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Combination therapy

Cancer immunotherapies that engage immune cells to fight against tumors are proving to be powerful weapons in
combating cancer and are becoming increasingly utilized in the clinics. However, for the majority of patients with
solid tumors, little or no progress has been seen, presumably due to lack of adequate approaches that can
reprogram the local immunosuppressive tumor milieu and thus reinvigorate antitumor immunity. Tumor-associated
macrophages (TAMs), which abundantly infiltrate most solid tumors, could contribute to tumor progression by
stimulating proliferation, angiogenesis, metastasis, and by providing a barrier against antitumor immunity. Initial
TAMs-targeting strategies have shown efficacy across therapeutic modalities and tumor types in both preclinical
and clinical studies. TAMs-targeted therapeutic approaches can be roughly divided into those that deplete TAMs
and those that modulate TAMs activities. We here reviewed the mechanisms by which macrophages become
immunosuppressive and compromise antitumor immunity. TAMs-focused therapeutic strategies are also
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Background

The advent of cancer immunotherapies, including
checkpoint blockade-based immunotherapy and adoptive
cell therapy, has provided new options and powerful
weapons to combat cancer [1]. The development of now
immunotherapies has revolutionized the field of oncol-
ogy, leading to successful clinical trials for multiple can-
cer types. However, for the majority of patients with
solid tumors, little or no progress has been seen [2].
When tumor develops from neoplastic tissue to clinically
detectable tumors, malignant cells acquire different
mechanisms that mimic peripheral immune tolerance to
evade the immune surveillance and to avoid tumoricidal
attack. Unfortunately, the efficacy of the current im-
munotherapies is limited by the multifaceted immuno-
suppressive signals within the tumor microenvironment

* Correspondence: xfenghan@126.com; shaoc@suda.edu.cn;
yfshi@suda.edu.cn

“Center of Translational Medicine, Affiliated Wuxi No.2 People’s Hospital of
Nanjing Medical University, 68 Zhongshan Road, Wuxi 214002, Jiangsu, China
'The First Affiliated Hospital of Soochow University, State Key Laboratory of
Radiation Medicine and Protection, Institutes for Translational Medicine,
Soochow University Medical College, 199 Renai Road, Suzhou 215123,
Jiangsu, China

B BMC

(TME) [3, 4]. Thus, new strategies that can efficiently re-
program the various immunosuppressive cells in the
TME and further elicit antitumor immunity are urgently
needed.

Solid tumor evolves as a complex ecosystem involving
active interactions between tumor cells and stromal cells
[5]. Inflammatory cells make up a significant proportion
of the overall tumor mass, and among them, macro-
phages, called tumor-associated macrophages (TAMs),
represent one of the most abundant stromal components
in the TME and are therefore conspicuous stromal tar-
gets in many, if not all, solid tumors [6, 7]. In fact,
TAMs have a dominant role as orchestrators of cancer-
related inflammation that is now recognized to be an in-
tegral factor that accelerates tumor progression and
limits the response to antitumor immunity [8-10].
Mechanistically, TAMs could build up and remodel the
extracellular matrix structure, which enables the tumor
cells to invade through the TME and interact with
tumor cells or other stromal cells via the secretion of
growth factor, cytokines and chemokines [8, 10].

Macrophages can be either embryonically seeded in
tissues, where they are maintained through self-renewal,
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or derived from monocyte precursors, which infiltrate
tissues and differentiate in response to their microenvir-
onment [11]. TAMs, at least in mouse models, are
thought to predominantly derive from circulating bone
marrow monocytes driven by inflammatory cues from
tumor cells in the primary and metastatic tumor, where
they differentiate into TAMs and facilitate tumor pro-
gression [12, 13]. However, in tumors such as gliomas
and pancreatic cancer, TAMs can also be derived from
myeloid progenitors developed in the yolk sac at the em-
bryonic stage [14—16]. Nevertheless, in either case, sig-
nals originating from tumor cells, lymphocytes, and
stromal cells influence TAMs function and diversity.
Owing to their preponderance, TAMs are relatively easy
to isolate and thus have been extensively studied. The
classification of activated macrophages activation as ei-
ther classical (M1; interferon (IFN)-y/lipopolysaccharide
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(LPS)-dependent) or alternative (M2; interleukin-4 (IL-
4)/IL-13/IL-10 dependent) has provided a necessary
framework for the understanding of TAMs polarization
[17, 18]. However, accumulating evidence suggests that
this is an oversimplification and their complexity would
be better described as a dynamic spectrum of pheno-
types. As a reflection of the great diversity and plasticity
of macrophages, the phenotype and composition of
TAMs vary between tumor types, which have been
reviewed in detail elsewhere [19, 20]. TAMs could exert
pleiotropic protumor activities, while they also contrib-
ute to antitumor immunity, depending on ontogeny,
tissue-specific regulation, and tumor stage (Fig. 1). Ac-
cordingly, evidence indicates that, in nascent tumors,
TAMs display an M1-like phenotype and can eliminate
some immunogenic tumor cells. Subsequently, tumor
progression is associated with skewing and subversion of
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Fig. 1 The yin and yang of TAMs in response to cancer immunotherapy. Macrophages have bimodal, yin and yang roles in orchestrating
immune responses, and can either hamper (left-hand side), or foster (right-hand side) the effectiveness of cancer immunotherapy strategies. The
two macrophage subtypes are defined as M1 and M2. M1 macrophages, also known as ‘killer" macrophages, were previously referred to as
classically activated macrophages; In contrast, the M2 macrophages, also known as “repair” macrophage, are referred to as the alternatively
activated macrophages. The M2 macrophages contribute to constructive processes, including wound healing and tissue repair. In addition, the
M2 macrophage prevents immune surveillance system by producing immuno-suppressing cytokines. This differential polarization is under the
control of many stimuli that alters the differentiated state of the macrophages. At present, TAMs are believed to promote cancer initiation and
malignant progression by stimulating tumor-associated angiogenesis, promoting tumor cell metastasis, invasion and intravasation,
chemotherapeutic resistance as well as suppressing the response to antitumor immunity




