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Abstract

Cancer therapy has developed around the concept of killing, or stopping the growth of, the cancer
cells. Molecularly targeted therapy is the modern expression of this paradigm. Increasingly,
however, the realization that the cancer has co-opted the normal cells of the stroma for its own
survival has led to the concept that the tumor microenvironment (TME) could be targeted for
effective therapy. In this Review we outline the importance of tumor associated macrophages
(TAMS), a major component of the TME, in the response of tumors to cancer therapy. We discuss
the normal role of macrophages in wound healing, the major phenotypes of TAMs and their role in
blunting the efficacy to cancer treatment by radiation and anticancer drugs both by promoting
tumor angiogenesis and by suppressing antitumor immunity. Finally we review the many
preclinical studies that have shown that the response of tumors to irradiation and anticancer drugs
can be improved, sometimes markedly so, by depleting TAMSs from tumors or by suppressing their
polarization from an M1 to an M2 phenotype. The data clearly support the validity of clinical
testing of combining targeting TAMs with conventional therapy.

Introduction

Tumor associated macrophages (TAMS) have increasingly become recognized as an
attractive target in cancer therapy. Not only do essentially all the preclinical and clinical
literature demonstrate that the extent of TAM infiltration into tumors negatively affects
outcome (1, 2), but also many preclinical studies have shown that the response to therapy
can be potentiated by blocking macrophage entry into tumors (3, 4), or by changing their
polarization from an M2 to an M1 phenotype (5). Unlike tissue resident macrophages, which
are derived largely from the yolk sac in embryogenesis (6), TAMSs derive from circulating
monocytes (1), and are among the most abundant normal cells in the tumor
microenvironment. Though their normal role is in promoting both innate and adaptive
immunity and in phagocytosis of dead or dying cells and cell debris, tumors have largely re-
educated them to a phenotype that promotes tumor growth and spread. These activities
include suppression of adaptive immunity by T-cells, and enhancement of angiogenesis,
tumor cell invasion and intravasation into blood vessels (7, 8). These distinct activities are
carried out by different subsets of TAMs, which coexist in different microenvironments
within the tumor (9). These macrophages form a phenotypic continuum from M1-like, or
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classically activated macrophages, which are pro-inflammatory, pro-immunity and anti-
tumor, to M2-like, or alternatively activated macrophages, which are anti-inflammatory,
immune suppressive, proangiogenic and pro-tumor. The tumor microenvironment strongly
polarizes macrophages towards an M2-like phenotype and this is especially the case for
tumors recovering from cancer treatment. M2 polarized macrophages have been shown to be
enriched in the hypoxic areas of experimental tumors (10-12), and are associated with
higher tumor grade in human gliomas (13).

Though the anti-inflammatory M2-like polarized macrophages promote tumor growth and
metastasis, this is not the case in the early development of cancer. In many cases an
inflammatory response promotes tumor initiation and macrophages are an essential
component of an inflammatory response. Examples include the chronic infection caused by
hepatitis B or C virus in the liver, which is the main cause of hepatocellular carcinoma (14),
Helicobacter pyloriin the stomach which is linked to gastric carcinoma (15), and the
enhanced risk of colon cancer in patients with inflammatory bowel disease (16). A thorough
review of this area has been published recently (1) and is outside the area of the present
review. Here we will focus on strategies to enhance the treatment of existing cancers by
manipulation of the TAM population.

The role of macrophages in wound healing

Cancers have aptly been described as “wounds that do not heal” to connote the similarities
within their microenvironments (17, 18). Not surprisingly, considering their abundant
distribution in both disease processes, macrophages are important drivers. One of the distinct
differences between cancers and wounds however is that there is a distinct distribution of
macrophage phenotype according to the damage and healing process, the understanding of
which provides many insights into how their regulation can impact tumor growth.

Macrophages are important components of the innate immune response in mechanical and
mucosal injury because of their ability to initiate and resolve inflammation and to
communicate with other innate and adaptive immune cells. During inflammation,
macrophages are recruited to the wound site where they display impressive plasticity in that
they can express a polarization of classic and alternative activation phenotypes that are
mediated by cytokines, oxidants, lipids and growth factors (19-21).

