR4(56), andact in
a paracrine manner with angiopoietins (Ang) to modulate angio-
genesis in the perivascular space (Fig. 1E; refs. 57–60). TEM deple-
tion in different cancer models (e.g., gliomas, breast tumors,
pancreatic tumors, melanoma, lung tumors, among others) is
associated with reduced angiogenesis and delayed tumor growth
with minimal adverse systemic effects on hematopoiesis (56, 58,
59). Given the inherent complications in broadly blocking angio-
genic pathways in patients, targeting TEMs in cancer patients may
be beneficial, as these cells are more specific to tumor-associated
angiogenesis compared with physiologic angiogenic processes.

However, in light of the highly compensatory and conserved
mechanisms of angiogenesis during tissue homeostasis, one
might predict that resistance could emerge whereby tumor angio-
genesis no longer involves TEMs (61). For instance, hypoxia may
result from TEMdepletion/reprogramming, causing a heightened
dependency on VEGF, FGF, or ephrin signaling, or pericytes may
increase vascular remodeling and maturation of existing imma-
ture vessels (62). This hypothesis is supported by the findings
reported by De Palma and colleagues that although breast and
lung tumor growth is delayed in response to TEM depletion, it is
not fully blocked and tumors eventually grow (59). It will be
important to consider whether TEM-targeted therapies will expe-
rience similar shortcomings to several of the original antiangio-
genic drugs, which originally held considerable promise for
multiple cancer types. Of note, it has been shown that dual
targeting of VEGF and Ang2 with a bispecific antibody in ortho-
topic glioma models prolongs survival compared with targeting
VEGF alone by reprogramming TAMs toward an M1-like anti-
tumorigenic phenotype (63). These data suggest that combina-
tion targeting of both VEGF and TEMs might help improve long-
term response to antiangiogenic therapy and that macrophage
reprogramming may enhance response to VEGF inhibitors, a
notion that is supported by preclinical data discussed herein
regarding combined inhibition of CSF-1R and VEGFR (27).

Clinical–Translational Advances
The majority of clinical trials currently in progress that aim to

target macrophages in solid tumors are focused on CSF-1R inhi-
bition (Table 1; ref.18). These are predominantly in the context of
phase I and II trials; therefore, tolerability and efficacy are still
under active investigation in patients. Perhaps the greatest success
so far has come from diffuse-type giant cell tumors (gtGCT)
arising from the synoviumwithin joints, which secrete high levels
of CSF-1 resulting in a robust recruitment of macrophages that
support disease progression. Ongoing trials with PLX3397 have
reported a partial response in more than 50% of patients and
disease stabilization in approximately 30% of patients (64). In
similar studies, use of the CSF-1R neutralizing antibody RG7155
resulted inmacrophage depletion and objective clinical responses
in more than 70% of gtGCT patients (65, 66). Given the high
abundance of macrophages in these tumors and the success of
these trials thus far, gtGCT has served as a model for broadening
the use of CSF-1R inhibitors to an expanded panel of tumor types
as monotherapy or in combination with additional therapies.

Of note, several studies are underway combining CSF-1R
inhibitors with chemotherapy (18). As discussed above, it has

been shown usingmurinemodels that depletion of TAMs prior to
chemotherapy results in enhanced response to treatment (17, 23–
25). Similar approaches are being implemented in patient studies
using CSF-1R inhibitors in combination with paclitaxel, eribulin,
vemurafenib, or temozolomide, among others, with the goal
being that macrophage depletion will similarly improve
therapeutic efficacy of chemotherapeutic agents. In addition,
antibodies against CSF-1R are being used in combination with
immunotherapies such as nivolumab in patients with solid
tumors (18). These trials extend from findings in both mice and
patients, whereby targeting macrophages has been reported to
shift CD4þ helper T cell and CD8þ Tc cell populations in a variety
of cancers, including endometrial, breast, colon, and prostate
cancer, among others (17, 41, 65). In light of these initiatives,
it will be important going forward to determine how to balance
both macrophage and T cell populations effectively during treat-
ment to optimize therapeutic efficacy and disease outcome.

In clinical trials, the rationale for using CSF-1R inhibitors is
largely based on the goal of depleting macrophage populations.
However, as discussed here, rather than depleting macrophages,
reprogramming or alteringmobilization of progenitor cellsmight
result in improved disease outcomes (16, 63, 67). Indeed, many
of the preclinical strategies discussed here have now been extend-
ed to human studies (Table 1). For example, in patients, the
agonistic CD40mAbCP 870893 is being used to boost antitumor
immune responses in pancreatic cancer, melanoma, and other
solid tumors (39, 68, 69). Compounds targeting CXCR4, such as
AMD3100, are also being developed in clinical trials, mainly for
blood-based cancers to mobilize immune cells away from the
supportive bone marrow niche and thus sensitize them to che-
motherapy (70), or to increase hematopoietic stem cell yields for
therapeutic transplantation (71–78), which has now been
approved for marketing. Targeting the CCL2/CCR2 axis in
patients is also underway: CCR2 inhibitors are being used to
alter mobilization of bone marrow–derived cells, including
MLN1202 (NCT01015560, NCT02723006) and PF-04136309
[NCT01413022 (79), NCT02732938], which are in earlier phases
of clinical trial development for bonemetastases, melanoma, and
pancreatic cancer. Similarly, the CCL2 antibody CNTO888 has
been shown to be well tolerated in prostate cancer studies;
however, early results have not demonstrated efficacy in the
patient setting as a single agent (80). Finally, compounds target-
ing angiopoietins or TIE-2 are being developed clinically to
control angiogenesis in solid tumors, including CEP-11981
(NCT00875264, which has now been discontinued; ref.81) and
AMG386, which has shown some efficacy in a variety of tumors,
particularly ovarian cancer (82–94). As such, it will be important
to start considering reprogramming strategies for myeloid cell
populations in the context of cancer therapy for patients, in
addition to the depletion strategies that are currently being
implemented. In our opinion, the insights from preclinical stud-
ies may critically inform additional reprogramming strategies in
gliomas, pancreatic cancer, and other tumor types, as discussed
here, with the goal of enlisting these cells to actively fight cancer.
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