Li et al. Molecular Cancer (2019) 18:177

macrophage function by the cues within TME that could
elicit an M2-like polarization of TAMs that is pro-
tumorigenic [10, 21]. Till date, TAMs are believed to
promote cancer initiation and malignant progression by
stimulating tumor-associated angiogenesis, promoting
tumor cell metastasis, invasion and intravasation, che-
motherapeutic resistance as well as suppressing the re-
sponse to antitumor immunity [22, 23].

Considering the multifaceted roles of TAMs in tumor
development, selective targeting of the immunosuppres-
sive TAMs in the TME in ways that could synergize with
the current cancer immunotherapy thus presents an at-
tractive strategy [10, 24]. Targeting TAMs, which func-
tion upstream of T cell responses, may complement the
current cancer immunotherapies that purely modulate T
cells, such as adoptive cell therapy or immune check-
point blockades [25]. Novel strategies aimed at modulat-
ing the TME have resulted in various TAMs-directed
approaches, ranging from macrophage depletion to
macrophage repolarization. In this review, we discuss
the underlying mechanisms by which TAMs suppress
antitumor immune responses. We further suggest that
ablation or re-education of macrophages within the
TME may become an important prong of combination
therapies designed to combat cancer. We also highlight
the current findings about the immunomodulatory ef-
fects of TAMs on cancer immunotherapy, especially
checkpoint blockade-based immunotherapy.

TAMs as enabler of the tumor immunosuppressive milieu
Solid tumors are complex ecosystems, defined by the
interplay of a large number of cellular and soluble
components [4]. Macrophages are one of the major
components of the leukocyte infiltrate in the TME
and play a prominent role in the evasion from estab-
lished immune surveillance, and their accumulation
has been generally associated with poor prognosis in
solid tumors [8, 11, 23].

Numerous studies have demonstrated that TAMs
could suppress naive T cell proliferation in vitro, sug-
gesting that macrophages can directly suppress T cell
function [26, 27]. TAMs can inhibit cytotoxic T cell re-
sponses by several means: 1) depletion of metabolites es-
sential for T cell proliferation; 2) inhibition of T cell
functions by producing anti-inflammatory cytokines; 3)
activation of T cell checkpoint blockade via engaging in-
hibitory receptors.

Arginine metabolism has crucial roles in T cell activation
and in the modulation of immune responses [28]. TAMs
can inhibit T cell activity by the depletion of L-arginine in
the TME by secreting Arginase 1 (ARG 1), which is charac-
teristically expressed in M2-like murine macrophages and
in many TAM populations. L-arginine, which is required
for T cells function, could be metabolized to L-ornithine, as
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well as other anti-inflammatory products, such as urea, by
ARG 1 in the TME. L-arginine depletion results in the fail-
ure to re-express CD3 (-chain in the T cell receptor com-
plex and inability to respond to tumor antigen, thus
suppressing effector T cell activation [28]. L-arginine is also
the substrate of the inducible nitric oxide synthase (iNOS).
Intriguingly, both of the L-arginine catabolic pathways, me-
diated by ARG 1 and iNOS respectively, lead to T cell sup-
pression, though by different mechanisms [29]. However,
iNOS expression by myeloid cells, leading to enhanced re-
cruitment of adoptively transferred T cells, has also been
implicated in promoting a T cell response [30]. Thus, the
impact of iNOS expression by macrophages may be highly
context-dependent.