Wound macrophages exhibit complex and dynamic phenotypes that change as the wound
matures (Fig. 1). As the “big eaters” of the myeloid lineage, the macrophages represents the
patrolling phagocyte that is the first cell to encounter and initiate inflammation in response
to infection. Later, macrophages further coordinate wound closure by secreting cytokines
and growth factors including TGF- that play a pivotal role in restructuring the wound bed
with accompanying matrix reorganization and epithelial barrier repair (22). Furthermore, in
addition to mediating the inflammatory phase of tissue repair, macrophages are also involved
in guiding the angiogenic response that plays a key role in the proliferative phase of tissue
repair. Not surprisingly, therefore, macrophage depletion in the early inflammatory phase
severely reduces granulation tissue formation and re-epithelialization, whereas later
depletion during granulation tissue formation results in severely disturbed neoangiogenesis
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and wound closure due to insufficient TGF-p1 and VEGF concentrations (22-25).
Considering their diverse roles in wound repair, macrophages display variable phenotypes
that range from a classically activated M1 to an alternative M2 type. M1 macrophages
rapidly differentiate after migration, being activated by bacterial-derived products such as
LPS as well as signals associated with infections such as IFN. They are highly inflammatory
with high phagocytic and bactericidal potential. They secrete important proinflammatory
cytokines such as TNF, IL-1, -6 and -12 as well as reactive oxygen species (ROS) (26-28).

In contrast, M2 macrophages are present later in the healing process when granulation tissue
formation occurs; they antagonize the inflammatory response, thus allowing initiation of
healing. These anti inflammatory cells recruit fibroblasts and activate them to differentiate
toward myofibroblasts that release proangiogenic factors to recruit endothelial progenitor
cells and enable new vessel formation, a process that occurs through secretion of key anti-
inflammatory cytokines 1L-4, -10 and -13 (20, 21, 28-34) and are also associated with
decreased production of ROS, nitric oxide and TNFa.. M2 macrophages represent an
important constituent of host defense, playing roles in Th2-mediated activation of humoral
immune responses (35), eradication of parasitic infections and resolution of inflammation
(36).

Although classically subdivided into classical and alternative, other macrophages subtypes
have been described including pro-fibrotic M2-like induced in the phase of new tissue
formation that produce growth factors and ECM and fibrolytic M2-like macrophages
induced in the ischemic scar milieu that secrete proteases (37). Although each of these
subtypes might be distinct, more recent evidence is more consistent with there being
extensive overlap of these characteristics, including simultaneous expression of traits
typically associated with both alternative and classical macrophage activation (38). For
example during resolution of inflammation activated M1 macrophages can acquire the
phenotype of tissue resident ones (39). Furthermore, the removal of apoptotic neutrophils by
macrophages potently initiates a phenotypic switch from pro-inflammatory M1 to anti-
inflammatory M2 phenotype (40, 41). Examples such as this strongly support a “plastic”
phenotype.

It is therefore probable that at any time point during healing, wound macrophages display
“hybrid” M1/M2 activation phenotypes, which may enable versatility in rapid switching
between different functions. Although the switches responsible for orchestrating these
different profiles at the molecular level remain largely unknown, it is clear that the role
played by macrophages in wounds have several parallels with the situation in cancer.,.

Phenotypes of tumor associated macrophages

Tumor associated macrophages play three distinct roles in promoting tumor growth and
spread.

1 TAMs facilitate the intravasation of tumor cells into the vasculature thereby
promoting metastases. They do this via a paracrine loop consisting of
macrophage colony stimulating factor-1, CSF-1 (M-CSF), from the tumor cells
and EGF from the macrophages and their receptors (42). The net result is that
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tumor cells alternate with macrophages along collagen fibers until they reach
blood vessels at which point the macrophages facilitate the entry of the tumor
cells into the blood stream (43, 44). A recent elegant study using real-time
intravital high-resolution two-photon microscopy showed that the macrophages
in contact with the blood vessels are VEGF-A expressing TEMs and these
produce highly localized vascular permeability thereby facilitating the
extravasation of the tumor cells (45). Though inhibition of this pathway by
reprogramming or depleting TAMSs could have an effect in reducing metastatic
spread, it is not likely to be the most productive therapeutic approach as it will
not have an effect on pre-existing metastases and long-term therapy could have
unwanted side effects. However, the importance of TAMs for metastatic spread is
highlighted by a recent study showing that the incidence of metastases in triple
negative breast cancer patients can be at least partially predicted from the gene
expression profile of TAMs in the tumors (46).

