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Abstract

Macrophages are critical mediators of tissue homeostasis, with tumors distorting this proclivity to
stimulate proliferation, angiogenesis, and metastasis. This had led to an interest in targeting
macrophages in cancer, and preclinical studies have demonstrated efficacy across therapeutic
modalities and tumor types. Much of the observed efficacy can be traced to the suppressive
capacity of macrophages, driven by microenvironmental cues such as hypoxia and fibrosis. As a
result, tumor macrophages display an ability to suppress T cell recruitment and function as well as
regulate other aspects of tumor immunity. With the increasing impact of cancer immunotherapy,
macrophage targeting is now being evaluated in this context. Here we will discuss the results of
clinical trials and the future of combinatorial immunotherapy.
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Introduction

The presence of tumor-associated macrophages (TAMs) is generally associated with a poor
prognosis in solid tumors. This has been shown in studies performed on individual tumor
types using traditional immunohistochemistry techniques to quantify cellular densityl:2 and
in more recent analyses that infer the presence of macrophages across malignancies using
gene expression profiles®. These findings are consistent with the established role of
macrophages in promoting multiple aspects of tumorigenesis in experimental models, from
initiation through to angiogenesis and systemic dissemination*®. Most relevant for patients,
TAMs are known to suppress responses to standard-of-care therapeutics, including
chemotherapy, irradiation, and angiogenic inhibitors6-9. Although this includes direct
regulation of survival and cell death pathways in tumor cells1%11, jn vivo modeling indicates
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that improved efficacy following macrophage depletion is often dependent upon enhanced
recruitment or function of cytotoxic CD8" T cells®. Perhaps not surprisingly, macrophage
antagonists demonstrate combinatorial efficacy when combined with immunotherapy,
including checkpoint blockade!2. Clinical trials examining these combinations are now
ongoing. In this Review, we will discuss how macrophages are induced into becoming
immunosuppressive, the mechanisms by which they suppress anti-tumor immunity, and how
this information is being utilized to develop therapeutics and design clinical trials.

Factors Regulating Macrophage Function

Macrophages are not a single cell population with a defined phenotype and biological
activity, but rather a diverse collection of cell types with a wide range of functional roles in
homeostatic and pathological conditions. This diversity of cellular activities is regulated by
input from three distinct elements: developmental origin, tissue of residence, and acute
microenvironmental cues (Figure 1). The diversity of macrophage functions is regulated in
turn by the integration of the epigenetic memory of these cells and their plasticity to respond
to new cues!3-16, The extent to which macrophages regulate tumor growth is therefore
critically linked to properties of the tumor itself. This includes a role for malignant cell-
derived factors such as CSF1 and CCL2 in promoting macrophage recruitment; however, the
elements within the tumor microenvironment (TME) and tumor immune microenvironment
(TIME), such as fibrosis, hypoxia, nutrient availability, and lymphocyte-derived factors,
appear to most dramatically shift macrophage phenotypes (Figure 2). Prior to discussing
these factors, it is important to note that most of the available data are contextualized within
the binary M1/M2 polarization system. Thus, macrophages have traditionally been
considered anti-tumorigenic when they express high levels of tumor necrosis factor (TNF),
inducible nitric oxide synthase (iNOS) or MHC class Il molecules, and pro-tumorigenic
when they express high levels of arginase-1 (ARG1), IL-10, CD163, CD204, or CD2067.
Changes to any of these markers were then used to conclude that macrophage repolarization
has occurred. However, it is now clear that macrophage activation states consist of a
continuum of phenotypes, and the use of markers to delineate their functional role within the
tumor is circumspect18, In the following sections we will therefore highlight studies that
demonstrate a change in macrophage phenotype and function /in vivo. Although not
discussed here, it should also be acknowledged that factors such as anatomical location,
pathological or molecular cancer subtype, and even the specific microenvironmental niche
occupied by the cell likely contribute to inter- and intra-tumoral macrophage heterogeneity
(Box 1). Thus the role of macrophages in cancer types can differ considerably®, and there
may even be an underappreciated level of variability between individual patients.

Macrophage origin.

Macrophages arise from three distinct developmental pathways (Figure 1). A large
proportion of tissue-resident macrophages are now recognized as originating from
embryonic precursors that seed tissues in the prenatal and perinatal periods. This occurs in at
least two functional waves, with macrophage precursor cells from fetal yolk sac or fetal liver
progenitors1®:19, These precursors seed distant tissue and give rise to locally proliferating,
self-maintained tissue-resident macrophages that can persist into adulthood8:1%-22, For
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some tissues, such as the colon, these embryonic macrophages are rapidly replaced by
monocytes derived from hematopoietic stem cells (HSCs) after birth. However, for other
macrophage subsets, such as microglia, their sole origin appears to be embryonic, with little
contribution from HSCs under homeostatic conditions?3:24, Still other tissues contain
macrophages with a mixed origin, including the pancreas, breast, and lung?>-28, The
relevance of this remains to be determined, though it is known that tissue macrophages of
both embryonic and HSC origin assume epigenetically-regulated programs indicative of
their residence in these tissues (e.g., brain, liver, and lung) to drive specific phenotypes,
especially those related to metabolism and interferon responsiveness28-30,

In tumors, however, several recent studies have suggested that embryonic-derived
macrophages may have distinct phenotypes and functions compared to their monocyte-
derived counterparts28:31.32, TAMs are usually thought to predominantly derive from
circulating monocytes33:34, but up to 50% of the macrophages in murine models of brain,
lung and pancreatic cancer were found to derive from tissue-resident populations2831.32,
Within these tumors the TAMs of HSC origin have elevated expression of genes involved in
immunosuppressive networks and antigen presentation31:32:35_ In contrast, embryonic-
derived TAM gene sets are enriched for tissue remodeling and wound healing. These data
suggest that tissue and origin-specific programs can fine tune macrophage responses in ways
that may have significant impact on tumor immunity; however, the rules for how these
programs might integrate with macrophage polarizing cues are largely unknown.
Additionally, while the origins of macrophages have been mapped in multiple animal
models, our ability to interrogate these populations in human tissues is limited. Thus, one
challenge for the field going forward will be to determine the impact of these findings in
human cancers, perhaps with an approach such as single cell RNA-sequencing to permit an
evaluation of macrophage heterogeneity and origin.