Under the influence of tumor-derived factors, TAMs
could also secrete an array of cytokines, including IL-10,
transforming growth factor-p (TGEF-P) and prostaglandin-
E2 (PGE2), that further inhibit T cell-mediated immune
response to establish a self-propagating immunosuppres-
sive TME [8, 23, 27]. Despite being initially identified as a
growth factor and then found to be a tumor suppressor,
TGE-P plays an important role in supporting and regulat-
ing tumor development and metastasis, as well as tumor-
directed immune responses. Particularly, TGF-$ exerts a
multifunctional effect on adaptive immune cells, regulat-
ing both effector and regulatory T cells (Tregs) and cyto-
toxic T lymphocytes (CTLs) and supporting generation of
immunosuppressive cells (reviewed in [31]). TGF-f in
combination with IL-2 enforces a suppressor phenotype in
naive CD4" T cells ex vivo by triggering expression of
forkhead box P3 (FOXP3), the master transcription factor
of the Tregs [32]. Macrophages in the intestinal immune
system have been shown to induce Tregs by the secretion
of IL-10 and TGF- [33]. IL-10 could also suppress the
function of multiple immune cells, thus playing a crucial
role in dampening antitumor immunity while supporting
tumorigenesis. In fact, IL-10, as a pleiotropic cytokine, ex-
erts diverse effects on most immune cells, with the ability
to inhibit activation and effector function of T cells, as
well as monocytes and macrophages (reviewed in [31]).
Noticeably, IL-10 expressing anti-inflammatory macro-
phages are responsible for induction of Tregs [34]. IL-10
production by TAMs could blunt antitumor responses by
inhibiting the functions of antigen-presenting cells (APCs)
and subsequently blocking T cell effector functions, such
as cytotoxicity (see review in [35]). Studies in mouse
tumor models have shown that IL-10 can suppress the
maturation of intratumoral dendritic cells (DCs) and their
production of IL-12, and thereby limits cytotoxic T cell re-
sponses during chemotherapy [27]. In addition, IL-10 can
also directly act on CD8" T cells to exert specific inhibi-
tory effects by increasing N-glycan branching, thereby re-
ducing co-localization of CD8 protein with T cell receptor
(TCR) [36]. Galectin 3 binding glycoproteins on the
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surface of T cells plays a central role in mediating the IL-
10 induced reduction in CD8" T cell antigen sensitivity,
and TCR-CD8 co-localization and IFN-y expression by
CD8" T cells from human ovarian ascites can be restored
by N-acetyllactosamine (LacNAc) treatment, a galectin di-
saccharide ligand to interfere with galectin 3 binding gly-
coproteins [36]. Since macrophages can be an important
source of galectin 3 in inflamed tissues [37], TAMs may
even regulate multiple immune suppressive functions of
IL-10.

TAMs-induced immune suppression is also mediated
by the expression of inhibitory receptors, including clas-
sical and nonclassical major histocompatibility complex
class I (MHC-I) molecules, which are normally associ-
ated with the presentation of antigens to T cells. Macro-
phages can express human leukocyte antigen (HLA)
molecules, such as HLA-C (classical), HLA-E, and HLA-
G (nonclassical), which could inhibit the activation of
NK cells and a subsets of activated T cells upon their
ligation to CD94 (also known as NKG2) and leukocyte
immunoglobulin-like receptor subfamily B member 1
(LIR1, also called as ILT2), respectively (also reviewed in
[8]). In addition to these MHC molecules, TAMs also
express PD-L1, PD-L2, CD80 and CDS86, the ligands to
inhibitory receptors programmed cell death protein 1
(PD-1) and cytotoxic T-lymphocyte antigen 4 (CTLA-4),
which are normally upregulated in activated immune ef-
fector cells, including T cells, B cells, and NK T cells, as
a part of a safety mechanism that controls the intensity
of the immune response and as well as a pathway to in-
flammation resolution [2, 10, 11, 25]. Taken together,
TAMSs may directly inhibit T cell functions via these im-
mune checkpoint ligands, while also secreting IL-10 and
TGEF-p to elicit immunosuppressive functions.