2. TAMSs promote tumor growth by inhibiting both adaptive and innate antitumor
immunity through a variety of diverse mechanisms. M2 polarized TAMs block T
cell immune responses to tumor antigens by secreting immune suppressive
molecules including TGF-B, IL-10, arginase-1 and nitric oxide (47-50). TGF-p
has direct blocking activity of stimulation, differentiation, proliferation, and
effector function of conventional CD4+ and CD8+T cells that mediate immune
responses (51, 52). In addition, TGF- promotes the induction of
CD4+CD25+FoxP3+ regulatory T cells that block the immune function of
conventional CD4+ and CD8+ T cells (see below) (53-55). IL-10 also has the
capacity to block the function of conventional CD4+ and CD8+ T cells so that
the development of effector T cells is markedly reduced (56-58).

Arginase-1 (Arg-1) is a catabolic enzyme that depletes arginine from the
environment of conventional T cells (59-61). Since the conventional T cells
require arginine for activation in response to antigens, this depletion blocks their
capacity to generate immune effector cells (59-61). In addition, catabolic
products of arginine are immunosuppressive (59-61).

Nitric oxide (NO) and other reactive oxygen species produced by TAMs
synergize with Arg-1 to interfere with conventional T cell activation such that the
combination is considerably more immune suppressive than either modality
alone (59-65). Since macrophages can develop either pro-inflammatory or anti-
inflammatory/immunosuppressive functions, it is clear that TAMs have become
polarized toward the suppressive functions. A critical molecular switch in
macrophages that controls polarization is P13-kinase gamma, since signaling via
this kinase promotes immune suppression during tumor growth, and inactivation
of the kinase promotes CD8+ T cell immunity and cytotoxicity (66, 67)

In addition to the suppression of antitumor immunity by TAMs their suppressive
activity is enhanced by their interaction with a population of tumor infiltrating
cells termed myeloid derived suppressor cells (MDSC). These are defined by
their cell surface markers CD11b and Gr-1 and are considered to be a mixed
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population of monocytic and granulocytic cells (68). MDSCs differ from TAMS
by their lack of expression of class II MHC receptors that are present on TAMs
(62, 63). MDSCs are immune suppressive cells that are elevated in the bone
marrow, blood and spleens of patients and mice with tumors and are associated
with poor overall survival (69). In tumors they have been shown to differentiate
into immune suppressive TAMS, a process that is mediated by tumor hypoxia and
HIF-1a (70, 71). MDSC'’s also support tumor growth through their secretion of
MMP9, which acts to release VEGF from the matrix. Deletion of MM9 abolishes
this activity (72), as well as the ability of tumors to grow in an irradiated site
(73).

3. Certain populations of TAMs, particularly the Tie2 expressing macrophages
(TEMSs), are pro-angiogenic, thereby promoting tumor growth and recovery from
cancer therapy. De Palma and colleagues demonstrated the importance of TEMs
for angiogenesis by demonstrating that genetic depletion of TEMs inhibited
angiogenesis and tumor growth in various subcutaneous tumor models (74), and
Chen and colleagues demonstrated that Tie2 macrophages were crucial to the
recovery of the tumor vasculature and recurrence of the transplanted MCA205
tumor following doxorubicin (75). Gene expression studies by Pucci and
colleagues demonstrated that TEMs are a subset of TAMSs and are at the extreme
end of the M2 polarization spectrum (76). Consistent with their proangiogenic
phenotype they are enriched in the perivascular regions of tumors (77). In
addition to its expression on TEMs, Tie2 is also expressed on endothelial cells
(ECs). Tie2 is the receptor for the angiopoietins Angl, which promotes
vasculature maturity, and Ang2, which destabilizes blood vessels thereby
sensitizing the ECs to proliferative signals provided by VEGF and other pro-
angiogenic cytokines in the tumors (78). Consistent with the importance of the
Tie2/Ang?2 axis, inhibitors of Ang2 show efficacy in a wide spectrum of
preclinical tumor models (79, 80). For more in depth discussion of macrophage
polarization and location in different tumors the reader is referred to an excellent
recent review of Lahmar and colleagues (6).