Tissue hypoxia impacts macrophages in two ways. First, hypoxia can induce the production
of key monocyte recruitment factors including CCL2, CCL5, CXCL12, CSF-1, and VEGF
by tumor cells and the stroma. Once recruited into hypoxic regions, the receptors for several
of these factors are downregulated, effectively locking TAMs in hypoxic
microenvironments36. Second, macrophages directly sense hypoxic conditions via hypoxia-
inducible factors (HIFs): the absence of HIF-1a leads to reduced arginase-1 expression and
immunosuppressive activity /77 vitro®’, and the absence of HIF-2a reduces macrophage
infiltration and cytokine production38. In both cases, myeloid-specific loss of these factors
significantly delays tumor progression in autochthonous tumor models3’-38. Notably, the
localization of TAMs in hypoxic regions is critical to the generation of an
immunosuppressive phenotype /n vivo, because myeloid-specific loss of neuropilin-1, which
excludes macrophages from hypoxic areas, promotes anti-tumor immunity3°. However, it
should be noted that the roles of neuropilin-1 and its ligand, SEMAS3A, remain
controversial4?, and that HIF-1a can also be stabilized by the presence of lactic acid4L.

Irrespective of tissue hypoxia, aerobic glycolysis within tumors can limit glucose availability
and promote the accumulation of organic acids. Do these factors also impact macrophage
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function? Macrophages stimulated with lipopolysaccharide (LPS) and/or IFN+y display
enhanced glucose uptake and aerobic glycolysis#2, and consistent with the important role for
this metabolic shift, increasing glucose transport promotes expression of reactive oxygen
species*3. This is in contrast to 1L-4-stimulated macrophages, which show preferential
oxidative phosphorylation and fatty acid oxidation2, and are therefore not impacted by
impaired glycolysis**. Presumably low glucose availability will thus favor TAMs to adopt a
pro-tumor polarization state, but this has not been formally demonstrated. However, because
a metabolic shift does control macrophage function, interfering with the genetic regulators
of this process can blunt the pro-tumor bioactivity of TAMSs and reduce tumor growth in
animal models#>-47,

As mentioned above, lactic acid promotes Vegfand Argl expression by macrophages in a
Hifla-depenent manner®!. This is not true for lactate salt*!, indicative of a role for acidic pH
in either promoting the activity of monocarboxylate transporters*8 and/or acidic pH directly
regulating macrophage polarization. In support of the second scenario, a recent study found
that a pH of 6.1 was sufficient to promote expression of Argl, Vegfa, and Hiflaby
unstimulated macrophages in vitro*®, and similar observations have been made at pH 6.8
during stimulation with 1L-4%0, Increasing the pH within tumors similarly reduces
expression of Argl by TAMs®C. How macrophages sense pH at a molecular level is
somewhat vague, but activation appears to be mediated by G protein-coupled receptors and
production of cAMP®! leading to expression of the transcription factor ICER (inducible
cyclic AMP early repressor)#9. Importantly, mice with myeloid-specific deficiency of ICER
resist the growth of highly glycolytic tumors.

Desmoplasia is a hallmark of many solid tumors, with pancreatic cancer representing one
extreme end of the spectrum. Fibrotic stroma has the potential to shape the TAM phenotype
through direct effects of its components, like activated fibroblasts, changes in the
extracellular matrix (ECM), or indirect effects on factors such as oxygen and nutrient
availability. Cancer-associated fibroblasts (CAFs) are perhaps the most relevant component
of fibrosis because these cells overexpress numerous pro-inflammatory cytokines (e.g.,
CCL2, CCL3, CCL5, IL-6, GM-CSF, CSF-1, VEGF, and CXCLS8) with the potential to
regulate recruitment, differentiation, and activation of TAMs®2-56_ In particular, CAFs have
been reported to impair the maturation of macrophages, locking recruited monocytes in an
immature, suppressive state. This is possibly due to high levels of IL-6 production,
especially in pancreatic CAFs, which can induce STAT3 phosphorylation and prevent
macrophage differentiation®’-59, In addition, IL-6 production by endothelial cells has been
shown to promote M2-like polarization and tumor growth in a glioblastoma model®?, and
TAMs themselves produce IL-6 in multiple other model systems33:61.62_ The source of these
polarizing cytokines may therefore vary considerably across tumor types or even within
microenvironments of the tumor. Adding to this complexity is the diversity of CAF subsets
and their differential potential to alter immune function®3.64, Thus, although CAFs are
assumed to be important regulators of TAM function, their role remains poorly defined /n
vivo.
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The extensive ECM associated with fibrosis can also impact macrophages in several ways.
Periostin has been shown to promote TAM recruitment via integrin binding®, while
collagen promotes an M2-like phenotype86-68  with the increased presence of collagen |
acting as a reservoir for secreted factors, such as transforming growth factor g (TGFp), or
directly activating inhibitory receptors such as leukocyte-associated immunoglobulin-like
receptor 1 (LAIR1)%. In addition to the concentration of ECM components, their
macromolecular structure, including biophysical and mechanical properties, can direct
macrophage function within tumors. Collagen crosslinking and matrix stiffness are
properties of solid tumors that have direct effects on macrophage differentiation, motility,
and phenotype’%-72, This is largely mediated by B1 integrin clustering and hyperactivation
of focal adhesion kinases (FAK), and genetic or pharmacological loss of FAK signaling
reduces tumor fibrosis’3 and the number of M2-like TAMs’475, |eading to improved anti-
tumor immunity and response to immune checkpoint blockade’®.