Other immune checkpoint ligands expressed by TAMs
potentially also have direct suppressive effects on tumor-
infiltrating T cells, such as B7-H4 (aka B7x, B7S1 or
VTCNI1) and V-domain Ig- containing suppressor of T cell
activation (VISTA, aka PD-1H, DD1«), which might confer
macrophages immunosuppressive capacity [38—40]. B7-H4,
a relatively new member of the B7 superfamily that was
identified in 2003, shares approximately 25% amino acid
homology with other B7 family members in the extracellu-
lar portion [41-43]. B7-H4 expressed on TAMs was impli-
cated in suppression of T cell activation [39, 44]. Although
the receptor for B7-H4 remains unknown, B7-H4-
expressing cells and its-immunoglobulin fusion proteins
could act as negative regulators of T cell responses by inhi-
biting T cell proliferation, cell cycle progression, and cyto-
kine production [41, 44]. Of the utmost importance, the
surface B7-H4 on TAMs, but not the intracellular B7-H4 in
primary ovarian tumor cells, was shown to suppress tumor-
associated antigen-specific T cell immunity [39]. Moreover,
inhibition of B7-H4 restores the T cell stimulating function
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of TAMs that contributes to tumor regression, and also
suppresses the growth of subcutaneously implanted tumors
in mice by reducing CD8" T cell exhaustion [39]. Notice-
ably, B7-H4 expression on TAMs was found to positively
correlate with the clinical stage of patients with tumors
[45]. However, the specific role that B7-H4 plays in tumor
immunity may be context dependent [46, 47]. The dichot-
omy in the function of B7-H4 may reflect the specifics of
the tumor model used, especially as B7-H4 expression
could be regulated by cytokines commonly present in the
TME, such as IL-6, IL-10 and IFN-y [46]. VISTA is another
recently-discovered immune regulator protein with a simi-
lar structure to the B7 Ig superfamily, expressed in lymph-
oid organs and on myeloid cells [40, 48]. VISTA functions
as an immunosuppressive molecule both as a ligand on
APCs and as a receptor on T cells, resulting in stunted T
cell cytokine production, blockade of T cell proliferation,
and induction of Foxp3 expression, and thus sustaining the
pool of Tregs [48]. The expression of VISTA on tumor-
infiltrating T cells and TAMs was elevated in prostate
cancer and melanoma patients following ipilimumab treat-
ment, with a greater proportion of macrophages with
VISTA expression being of the immunosuppressive M2
phenotype, suggesting that VISTA may represent a com-
pensatory resistance mechanism [38].

Other possible mechanisms by which macrophages
could inhibit effector T cell function indirectly could
be through the production of chemokines that recruit
natural Tregs to the TME, and through the secretion
of an array of cytokines that induce the Tregs and
sustain their survival. TAMs-released chemokines,
including C-C chemokine ligand (CCL)-2, CCL-3,
CCL-4, CCL-5, CCL-20, and CCL-22, further contrib-
ute to the recruitment of Tregs in the TME [25, 49].
In addition to their function as a recruiter, macro-
phages could be involved in restricting the intratu-
moral localization of T cells. The mechanisms by
which TAMs prevent CD8" T cells from reaching
tumor cells are still not known. Fibrosis would be an-
other underlying mechanism by which macrophages
could shield TME from T cell infiltration. Macro-
phages actively participate in tissue remodeling
through interaction with fibroblasts, whereby collagen
is synthesized and secreted, and organized into bun-
dles in construction of the tissue in developing mam-
mary gland [50, 51]. Additionally, TAMs were shown
to produce and remodel collagenous extracellular
matrix [52]. Intriguingly, TAMs can produce granulin
to induce fibrosis in tumor stroma, thus excluding T
cells from tumor mass [53, 54]. TAMs are the main
TGF-B producers in many tumor types. TGF-$ can
affect both the adaptive and innate immune systems
[55, 56], and also contributes to the evasion of im-
mune surveillance [57, 58]. TGF-f also affects TAMs
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by increasing their immunosuppressive activity. Thus,
it is possible that macrophages could act to exclude T
cells from tumors through activation of TGEFP. Al-
though many TGEFp inhibitors have been investigated
in both preclinical and clinical studies, TGFp pleio-
tropic activity, the biological differences between
TGFB1, TGFB2 and TGFP3, and the multiple regula-
tion of TGFfB make it a challenging target.

Taken together, TAMs act as central drivers of the im-
munosuppressive TME through their expression of cell
surface receptors, secreted cytokines, chemokines, and
enzymes that regulate the recruitment and the function
of multiple immune subtypes.

Emerging strategies for targeting TAMs
The protumoral properties of TAMs during tumor pro-
gression make them tempting therapeutic targets for
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cancer treatment [8, 11, 24, 25]. Current strategies are
designed to diminish TAMs directly or to polarize
TAMs toward a tumoricidal phenotype. These strategies
can be further divided into four main groups (Fig. 2): 1)
inhibition of macrophages recruitment to the tumor, 2)
direct killing of TAMs, 3) conversion of TAMs from
their M2-like protumoral phenotype to a M1-like antitu-
moral phenotype, and 4) TAMs-mediated delivery of
therapeutic cargoes [10, 24, 25].