Improved treatment response by manipulating TAMs in conjunction with
standard therapy

A common response of tumors to cancer treatment, as demonstrated in a variety of
preclinical studies, is to promote the accumulation of bone marrow derived myeloid cells,
which differentiate into TAMSs, in the treated tumors. This has been demonstrated following
irradiation (73, 81-83), following vascular disruptive agents (VDAS) such as combretastatin
A4 (84), certain chemotherapeutic drugs (4, 85-87) and anti-VEGF therapy (88, 89). More
than one mechanism is responsible for this influx. In the case of radiation, VDA'’s, anti-
VEGF therapy and at least some chemotherapeutic agents, it is the result of increased tumor
hypoxia secondary to vascular damage. This increases tumor HIF-1a that in turn promotes
high levels of CXCL12 (SDF-1), the ligand for CXCR4 expressed on monocytes and ECs
(81, 84) (Fig. 2). However, CXCL12 levels in treated tumors can rise in the absence of
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increased hypoxia (4). These high levels of CXCL12 both capture the circulating monocytes
in the treated tumors and mobilize monocytes from the bone marrow. Increased TAM
infiltration after therapy has also been demonstrated in patients with breast cancer (86, 87)
and with glioblastoma (81). Another mechanism for the increased influx of TAMSs into
tumors is the treatment-induced increased expression of CSF-1 by the tumor cells (86, 90).

There is also evidence that the CCL2/CCR2 chemokine axis is involved in monocyte
recruitment into some tumors after chemotherapy (85, 91). CCR2* monocytes are
inflammatory monocytes and are likely to be the precursors of the M2 polarized TAMSs. In
agreement with this, Nakasone et al (85) found an increase in CCR2* monocytes in tumors
48 hours after doxorubicin treatment but no increase in TAMSs; though such an increase has
been shown 7-12 days later in the same tumor model after chemotherapy (86). It is not clear
at this time as to whether the CCL2/CCR2 and CXCL12/CXCR4 axes are independent
pathways for recruiting monocytes into treated tumors, whether they are activated by
different treatments or recruit different subsets of monocytes.

Importantly, the TAMs infiltrating tumors after therapy do not have the same phenotypic
distribution as in untreated tumors: Rather, they are preferentially polarized into M2-like
TAMs with high expression of Tie2 (4, 81) (Fig. 2). This M2-like polarization is driven both
by tumor hypoxia (75) and by the increased expression by treated tumor cells of CSF-1 and
IL-34, the ligands for the receptor CSF-1R on macrophages, thereby enhancing both their
accumulation into treated tumors and polarization into an M2-like phenotype (86, 90, 92).
Not only is this highly proangiogenic but also this polarization is immune suppressive.
Reprogramming and selective killing of the M2 macrophages by blockade of the CSF-1/
CSF-1R axis improves antitumor immunity in a mouse model of pancreatic ductal
adenocarcinoma (93). A recent study of Baer and colleagues suggests that microRNAs
(miRNAs) are involved in the polarization of M1 to M2 macrophages and that conditional
knockout of the miRNA processing enzyme DICER in macrophages produces M1-like
programming (94). This reprogramming abolished the immunosuppressive activity of the
TAMs and recruited activated cytotoxic T lymphocytes (CTLs) to the tumors. In addition
this functional polarization of TAMSs to an M1 phenotype abolished the anti-tumor effect of
CSF-1R blockade, underlying the importance of M2 TAMs to tumor response. Clinically the
importance of M2 TAMs is highlighted in a recent study Sugimura and colleagues who
showed in a multivariate analysis that the extent of tumor infiltration by M2 TAMs, is
associated with a poor response to chemotherapy and poor prognosis of patients with
esophageal cancer following surgery (95).

The dependence of the tumor after therapy for an influx of TAMSs driven by the CXCL12/
CXCR4 or CCL2/CCR2 axes and their polarization into an M2-like, pro-angiogenic,
phenotype driven by CSF-1/CSF-1R provides multiple therapeutic opportunities, in many
cases with drugs that are currently available, or close to being available, for clinical use.
Tables 1 and 2 list the preclinical data from studies that show improved response of a variety
of tumor models to irradiation (Table 1) and to chemotherapy (Table 2) when the influx of
TAMs after treatment is either prevented (e.g. by blocking the CXCL12/CXCR4 or CCL2/
CCR2 pathway), or the polarization to the M2-like phenotype is inhibited (e.g. by blocking
the CSF-1/CSF-1R pathway).
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In some studies blocking these pathways alone had an effect on tumor growth (96, 97), or in
one study reversed the vascular leakage causing ascites in late stage epithelial ovarian cancer
(98), but in most cases there was little or no effect of inhibition of these pathways on the
growth of untreated tumors. Thus the clinical benefit of manipulation of TAMs will typically
be seen when it is combined with standard therapy. Of particular relevance to translation of
this strategy to the clinic is that the effect of blocking or re-educating TAMs is often large:
For example blocking the CXCL12/CXCR4/7 pathway combined with irradiation of an
autochthonous brain tumor in rats increased survival time from 3 weeks for radiation alone
to almost 6 months for the combination of radiation with the inhibitor (99, 100). In contrast
one recent report found that depletion of TAMSs did not improve the radiation response of a
murine tumor (101). However, timing is important: macrophages invade tumors 1-3 weeks
after radiation (90) and in the negative report macrophage depletion was only performed one
day prior to irradiation. Ideally following irradiation macrophage depletion or repolarization
needs to continue for 4 or more weeks (81, 90, 99).