Other ECM components known to regulate macrophage activation include hyaluronan,
versican, and tenascin, mostly through altered forms of these molecules being recognized as
damage-associated molecular patterns (DAMPs) by Toll-like receptor 2 (TLR2) or TLR4S,
Versican acts via TLR2 to increase expression of receptors for IL-6 and IL-10 and sensitizes
cells to these cytokines’”. In tumor models, versican has been suggested to promote
metastasis via macrophage activation’8. Meanwhile, hyaluronan production by fibroblasts or
keratinocytes promotes macrophage recruitment’®89, possibly through its role in providing a
scaffold for ECM proteoglycans and enhancing chemokine retention. Hyaluronan has also
been shown to alter macrophage activation /n vitrothrough CD44 or TLR2/TLR4,
depending on the state of the cells and the molecular weight of the hyaluronan®l.

Cellular debris.

Cell death is prevalent within tumors, particularly regions of hypoxia, and is significantly
induced by anti-cancer therapies. Whereas the release of intracellular DAMPs can promote
tumor immunity through activation of dendritic cells (DCs)82, the chronic stimulation of
macrophages induces negative regulatory mechanisms to dampen inflammation. Thus,
although the release of HMGBL1 in response to chemotherapy promotes immunity via TLR4,
it can also drive IL-10 expression in TAMs via the receptor for advanced glycation end
products83. Whether this is true for other DAMPs in tumors is unknown, but even the
expression of pro-inflammatory cytokines such as IL-14, IL-6, and TNF by macrophages
can promote tumor progression®. Macrophage recognition of apoptotic cells is also well-
known to suppress their activation potential®4, with activation of the MerTK receptor
elevating expression of immunosuppressive factors such as TGFp, I1L-10, and
arginase-18°86_ Consistent with this observation, loss of MerTK in the stromal compartment
leads to macrophage repolarization and T cell-dependent growth restraint®, as well as a
prolonged response to radiation therapy®’. Similarly, the deletion of protein S in tumor cells,
which mediates the recognition of phosphatidylserine-presenting membranes by MerTK/
Tyro3, increases iNOS expression and leukocyte infiltration88. It remains possible that
activation of select pattern recognition receptors may shift macrophages towards an anti-
tumor phenotype, especially when using agonists therapeutically. However, it generally
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appears that recognition of cellular and extracellular debris by macrophages is detrimental in
terms of tumor growth.

Lymphocytes.
Most lymphocyte subpopulations can be identified within the tumor stroma, with the
composition and density varying by tissue, molecular subtype, and individual patient. In
addition to directly impacting tumor growth, many of these populations have been shown to
shape the phenotype of macrophages in some fashion8? (Figure 2). IFNy can be produced
by CD8* CTLs, T helper 1 (TH1) cells and natural killer (NK) cells and primes macrophages
towards a classically-activated phenotype, increasing macrophage antigen presentation and
pro-inflammatory cytokine production, and direct tumor cell killing®. Similarly, expression
of CD40 ligand (CD40L) by T cells can activate monocytes via CD40 to increase their
expression of MHC class |1, iNOS, and TNF. This induction of an anti-tumor phenotype is
needed during acute T cell responses following therapeutic intervention®1:92, and could
presumably promote a cycle of anti-tumor immunity if maintained.

Unfortunately, many lymphocyte-derived factors engage the tumor-promoting activities of
TAMs. This includes production of IL-4 and IL-13 by Ty2-polarized CD4* T cells, which
enhance epidermal growth factor expression by TAMs to foster cancer cell metastasis®3, as
well as the suppressive activity of TAMs to blunt CD8* T cell responses to chemo- and
radiation therapy®*. It also includes a role of FOXP3™* regulatory T (Treg) cells in driving
TAMs towards an immunosuppressive phenotype marked by production of 1L-10 and
expression of B7-H495.96_ Although the available data suggest that neutrophils are the major
effector cells associated with IL-17-driven responses?’, IL-17 produced by Ty17 or y6 T
cells can increase monocyte recruitment and macrophage activation, and this could possibly
lead to immune tolerance when macrophages engulf recruited neutrophils undergoing
apoptosis in the tissue%8-100, Finally, the loss of B cells in murine models inhibits tumor
progression, and in squamous cell carcinoma this has been traced to the pathogenic
production of autoantibodies, which act via Fcry receptor signaling to promote macrophage-
dependent angiogenesis and tumor progressioni01:102_ A similar phenotype has been
observed in pancreatic tumors, and in both cases, B cell depletion or inhibition of Fcy
receptor signaling (Btk, Syk, and PI3K<y) relieves macrophage-mediated T cell dysfunction,
leading to delayed progression or improved responses to chemotherapy and PD1
blockade103-106,

Regulation of T cell function by TAMs

Macrophages are widely acknowledged as one of the central suppressive populations within
tumors and depleting these cells can unleash T cell responses under several therapeutic
conditions®-8. Underlying this functional role are molecular mechanisms that range from
nutrient depletion to recruitment of Ty cells, although the extent to which these
mechanisms are involved in any particular tumor is less well defined. Here we will describe
what is known about the ability of macrophages to directly or indirectly suppress T cells
responses within tumors, as well as discuss several theoretical concepts that may be
applicable to cancer (Figure 3).
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Direct regulation of T cells by TAMs.