Blocking monocytes/macrophages recruitment

One strategy for targeting TAMs is to block their re-
cruitment or infiltration of monocytes/macrophages into
tumors. TAMs replenishment in the tumor is often me-
diated by monocytic recruitment via the CCL-2-C-C
chemokine receptor (CCR)-2 axis [12, 59]. CCL-2 re-
leased by tumor cells, macrophages, and stromal cells
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within the TME recruits monocytes that express the re-
ceptor CCR-2 and granulocytes (i.e. myeloid-derived
suppressor cells; MDSCs) that express the receptor
CCR-5 to tumors, thereby driving tumor progression.
Thus, targeting the CCL-2-CCR-2 axis can reduce num-
bers of TAMs in the tumor milieu [12, 59]. Combination
therapy of CCL-2 or CCR-2 blockade with chemother-
apy, radiation therapy or immunotherapy reduces the in-
filtration of myeloid cells and results in improved
antitumor effects in preclinical models [60, 61]. Clinical
trials with several CCR-2 inhibitors (PF-04136309,
MLN1202, BMS-813160, and CCX872-B) are currently
ongoing for the treatment of solid tumors [24]. CCL-2
inhibition reduces tumor growth and metastasis in pre-
clinical models, when administered in combination with
chemotherapy, neutralization of CCL-2 improved the ef-
ficacy of treatment. However, it has also been observed
that cessation of anti-CCL-2 treatment leads to a re-
bound effect, with increased release of the monocytes
previously trapped within the bone marrow, thus accel-
erating breast cancer metastasis by promoting angiogen-
esis [62]. Nevertheless, a CCL-2-blocking antibody,
carlumab (CNTO 888), and a CCR-2 small molecule in-
hibitor (PF-04136309) are the main drugs currently be-
ing tested [10, 11, 25]. PF-04136309 has shown some
benefit in pancreatic cancer patients in combination
with the FOLFIRINOX (a chemotherapeutic regimen of
folinic acid, fluorouracil, irinotecan, and oxaliplatin for
pancreatic cancer patients). Patients treated with PF-
04136309 plus FOLFIRINOX did not experience worse
toxicity than those receiving chemotherapy alone. Pa-
tients treated only with FOLFIRINOX did not show an
objective response. By contrast, in combination group,
16 of 33 imaging-evaluated patients had an objective
tumor response (49%), and 32 of those patients achieved
local tumor control (97%) [60].

Other pathways also involved in TAM recruitment
include the C-X-C ligand (CXCL)-12-C-X-C receptor
(CXCR)-4 axis and VEGF receptor pathway. Stromal
cell-derived CXCL-12 is another chemokine that facil-
itates the migration of macrophages through endothe-
lial barriers and drives TAM accumulation and
survival in hypoxic areas of tumors [63]. Thus, block-
ing CXCL-12-CXCR-4 signaling represents a promis-
ing strategy to modulate macrophage infiltration and
prevent metastasis [64—66]. Indeed, targeting CXCR-4
in several preclinical models, including breast, pros-
tate, and ovarian cancer, was shown to significantly
reduce total tumor burden and metastases [65, 66]. In
addition, blockade of CXCL-12/CXCR-4 axis pre-
vented the post-sepsis-induced tumor progression,
TAM accumulation, and TAM in situ proliferation
[64]. Vascular endothelial growth factor (VEGF) also
functions to recruit macrophages into tumors, which
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requires VEGFR2 expressed by the macrophages [67].
Selective inhibition of VEGFR2 results in reduced
macrophage infiltration and decreased angiogenesis in
breast and pancreatic cancer models.
Colony-stimulating factor 1 (CSF1) controls prolifera-
tion, differentiation, recruitment, survival, and function
of mononuclear phagocytes (e.g., macrophages, mono-
cytes). CSF1 receptor (CSFIR) signaling in TAMs may
promote their acquisition of an immunosuppressive and
pro-tumorigenic, M2-like phenotype [68, 69]. Thus, the
CSF1/CSF1R signaling axis is an obvious and attractive
target. CSFIR belongs to the tyrosine kinase transmem-
brane receptor family and binding to its ligand (e.g.,
CSF1, IL34) induces homodimerization of the receptor
and subsequent activation of receptor signaling [68].
Based on the development of a number of small-
molecule and antibody antagonists to prevent receptor
dimerization, current research is thereby focused on ab-
rogating binding to CSF1 and activation of signaling, de-
creasing TAM infiltration and augmenting the effect of
antitumor immune in the tumor [70, 71]. Macrophage
recruitment can be remarkably reduced by blocking the
CSF1/CSF1R axis, which has recently been reviewed
elsewhere [11, 24, 25, 68]. Based on these preclinical
data, several clinical trials of CSF1/CSFIR inhibitors
have been completed or are ongoing. Among the small
molecules, PLX3397, a small-molecule CSFIR inhibitor
that can be administered orally, has the broadest clinical
development, as it is being tested clinically in a variety
of malignancies [72, 73]. Blockade of CSFIR with
PLX3397 induced clinical regression in patients and de-
creased the intratumoral accumulation of immunosup-
pressive macrophages, thus confirming the validity of
TAMs as a therapeutic target in cancer therapy [70, 71].
Several other small molecules are also being tested clin-
ically including PLX7486, BLZ945, JNJ-40346527, and
ARRY-382. Another strategy involves monoclonal anti-
bodies designed to target either CSFIR (AMGS820 and
IMC-CS4) or its ligand CSF1 (MCS110 and PD-
0360324) (also reviewed in [11]). The preclinical data
strongly suggest that targeting the CSF1/CSFI1R axis has
the potential to complement conventional therapeutic
strategies. While targeting monocyte/macrophage re-
cruitment before their arrival to the tumors is effective
in various preclinical cancer models, TAMs can also be
directly targeted by other strategies once they invade the
tumors. Strikingly, blockade of CSFIR also induces an
extensive metabolic rewiring that culminates with the
restoration of glycolysis to favor the maintenance of M1-
like TAMs [74]. Thus, TAMs metabolism and the
immunometabolic circuitries linking TAMs to other
stromal cells within the TME may also be harnessed in
combination with immunotherapeutic agents for cancer
immunotherapy, which has recently been reviewed [75].
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Direct TAMs depletion