In addition to blocking entry of TAMs into tumors or preventing their M2 polarization it
appears that at least in the case of myeloid cell induced resistance to anti-VEGF therapy that
inhibition of the PI3K in myeloid cells can also overcome the resistance. In this study in
mouse models of pancreatic neuroendocrine and mammary tumors Rivera and colleagues
showed that anti-VEGF therapy produced initial tumor regression but angiogenesis and
immune suppression was reinitiated by activating PI13K signaling in all CD11b+ cells
rendering the tumors nonresponsive to VEGF inhibition (102). PI3K inhibition overcame
this induced resistance.

More than one mechanism is responsible for the protective role of TAMSs against cancer
treatment. For irradiation and other agents that severely damage the tumor vasculature TAMs
promote the early restoration of the vasculature and blood flow (81) in part at least by
enhanced VEGFA production (4). For other agents it is the blocking of immune suppression
by MDSCs and the accumulation of anti-tumor CD8™ cytotoxic T-cells that enhances the
efficacy of the therapy (58, 86, 103). For the vasculature damaging agents both mechanisms
are likely to be involved.

For more information on the role of myeloid cells and TAMs in cancer and the
immunological aspects of the response to treatment the reader is referred to excellent recent
reviews (104-107).

An important question that needs addressing with any agent or procedure that enhances
tumor response is whether there is a similar enhancement of toxicity to normal tissues. This
has not been determined with chemotherapy but several studies have demonstrated that the
response of normal tissues to radiation is actually protected by blocking macrophage entry
either by anti-CD11b antibodies (108), or by the CXCR4 antagonist plerixafor (109, 110). A
particularly relevant recent study showed that the neurocognitive impairment by whole brain
irradiation to mice could be prevented by post irradiation depletion of microglia (resident
macrophages in the brain) using the CSF1-R inhibitor PLX5622 (111).
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Another key question that has to be addressed with targeting of TAMSs (or any stromal cells)
is the extent to which resistance to the therapy can develop and the mechanism of this
resistance. Though the well-described methods by which cancer cells, because of their
genomic instability, develop mutations to targeting agents do not apply, or apply to a lesser
extent, with stromal cells, it is nonetheless likely that resistance will develop. Clinical data
targeting the CCL2-CCR2 pathway (described below) suggests that resistance develops by
compensatory upregulation of the target, and a recent elegant study by Quail and colleagues
has described the development of a novel TME mediated resistance in response to prolonged
CSF-1R inhibition (112). The authors found in a mouse GBM model that prolonged
treatment with the CSF-1R antagonist, BLZ945, that the TAMs produced elevated levels of
IGF-1 and with high levels of IGF-1R on some of the tumor cells, this resulted in PI3K
pathway activation and tumor cell survival. When the PI13K pathway was blocked in addition
to CSF-1 inhibition this resistance was overcome. This is clearly an important avenue for
further research to increase the power of clinical studies of TAM targeting.

Clinical data

Clinical results often do not reproduce the promise of preclinical data. There are several
reasons for this discrepancy: On the preclinical side one issue is that investigators often
choose models that are genetically homogeneous and respond well to treatments. However
this is unlikely to be the case for macrophage depletion, as the preceding sections show that
there is almost universal improvement of treatment response with many different preclinical
models. On the clinical side, reasons for lack of reproducing preclinical data include a) drug
doses that are insufficient to block the intended target or do not do so for a sufficiently long
period, and b) using the drug in a manner not expected to yield positive results. Clinical
results have to be evaluated with these issues in mind.