Numerous studies have shown that TAMs suppress naive T cell proliferation ex vivo,
indicating that macrophages can directly suppress T cell function33:37.107-109_ Thjs s often
thought to relate to the ability of murine tumor macrophages to metabolize L-arginine via
expression of arginase-1119, a common marker of M2-like polarization in murine
macrophages, and L-arginine is necessary for T cell fitness and anti-tumor activity11,
However, neither arginase-1 inhibition nor Arg-1 deficiency impact macrophage suppressive
capacity in vitrot99:112  Instead a secondary role for arginase-1 is only observed when
inducible nitric oxide synthase (iNOS/NOS2) is inhibited or absent33.109.112 These
observations may be a byproduct of the supraphysiological concentration of L-arginine in
cell culture medium, because tumor macrophages can deplete L-arginine and prevent
recovery of CD3e expression by T cells following stimulation!!3. Inhibition of arginase-1 in
vivo also reduces the growth of tumors only in immune competent mice!13, and Arg1-
deficiency in macrophages improves responses to adoptive cell transfer therapy (ACT)12,
However, it remains unclear if these /n vivo observations are the result of direct immune
suppression, the effects of polyamines on tumor cell proliferation14, or enhanced
production of NO12,

The importance of iINOS expression by tumor macrophages is less opaque, at least ex
vive3109.112  Nps2.deficient tumor myeloid cells lose significant suppressive capacity in
co-culture assays'12 and iNOS inhibition restores T cell proliferation in the presence of
macrophages3. In addition to potential direct effects of NO on T cells!15, this may be due to
secondary production of peroxynitrites, which can prevent the interaction of the T cell
receptor with MHC through nitration of either protein16-118_ /5 vjvo, scavenging
peroxynitrites with uric acid improves T cell activation and enhances responses to a tumor
vaccinell8, although whether this is attributed to expression by macrophages, other myeloid
subsets, or the combination may vary by the tumor model. Based on these observations, it is
surprising that iNOS expression by myeloid cells has also been implicated in promotinga T
cell response92:112, Nos2-deficiency diminishes the efficacy of ACT112, and at least in the
context of low-dose irradiation, this is due to iINOS-expressing macrophages inducing
vascular cell adhesion protein (VCAM)-1 expression by the tumor endothelium, leading to
enhanced recruitment of adoptively-transferred CD8* T cells%2. Thus, the impact of iNOS
expression by macrophages may be highly context dependent, promoting or hindering T cell
responses under different therapeutic conditions.

Despite the results in murine models, L-arginine metabolism by macrophages has not been
implicated in regulating T cell responses in humans; arginase-1 is expressed by human
granulocytes instead of macrophages®:119.120 and even combining arginase-1 and iNOS
inhibitors fails to blunt macrophage suppressive activity%°. Instead, the available data points
to expression of immune checkpoint ligands as being necessary for suppression.
Programmed cell death ligand 1 (PD-L1) expression by CD14" or CD68* macrophages is
observed in multiple cancer tissues, including hepatocellular carcinoma, melanoma, and
ovarian cancer}?1122 and positive correlations have been noted specifically between PD-L1
expression by macrophages and response to programmed cell death 1 (PD-1) blockade2?.
Induced expression of PD-L1 on monocytes also suppresses activation of tumor-specific T
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cells /n vitro, and in vivo following adoptive transfer122, Similarly, PD-L1 blockade depends
upon target expression by CD11b* myeloid cells in murine models'21.123, However, it
should be noted that PD-L1 expression by macrophages has not been established as an
independent predictor of response, and the relative contribution of PD-L1 expression by
tumor cells or the various stromal populations is likely to be highly variable between
patients.

The other immune checkpoint ligand that has been identified as functionally important in
human macrophages is B7-H4 (also known as B7S1). Although the receptor for B7-H4 is
unknown, B7-H4 expressing cells and B7-H4-Ig fusion proteins suppress IL-2 production
and T cell proliferation124. The fusion protein has also been used to identify expression of
the “receptor” in T lymphocytes within healthy livers and hepatocellular carcinomas!2>.
Importantly, B7-H4 is preferentially expressed by CD14* macrophages within ovarian and
liver tumors, and inducing B7-H4 expression on human monocytes/macrophages confers
suppressive capacity in vitro®>125, Blocking B7-H4 also suppresses the growth of
subcutaneously implanted tumors in mice by reducing CD8* T cell exhaustion125; however,
other groups have found that B7-H4 promotes or has no impact on tumor immunity in
murine models of breast and prostate cancer, respectively26:127, These differences may
relate to the specifics of the tumor model examined, especially as B7-H4 expression is
regulated by cytokines common in the tumor microenvironment such as IL-6, 1L-10, and
||:N_y95,127_

Several other molecules expressed by macrophages potentially have direct suppressive
effects on tumor-infiltrating T cells. For example, tumor macrophages can be an important
source of 1L-10108, and IL-10 is known to suppress CD8* T cell stimulation by increasing
N-glycan branching, thereby reducing co-localization of CD8 protein with the T cell
receptor!28, This process requires the presence of galectin-3, and interfering with this
association restores IFN-y expression by CD8* T cells from human ovarian ascites?°. As
macrophages can be an important source of galectin-3 in inflamed tissues!39, tumor
macrophages may even regulate both aspects of this suppressive pathway. Macrophages
actually express a variety of C-type and I-type lectins, which could represent an additional
layer of regulation via protein-carbohydrate interactions. This has not been extensively
evaluated, but it is worth noting that the mannose receptor, CD206, which is highly
expressed by tumor macrophages, can impair the cytotoxicity of CD8* T cells by
suppressing CD45 phosphatase activityl31. Given the importance of carbohydrate
modifications in T cell signaling, lectin expression by macrophages may have an
unappreciated role in controlling anti-tumor immunity.