The selective elimination of TAMs in tumors has been
explored for cancer therapy. One attractive strategy for
depleting TAMs within the tumor milieu is to trigger
their apoptosis, which could effectively inhibit tumor
growth and restore local immune surveillance in the
TME. Mechanistically, in addition to preventing TAMs
recruitment into the tumors, blockade of the CSF1/
CSF1R axis has been shown to reduce macrophage sur-
vival [70, 71]. Several compounds have been shown to
induce apoptosis of macrophages including zoledronate,
clodronate, and trabectedin as will be reviewed as the
following.

Bisphosphonates, a class of anti-resorptive drugs, are
taken up by phagocytosing cells and have cytotoxic effects
on myeloid cells [76]. Based on their structure, bisphospho-
nates could be divided into two categories, non-nitrogen-
containing and nitrogen-containing categories [76]. Bispho-
sphonates have traditionally been used in the clinic to pre-
vent or inhibit the development of bone metastases or
excessive bone resorption and for therapy of inflammatory
diseases [77]. TAMs are a potential target of the bispho-
sphonates, which has been reviewed [78]. Moreover,
bisphosphonates exert a range of direct and indirect anti-
tumor effects, including inhibition of tumor cell prolifera-
tion and induction of tumor cell apoptosis, inhibition of
tumor cell adhesion and invasion, anti-angiogenesis, syner-
gism with anti-neoplastic drugs, and enhancement of im-
mune surveillance (reviewed in [79]). Clodronate, currently
used in the treatment of osteoporosis and bone metastasis,
belongs to the drug family of bisphosphonates. Liposomes
with encapsulation of clodronate act as an efficient reagent
for selective depletion of macrophages. Indeed, these
clodronate-liposomes, due to their big size, are rapidly rec-
ognized and engulfed by macrophages, resulting in the
apoptosis of the host cells [80]. Notably, large, multilamellar
liposomes containing clodronate have been developed and
successfully applied in several cancer models, leading to the
regression of tumor growth, angiogenesis and metastasis
[81]. The benefits of macrophage depletion is not only seen
with clodronate, but also with other bisphosphonates, of
which zoledronate has been shown to be the most active
[77]. Zoledronate is a third-generation nitrogen-containing
bisphosphonate that has been shown to exhibit selective
cytotoxicity to matrix metalloproteinase-9 (MMP9)-ex-
pressing TAMs, and to impair differentiation of myeloid
cells into TAMs, which improves tumoricidal activity of
macrophages [82].

Trabectedin (ET-743, Yondelis®) is a tetrahydroisoqui-
noline alkylating agent, originally extracted from a mar-
ine organism, the turbinate Ecteinascidia, but can now
be produced synthetically [83, 84]. It has been approved
in Europe and other countries as a second-line therapy
for treating patients with advanced soft tissue sarcoma

Page 7 of 16

after failure of doxorubicin or ifosfamide and in relapsed
platinum-sensitive ovarian cancers [85]. It binds the
minor groove of DNA and can cause cancer cell death
by inducing cell cycle arrest, blocking active transcrip-
tion and inflicting DNA double-strand breaks [86]. Intri-
guingly, trabectedin specifically targets mononuclear
phagocytes, including TAMs, by activation of the cas-
pase 8 cascade via TNF-related apoptosis-inducing lig-
and (TRAIL) receptors [87]. Unlike other leukocyte
subsets, monocytes that express very low levels of
TRAIL decoy receptors are exquisitely sensitive to
TRAIL [88]. Patients treated with trabectedin have re-
duced TAMs density correlated with a reduction in
angiogenesis [87]. Taken together, depleting TAMs by
stimulating their apoptosis may be of high therapeutic
potential in limiting tumor development. Thus, macro-
phage destruction within the tumor is being further ex-
plored in the setting of preclinical models and clinical
trials in different cancers.