Plerixafor, an inhibitor of the SDF-1/CXCR4 pathway, has been used extensively and safely
in the clinic. Its current use has been largely restricted to acute doses to mobilize
hematopoietic stem cells from the bone marrow. However In a report of a phase 1 trial,
Thomas and colleagues infused Plerixafor for 4 weeks in conjunction with standard therapy
for newly diagnosed glioblastoma patients, and reported at target plasma levels no dose-
limiting toxicities with promising indications of activity (113). In a phase Il study with
recurrent glioblastoma Butowski and colleagues reported that the CSF-1R Inhibitor
PLX3397 was well tolerated but showed no efficacy (114). However, preclinical studies have
shown that PLX3397 is only active when combined with standard treatment (90, 115) so
these clinical results are not unexpected. Prolonged inhibition of CSF-1R using the
monoclonal antibody emactuzumab (RG7155) has been reported to cause some adverse
events, thought non dose limiting, notably facial edema, asthenia and pruritis in a phase 1
trial with diffuse-type tenosynovial giant cell tumor (116). This rare tumor is characterized
by an overexpression of CSF-1 and the trial showed significant tumor response of CSF-1R
inhibition as well as reduced macrophage numbers in the tumors.

Another potential target is the CCL2 - CCR2 signaling axis. In addition to its role as a
chemo attractant for TAMs CCL2 is also expressed on the malignant cells of a number of
tumors including breast, colorectal, prostate, melanoma, gastric and ovarian cancers.
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Carlumab (CNTOB888) is a monoclonal antibody with high specificity for CCL2 thereby
inhibiting binding to its receptor CCR2. In one phase 1 trial of 44 patients with advanced
solid tumors CNT0888 was well tolerated but CCL2 was only transiently suppressed and
there were no objective responses (117). In another phase 1 trial CNTO888 was given in
combination with 4 standard of care chemotherapies in 53 patients. Inhibition of CCL2 was
again transitory and there was no evidence of increased anti-tumor activity of adding the
inhibitor (118). Similar transitory inhibition of CCL2 and no evidence of activity was seen in
a phase 2 trial of the antibody in combination with docetaxel (119). Blocking of the CCR2
receptor has also been evaluated using the humanized antibody MLN1202, but only as
monotherapy. Again, the therapy was well tolerated but there was no indication of anti-
tumor activity (120). Taken together efforts to interfere with the CCL2-CCR2 axis in clinical
studies have been disappointing possibly because of CCL2 expression being augmented in
response to the initial CCL2 inhibition or compensation by other chemokine pathways.

Conclusion

Tumor associated macrophages (TAMSs) are a common component of wounds and of
experimental and human solid cancers. Whereas the normal role of macrophages is to
promote immunity, phagocytosis of dead cells and cell debris, tumors have largely educated
them to a phenotype (the so-called M2, or alternatively activated phenotype) that promotes
tumor growth and spread. They do this by facilitating the intravasation of tumor cells into
the vasculature, by inhibiting antitumor immunity, and by stimulating blood vessel growth
after therapy. However, the influx of TAMs into tumors and their tumor stimulating
properties (by changing TAM polarization from an M1 to an M2 phenotype) depend on just
two or three signaling pathways: The CXCL12/CXCR4 and possibly the CCL2/CCR2
chemokine axes, which promote macrophage influx into the tumors after therapy and the
CSF-1/CSF-1R pathway, which is responsible for the M1 to M2 polarization. Many
preclinical studies using small molecules or antibodies to block each of these pathways
individually have demonstrated significant improvement in the response of a wide variety of
tumors to therapy, particularly to radiotherapy. Clinical results indicate that blockage of
these pathways is generally well tolerated but in the case of abrogation of the CCL2-CCR2
pathway the results have been disappointing. Efficacy data when successful TAM targeting
has been combined with radiation or chemotherapy using inhibitors of the SDF-1/CXR4 or
CSF-1/CSF-1R pathways are not yet available.
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Key roles of macrophages in the process of injury and repair. After wounding, repair

proceeds in three phases: inflammation, proliferation and remodeling. Macrophages, which
are predominantly M1 phenotype in the period of inflammation and then shift towards M2 in
the remodeling phase, are influential drivers of each phase and impact endothelial, myoblast
and fibroblast cellular functioning through release of a number of important cytokines and
growth factors. Redrawn from Novak and Koh (32), with permission from Elsevier. EC
endothelial cell, Fb fibroblast.
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Figure 2. Representation of the tumor microenvironment before and after irradiation
Following irradiation and other anticancer agents the vasculature of the tumor is damaged

leading to reduced tumor blood flow and increased hypoxia. This produces increased
expression of HIF-1 and HIF-2, which results in increased expression of a diverse spectrum
of cytokines, including stromal cell-derived factor-1 (SDF-1, CXCL2), producing greater
recruitment and influx into the tumor of bone marrow derived monocytes which differentiate
into TAMs. TEMs commonly associate with the vasculature, while CD68+ TAMs frequently
localize to areas of severe hypoxia. Redrawn from Russell and Brown (83).
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