Indirect regulation of T cells by TAMSs.

Extending from their function in maintaining tissue homeostasis, macrophages are important
regulators of multiple aspects of the tumor microenvironment, in particular the structure of
the vasculature and extracellular matrix8. Do tumor macrophages regulate T cell
recruitment? Several studies have reported that inhibiting macrophage recruitment by
targeting the CSF1-CSF1R pathway improves T cell infiltration, including during
chemotherapy or high-dose irradiation12:61.94.107.108 Similar results are observed when
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blocking macrophage recruitment through CCR2 inhibition®1. Assuming the increase in T
cell numbers is not due to changes in cell death or proliferation, the mechanism(s)
underlying these observations is unclear.

One possibility could be through regulation of vascular adhesion molecules, but iNOS-
expressing macrophages actually promote VCAML1 expression during low-dose
irradiation®2, and while perivascular macrophages regulate vascular structure through
expression of VEGFA132-134 this would be expected to enhance vessel leakiness and
expression of adhesion molecules. Another possible mechanism by which macrophages
could suppress T cell recruitment is through production of peroxynitrites and the subsequent
nitration of CCL2 or CCL5135.136 Nitration of CCL2 specifically has been shown to reduce
accumulation of T cells within subcutaneous tumorsi37. This appears to be due to low
CCL2-responsiveness by T cells, resulting in nitration preventing chemotaxis of human and
mouse T cells without impacting monocyte migration37. Although this does not explain the
increased T cell recruitment following CCR2 inhibitionS1, it is possible that nitration of
CCL5 has a similar effect, especially given its more important role in promoting T cell
recruitment into tumours138,

Rather than recruitment, it may be that macrophages are involved in restricting the
intratumoral localization of T cells. For example, inhibiting reactive nitrogen species can
increase the number of CD8* T cells within tumors without impacting their frequency in the
surrounding stroma®3’. Increasing the degree of fibrosis would be another mechanism by
which macrophages could shield tumors from T cell infiltration. This has been shown in
pancreatic cancer with macrophage production of granulin promoting the accumulation of
myofibroblasts132140, Two recent studies have also reported that TGF signaling acts to
exclude T cells from human and murine tumors#1:142_ Tumor macrophages are one of many
cells known to produce TGFB133:108 and are not a major source of TGFB2 or TGFp314L;
however, it is possible that macrophages can regulate desmoplasia through expression of
matrix metalloproteinases and activation of latent TGFB143. Human monocytes and
macrophages even display an enhanced ability to activate TGFp through their expression of
integrin avpsl44. Alternatively, because tumor macrophages are chemotactic for CD8* T
cells ex vivol93 and have been described to highly express the T cell attracting chemokine
Cxcl1033.145.148 it js conceivable that they could retain T cells within the stroma or
perivascular regions of the tumor. Macrophages and T cells are predominantly found within
these regions, and at least one study has shown that CSF1R inhibition increases T cell
motility and localization in tumor isletsl4’.

Macrophages have also been shown to promote Tyeq cell recruitment to human ovarian
carcinomas via CCL22 productionl8. In addition to, presumably, suppressing cytotoxic T
cell responses, Treq cells from ovarian ascites stimulate 1L-6 and IL-10 expression by
macrophages and increase B7-H4 expression in an autocrine fashion in vitro®>%. This
ability of macrophages to suppress T cell responses via regulation of intermediate cell types
has also been described in mammary carcinoma models. In this case, macrophage
production of 1L-10 suppresses IL-12 expression by CD103* conventional dendritic tumor
cells (cDC), resulting in a diminished CD8* T cell response during chemotherapy18,
Together, these data highlight macrophages as central drivers of the immunosuppressive
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tumor microenvironment through their ability to regulate the recruitment and the function of
multiple immune subtypes.

Phagocytosis and antigen presentation.

Consistent with their name, several studies have confirmed macrophages are the main
phagocytic population within tumors45.146.149 However, tumor macrophages do not
express CCR7 and are unable to migrate into the draining lymph nodes!49.150, They also
display relatively limited ability to activate or restimulate CD8* T cells46. What impact
could phagocytosis by macrophages have on the induction of anti-tumor immunity? First, it
is possible that macrophages redirect antigens away from cDCs, an observation that might
not be apparent in experiments conducted using highly expressed model antigens (e.g.,
ovalbumin). Second, clearance of apoptotic cells and debris might be expected to reduce the
presence of alarmins or DAMPs. Third, tissue-resident macrophages are known to suppress
their own activation in response to apoptotic cell phagocytosis®4. This includes phagocytic
pathways designed to avoid activation of cytosolic sensors such as stimulator of interferon
genes (STING)151.152 a5 well as the secretion of factors that suppress the activation of
neighboring cells®3. One of these secreted factors, insulin-like growth factor-1, has already
been shown to promote the regrowth of gliomas following CSF1R inhibition1%4. Any of
these mechanisms, or a combination of them, could theoretically reduce the capacity of the
CD103* cDC subset to transport tumor antigens to the draining lymph node and initiate a de
novo CD8* T cell responsel49.150,