Although depletion of TAMs could delay tumor pro-
gression, whether only immunosuppressive myeloid cells
are targeted remain unclear. Likely, immunoprotective
cells will also be depleted, causing severe adverse effects,
such as bacterial infections. Hence, complete deletion
approaches for myeloid cells are not feasible in the con-
text of cancer.

Re-educating TAMs
In addition to directly depleting TAMs, it is also appeal-
ing to revert the activated state of the pro-tumorigenic
TAMs into a quiescent state or even to induce them to
acquire tumor-suppressive phenotypes. As discussed
above, macrophages are functionally plastic, as the cells
may respond differently to an alternation of molecules
in the TME, including chemokines, cytokines, pattern
recognition receptors and hormones [8]. Thus, to switch
tumor-promoting M2-like TAMs to a tumoricidal M1-
like phenotype by manipulating environmental stimuli is
a potential strategy for tumor eradication. Tellingly,
macrophages have been shown to be required for the ef-
ficacy of chemotherapy and immunotherapy [89, 90],
which undermines the rational for depleting TAMs dur-
ing cancer therapy. Alternatively, there are multiple
strategies of reorienting rather than directly depleting
TAMs for cancer therapy, which has recently been
reviewed elsewhere [10, 11, 24], including targeting both
the tumor cells (e.g, CD47 antibody) and the TAMs
(e.g., CSF1/CSFIR blockades, TLR agonists, PI3Ky inhib-
itors, CD40 agonists, and Class Ila histone deacetylase
(HDAC) inhibitors). Hence, we will briefly review studies
related to this strategy here (also described in Fig. 2).
TAMs express surface receptors that bind the Fc frag-
ment of antibodies and enable them to engage in
antibody-dependent cellular cytotoxicity/phagocytosis
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(ADCC/ADCP), which are amenable to therapeutic
strategies capitalizing on the effector function of TAMs
[10]. Signal regulatory protein alpha (SIRPa) is an ITIM-
bearing inhibitory receptor expressed on myeloid cells,
including macrophages. It recognizes CD47, which acts
physiologically as a “don’t eat me” signal and is found to
be ubiquitously overexpressed on many different types
of cancer. Interactions between CD47 and SIRPa pre-
vent tumor cells from undergoing phagocytosis, allowing
cancer cells to escape immune surveillance [91]. Mask-
ing of CD47 on tumor cells using monoclonal antibody
or soluble SIRPa-Fc construct can trigger ADCP of
tumor cells by TAMs [92, 93]. Enabling phagocytosis by
macrophages in the tumor can lead to induction of ef-
fective immune responses against cancer [94]. However,
enhancement of macrophage-dependent ADCP via
interference with the inhibitory CD47-SIRPa pathway
might involve mechanisms that lie beyond pure activa-
tion of TAMs effector function. ADCP elicited by target-
ing the CD47-SIRPa axis resulted in functional skewing
of mouse macrophages towards an M1-like phenotype in
tumor models, thus contributing to antitumor immune
responses [95]. Of note, multiple therapies targeting the
CD47-SIRPa axis are under preclinical and clinical in-
vestigation, including conventional antibodies, recom-
binant polypeptides, and bispecific molecules [96]. It
should be noted, however, that engagement of
macrophage-Fcy receptors by therapeutic antibodies was
shown to enhance the immunosuppressive, proangio-
genic, and protumoral functions of TAMs [97]. Agents
that enhance TAMs-mediated ADCP should potentially
be used in combination with checkpoint blockade ther-
apy [98], which could stimulate effective antitumor
immunity.

CD40, a member of the TNF receptor family, is
broadly expressed on many cell types, including APCs,
DCs, B cells, macrophages, monocytes, as well as a num-
ber of nonhematopoietic cell types and some tumor cells
[99]. When CD40 signaling is initiated and activated on
APCs by the engagement of the ligand of CD40 (CD40L)
expressed mainly on activated T helper cells, APCs re-
lease proinflammatory cytokines, and increase costimu-
latory molecules, such as CD80 and CD86, which may
help support antitumor T cell activity [99]. To date,
CD40 agonist antibodies show combinatorial efficacy in
pancreatic cancer with gemcitabine, resulting in the re-
gression of tumors by promoting antitumor macro-
phages that acquired antigen-presenting capabilities, re-
establishing immune surveillance as well as prolonging
patient survival [100, 101]. Clinical trials combining
CD40 agonists and recombinant CD40Ls with chemo-
therapy, immunotherapy, vaccines, and angiogenic inhib-
itors are currently ongoing. In mouse models of cancer,
CSF1R blockades synergize with the agonistic CD40
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antibodies to remove inhibitory immune populations
and to drive endogenous antitumor immune responses,
resulting in improved tumor clearance and significantly
lengthened overall survival [102]. Intriguingly, one study
has suggested that TAMs depletion using CSFIR block-
ade diminished the antitumor activity of infused effector
CD8" T cells, whereas TAMs programming with agonis-
tic CD40 antibody enhanced the accumulation and lon-
gevity of TCR-engineered cells [103]. Echoing the above
observations, reprogramming TAMs to anti-tumor
phenotype, rather than targeted ablation of the TAMs,
may be the preferable therapeutic paradigm for cancer
therapy.