Alternatively, it has recently been described that embryonically-derived tissue-resident
macrophages are present within tumors, and that these cells retain a distinct phenotype from
their monocyte-derived macrophage counterparts31:32, A unique property of many tissue-
resident macrophages is expression of CD169/Siglec-11%°, which has been shown to
selectively bind to CD8a* ¢cDCs and promote antigen transfer within secondary lymphoid
organs®6, Whether CD169* macrophages are present in tumors and transfer antigen to the
equivalent CD103* cDC subset is unknown. This pathway also appears irrelevant for soluble
or Fc receptor-mediated uptake of antigens by cDCs56, but could be involved in the transfer
of cellular antigens, particularly during early tumor progression when tissue-resident
macrophages might be expected to dominate the microenvironment. Interestingly, it has been
demonstrated that tissue-resident CD169* macrophages in the spleen and lymph node
capture extracellular vesicles'®’, a process that restricts entrance into the lymph node cortex
and prevents their interaction with B cells57:158_ In tumor models, the absence of CD169*
macrophages increases production of immunoglobulin®8, which subsequently drives the
polarization of tumor macrophages via activating Fc-y receptors to increase neoplastic
progression, tumor growth, and resistance to chemotherapy101-103,

Therapeutic targeting of TAMs

Given the importance of TAMs in regulating tumor immunity, there has been considerable

interest in therapeutic strategies that target macrophages, which can be roughly divided into
those that either deplete or alter TAM protumoral activities. As preclinical evidence largely
supports combinatorial approaches being necessary to observe efficacy®, these strategies are
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currently in evaluation either to augment tumor immunity during standard chemotherapy or
radiation therapy, or in combination with T cell-directed immunotherapy (Table 1). Herein,
we will discuss the potential strengths and weaknesses of these approaches, and suggest
future directions for clinical trials.

Targeting TAM recruitment and survival.

One strategy to deplete TAMs is to cut off their replenishment by circulating inflammatory
monocytes. Circulating monocytes are highly dependent on CCL2-CCR2 signaling for their
mobilization from the bone marrow and recruitment into inflammatory sites; thus, CCR2
inhibition keeps monocytes in the bone marrow, resulting in depleted pools of circulating
cells and reduced numbers of TAMs in primary and metastatic sites1>9-164_In preclinical
models, CCL2/CCR2 blockade can improve the efficacy of chemotherapy, radiation therapy,
and immunotherapy81:159.160,165-167 geyveral CCR2 blockade combination clinical trials are
therefore ongoing. One early study in pancreatic cancer showed a >40% increase in
responsiveness to chemotherapy when CCR2 inhibitors were combined with the
chemotherapy regimen, FOLFIRNOX9. Biomarker analysis in this study also showed that
combination therapy was associated with increased T cell infiltration. Similar observations
have been made in some of the preclinical models, facilitating further combinations with
checkpoint immunotherapy. Clinical testing of this triple combination, i.e., CCR2 inhibition,
chemotherapy, and checkpoint blockade, are now ongoing. Although CCR2 plays a
dominant role in macrophage recruitment, important considerations for combined efficacy
include rapid compensation by granulocytes and lack of efficacy in impacting resident
TAMs populations31:168 |t has also been observed that cessation of CCL2/CCR2 blockade
leads to release of the monocytes previously trapped within the bone marrow, and this can
exacerbate metastasis in a murine model of breast cancerl9. These parameters will be
critical to consider in the design of future clinical trials.

The CSF1-CSF1R axis has also been heavily investigated in preclinical models. In most
tumors, inhibition of CSF1-CSF1R signaling leads to the apoptotic death of a significant
portion of TAMs, the outlier being glioma models where compensatory activity by GM-CSF
leads to TAM survival and repolarizationl®. Independent of the mechanism of action, in a
significant array of animal models, CSF1R inhibition improves T cell responses in
combination with radiation or chemotherapeutic agents61.107.170-173 ' Additionally, CSF1-
CSF1R blockade improves the efficacy of the diversity of immunotherapeutic modalities,
including CD40 agonists, PD-1, or CTLA-4 antagonists, and adoptive T cell
therapy12.147.174-176 The sum of these studies has led to a number of clinical trials
combining CSF-1/CSF-1R inhibitors with immune checkpoint blockade. In a promising
study in pancreatic cancer patients, which do not traditionally respond to immunotherapy;, it
has been reported that some patient responses were observed with the combination of
CSF-1R and PD-1 antagonists!’’, and these studies are now moving forward to a multi-arm
Phase Il clinical trial. Despite the breadth and consistency of these findings, it is perhaps not
surprising that compensatory resistance pathways have already been defined that ultimately
limit the durability of the response to CSF-1R inhibitors154.178.179 The other major barrier
to translation may be that TAM depletion coincides with loss of tissue-resident populations
important for maintaining homeostasis&0. Although elevated liver enzymes appear to be a
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byproduct of reduced clearance by Kupffer cells, and not evidence of liver toxicity, grade 3
adverse events may limit the utility of CSF-1R antagonists in combination studies!®L.

Other pathways involved in macrophage recruitment include the CXCL12/CXCR4 and
angiopoietin-2/Tie2 axes. In glioma and breast models, radiation, chemotherapy, and
vascular disruption have been shown to increase CXCL12 expression and promote CXCR4-
dependent macrophage repopulation and treatment resistancel33.182-184 |ntriguingly, it
appears that CXCL12 acts by preferentially recruiting Tie2* macrophages, a population that
is strongly associated with the vasculature and is important for tumor angiogenesisi85. Thus,
depleting Tie2* macrophages improves vascular disruption8, neutralizing angiopoietin-2
improves responses to VEGFA blockadel®, and inhibiting Tie2 blocks chemotherapy-
induced Tie2* TAM recruitment in breast models and leads to decreased metastasis87188,
Though the impact of Tie2* TAMs on tumor immunity and the potential for immunotherapy
combinations are unclear, it has been found that dual neutralization of angiopoietin-2 and
VEGFA promotes T cell infiltration, and that efficacy is completely dependent upon CD8* T
cells!®. CXCR4 inhibition also renders pancreatic cancer models more responsive to
checkpoint blockade189, although whether this is related to macrophages is unclear.

Targeting TAM activation

An intrinsic downside to depleting TAMs is the loss of their latent immune stimulatory role
as the primary phagocyte and professional antigen-presenting cell within tumors.
Reprogramming or ‘repolarizing” TAMs towards an anti-tumor phenotype could therefore
prove a more efficacious—if potentially more toxic—approach to augmenting other forms of
immunotherapy. One of the most productive approaches to date has been the use of an
agonist CD40 antibody9, which shows combinatorial efficacy in pancreatic cancer with
gemcitabinel9! and gemcitabine/nab-paclitaxell92, As CD40 is expressed by DCs, the
relative contribution of TAM versus DC activation is unclear, but critically, enhanced
responses to PD-1 and CTLA-4 antagonists have been observed1?3. Clinical trials combining
a CD40 agonist with chemotherapy, immunotherapy, and angiogenic inhibitors are currently
ongoing. Intriguingly, efficacy has also been described when combining CD40 agonists with
various CSF-1R-targeted agents. This effect occurs in systems where the number of TAMs is
not impacted by CSF-1R inhibition176:194 but also when TAM depletion is effectivel®. In
either case, it appears that blocking CSF-1R sensitizes residual TAMs to reprogramming by
anti-CD40 and promotes enhanced T cell-dependent immunity.

Epigenetic reprogramming of macrophages through inhibition of histone deacetylases
(HDAC) can also elicit a T cell supportive role. Specifically, in mammary tumor models, a
selective HDAC lla inhibitor induces anti-tumor macrophage phenotypes that support T cell
responses and increase responses to chemotherapy and immune checkpoint blockadel9,
Pan-HDAC inhibitors are already being tested with PD-1 antagonists, and it is possible that
macrophage reprogramming could have a significant role in mediating therapeutic efficacy.
An alternative approach to reprogramming, which has been evaluated extensively in
preclinical models, involves targeting the major pathways that drive the immunosuppressive
function of TAMs, including IL-4, I1L-13, and immunoglobulins®. However, although clinical
agents for these pathways exist, the interest in using them in solid malignancies to promote
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immunity has been minimal. An exception to this has been the targeting of PI3Kry, which is
activated in TAMs downstream of multiple pathways, including the Fcry receptor. Activation
of PI3Ky signaling in macrophages has been shown to drive TAM immunosuppressive
activities in models of lung, melanoma, and pancreatic cancer!06.197-200 |n animal models,
pharmacological inhibition of PI3Ky results in macrophage reprograming and augmentation
of T cell responses as a single agent!%, and in combination with T cell checkpoint
blockade106.198,200.

Future directions

Given the myriad of roles for TAMSs, therapeutically targeting one specific function of these
cells may prove difficult. Success has been observed in multiple xenograft models by
blocking CD47, a membrane bound protein that interacts with SIRPa on TAMs to inhibit
phagocytosis21. However, it should be noted that SIRPa is also expressed on CD11b* DCs,
and in syngeneic models, the ability of CD47 blockade to promote an immune response is
dependent upon cytosolic sensing of tumor DNA by DCs292:203, Although this does not
negate the approach, the degree to which efficacy is macrophage-dependent is unclear.
Intriguingly, recent data have suggested that PD-L1/PD-1 signaling on TAMs impairs their
phagocytic capacity and anti-tumor phenotype294.205 suggesting a second point of synergy
for CD47/PD1 combinations. In addition, macrophages have been shown to uptake anti-
PD-1 antibodies through their Fcy receptors, thereby limiting efficacy, in animal models2%.
The binding of antibodies to macrophage Fc receptors has been shown to regulate a number
of therapeutic responses /7 vivo, and is a critical aspect of antibody drug design2%7. The
importance of macrophages in regulating these responses also needs to be considered when
designing clinical studies, especially when incorporating CSF-1R or CCR2 inhibitors that
could limit therapeutic efficacy.

The sum of pre-clinical animal and correlative human studies suggest that targeting TAMs
could significantly improve the efficacy of conventional and immunotherapeutics. However,
in spite of the clinical interest and a few suggestive early trial outcomes'9.177  the optimum
therapeutic approach has yet to be identified. This may be partially due to a lack of data on
key clinical parameters that may determine the success or failure of combinatorial
therapeutic approaches in humans. For example, while several cancer types, such as ovarian,
pancreas, and mesothelioma, have relatively high macrophage infiltration, it is unknown if
these reflect patient populations that will see maximal benefit. Other questions include what
type of approach (i.e. depletion or reprogramming) should be employed, and whether the
best therapeutic modalities might be cancer type dependent. In addition, if TAM antagonists
are being used to overcome resistance to immunotherapy, then more clinical data correlating
macrophage infiltration or phenotype with patient outcomes is needed to guide patient
selection. Finally, it will be critical to determine how exactly to employ these therapeutic
combinations, including data driven considerations of dosing strategies and sequencing to
minimize potential toxicities and/or maximize immune stimulatory properties. For example,
anti-CD40 antibody demonstrated toxicity in mice when given prior to gemcitabine in a
pancreatic tumor model2%8, The challenge will be to empirically design trials rather than
base them upon historical doses, clinical practicality, or financial considerations. In spite of
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these challenges, there remains significant potential to harness macrophage biology to
improve outcomes for cancer patients.
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Glossary Terms:

Tumor microenvironment

The tumor microenvironment (TME) is the cellular and acellular components in which
malignant cells reside. These include surrounding blood vessels, immune cells, fibroblasts,
extracellular matrix components, extracellular signaling molecules such as chemokines,
cytokines, and growth factors, as well as metabolic regulators such as oxygen.

Tumor immune microenvironment
The tumor immune microenvironment (TIME) is the components of the tumor
microenvironment represented by leukocytes or their derived factors.

Desmoplasia

Cancer associated desmoplasia is the growth and expansion of fibrous and/or connective
tissue surrounding the malignant cells. Desmoplasia may occur around a growing neoplasm
and consists of expansion of the non-malignant cellular components, such as activated
fibroblasts beyond the norms of the homeostatic tissue levels.
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Box 1.
Tissue localization and macrophage heterogeneity.

Most of the drivers of macrophage phenotype occur within distinct and heterogeneous
microscopic areas, or niches. As reviewed elsewhere209.210, these niches exist in both
primary tumors and disseminated sites, and can include areas defined by their relative
proximity to cancer cell invasive fronts, tumor cell nests, fibrotic stroma, functional
vasculature, or even the presence of tertiary lymphoid structures. These parameters lead
to the classification of distinct macrophage populations (e.g. perivascular or hypoxic
macrophages) that are better defined by their functionality within these niches than their
expression of surface markers or activation state. As a consequence, it is likely that
macrophages within these unique niches differentially regulate T cell function. For
example, perivascular macrophages are expected to control vascular structure and T cell
infiltration into the tumor parenchymal8®, while hypoxic macrophages might have a more
specialized role in governing T cell infiltration into tumor beds3°. Additionally, these
niches may be shaped by cancer therapy, for example, by immunotherapy increasing the
frequency of tertiary lymphoid structures, or by vascular directed-therapy reshaping
perivascular and hypoxic niches. Certainly multiple cytotoxic and targeted therapies are
known to alter the phenotype of tumor macrophages as a whole”. Thus, while there are
consistent drivers of macrophage function, the cumulative impact of these is highly
dependent upon the microenvironmental niche occupied by the cells within the malignant
tissue, in addition to the macroenviroment of the tumor and tissue type of residence.
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Figure 1. Macrophage origin and polarization state.
Tissue macrophages are derived from embryonic or adult progenitor cells under homeostatic

conditions, with the relative contribution of these populations varying by tissue. Monocyte-
derived cells also contribute to the macrophage population in some tissues, but are mostly
associated with a response to inflammatory conditions, including cancer. The combination of
their developmental origin and tissue of residence is thought to fine-tune their eventual
response to polarizing stimuli.
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Figure 2. Direct and indirect regulation of tumor immunity by TAMs.
A) TAMs can directly inhibit T cell responses through three distinct mechanisms. These

include checkpoint engagement via expression of molecules such as PD-L1, production of
inhibitory cytokines such as IL-10, and through their metabolic activities, including
depletion of metabolites and production of reactive oxygen species (ROS). B) TAMs also
inhibit T cell responses indirectly by controlling the immune microenvironment. This
includes recruitment of immunosuppressive populations (.9 Tregs) 0r by inhibiting
stimulatory populations (e.g. cDCs). TAMs also blunt T cell recruitment via regulation of
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vascular structure, and through their ability to exclude T cells from intratumoral regions via
regulation of the extracellular matrix (ECM) and the chemokine milieu.
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Figure 3. Cell type versusintegrated views on drivers of TAM phenotype.
A) TAM phenotype is driven by a combination of the tumor microenvironment (TME) and

the tumor immune microenvironment (TIME). On the left, responses by adaptive and innate
immune cells provide cytokines and other factors that regulate macrophage bioactivities. On
the right, properties of the tumor microenvironment like hypoxia, fibrosis and cellular stress
also tailor the phenotype of TAMs. B) Both immune and non-immune related factors
integrate to drive functional or dysfunctional anti-tumor immunity. On the left, the presence
of a robust adaptive immune response is concomitant with limited tissue pathology and
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macrophages programmed to drive inflammation. On the right, tumor hypoxia and fibrosis
are integrated with high CAF and immunosuppressive cell infiltration, and macrophages are
programmed to drive immune suppression and tissue remodelling, leading to CTL exclusion
and/or suppression.
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Immuno-oncology Combinations

Table 1

TAM Targeted Agent

Immune Modulator

Clinical Trial(s)

CSF1/CSF1R agonists

PD-1 or PD-L1 antagonists

NCT02554812 *
NCT02452424"
NCT02777710*
NCT02880371*
NCT03238027 *
NCT02526017 "
NCT02829723*
NCT02323191*
NCT03158272*
NCT02713529

CCR2/5-antagonists

PD-1 or PD-L1 antagonists

NCT02723006 "
NCT03184870

CXCR4 antagonist

PD-L1 antagonists

NCT02737072"
NCT03193190 *
NCT02907099 *
NCT03154827 *
NCT03337698 *
NCT02823405 *

Ang2/Tie2

PD-1 antagonists

NCT03239145*

CD40-agonists

PD-1 or PD-L1 antagonists

NCT03123783 "
NCT02304393*

CDA47 (SIRPa-Fc)

PD-1 or PD-L1 antagonists

NCT03530683 ™
NCT02890368 *
NCT03013218 *

PI3Ky/& inhibitors

PD-1 or PD-L1 antagonists

NCT03471351*
NCT02637531 "

Multimodality | mmuno-oncology Combinations

TAM Targeted Agent

Immune Modulator

Clinical Trial(s)

CSF1R Chemotherapy + PD1/PDL1 NCT02323191 %

NCT03336216 ™
CSF1R PD-1 antagonist + SBRT NCT03431948
CSF1IR PD-1 antagonist + CD40 agonist | NCT03502330
CSF1R GVAX + PD-1 antagonist NCT03153410
CCR2/5 inhibition Chemotherapy + PD-1 antagonist | NcT03184870%

NCT03496662 *

*
trial currently open and active

-n .
trial closed
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