Other strategies to activate TAMs for antitumor therapy
include the targeting of phosphoinositide 3-kinase (PI3K)-
Y, which is one of the four Class I PI3K p110 catalytic iso-
forms and is also activated in TAMs downstream of mul-
tiple pathways. Activation of PI3Ky signaling selectively
drives immunosuppressive transcriptional programing in
macrophages that inhibits adaptive immune response and
promotes myeloid cells invasion into tumors [104]. In
mouse tumor models, pharmacological inhibition of
PI3Ky using IPI-549, a PI3Ky-selective inhibitor, results in
macrophage reprogramming, which reduced protumor
macrophages while increasing antitumor macrophages
and T cell responses [105]. Additionally, epigenetic repro-
gramming of macrophages via inhibition of histone deace-
tylases (HDACs), enzymes that regulate activity of many
transcription factors, can also elicit T cell responses [106].
In mammary tumor models, TMP195, a selective Class Ila
HDAC inhibitor, enabled TAMs populations within tu-
mors to acquire antitumor phenotypes that support T cell
responses [106].

The macrophage receptor with collagenous structure
(MARCO), a member of the class A scavenger receptor
family, is a nonopsonic phagocytic receptor mainly
expressed by macrophages, dendritic cells and certain
endothelial cells, wherein it is appreciated for its role in
sensing and clearing pathogens though the recognition
of pathogen-associated molecular patterns (PAMPs)
[107]. Strikingly, mounting evidence has recently indi-
cated that MARCO also plays important roles in regulat-
ing macrophage polarization [108, 109]. For instance, a
study conducted on alveolar macrophages demonstrated
that MARCO acts as an initial signaling receptor for as-
bestos and polarizes macrophages to a profibrotic M2
phenotype [108]. Additionally, MARCO is also expressed
by a subpopulation of TAMs with an M2-like immuno-
suppressive gene signature in the TME of both murine
tumor models and in human cancer. Treatment with
antibodies targeting MARCO resulted in reduced tumor
growth and inhibition of metastasis and a switch to a
more proinflammatory macrophage phenotype [108]. Of
note, MARCO is also a viable target for chimeric antigen
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receptor (CAR) T cell strategies for cancer therapy
which has emerged as an important immunotherapeutic
approach. CAR T cell therapy is a revolutionary mile-
stone for the treatment hematological malignancies
(such as B cell acute lymphoblastic leukemia) [110-112].
However, its efficacy in the treatment of solid tumors
still needs to be further improved. As MARCO supports
proinflammatory signals, CAR T cells targeting MARCO
have the potential to reinforce other immunotherapeutic
modalities, including checkpoint blockade-based im-
munotherapy. Thus, further studies are needed to deter-
mine whether co-expression of two different CARs, one
for TAMs and another for tumor cells, can enhance
therapeutic effects of CAR T cell transfer therapy. All of
these studies suggest that future cancer therapy should
focus not only on cancer cells but also on TAMs by their
reorientation or by selective depletion in the TME.
Complement is a central part of the innate immune
system that acts as a first defense against pathogens and
triggers release of inflammatory cytokines [113]. The
physiological functions of complement are traditionally
believed to defend against microbes and unwanted host
molecules, to bridge innate and adaptive immunity, and
to bind to immune complexes for complement-mediated
lysis [114]. However, complement activation is also in-
volved in many more inflammatory and immunological
processes, including those that occur in the tumor con-
text. Strikingly, complement has been implicated in the
elimination of tumor cells by complement-fixing anti-
bodies, paradoxically, complement-induced inflamma-
tion can also promote tumor progression [115]. The
protumoral effect of the complement system is achieved
through establishing an immunosuppressive microenvir-
onment, promoting angiogenesis, modulating immune
cells, and enhancing tumor cell proliferation, invasion
and migration [115, 116]. Complement effectors such as
Clq, anaphylatoxins C3a and Cb5a inhibit the antitumor
immune response through the recruitment and/or acti-
vation of immunosuppressive cell subpopulations, in-
cluding MDSCs, Tregs, or TAMs [115]. Macrophages
express cognate receptors for both C3a and C5a on their
cell surface, and specific binding of C3a and C5a affects
the functional modulation and alters the TME and
tumor immunity. Thus, the complement system has
emerged as a target for cancer immunotherapy. In
mouse model of squamous carcinogenesis, urokinase
(uPA)" macrophages release C5a in a C3-independent
manner during premalignant progression. C5a regulates
pro-tumorigenic properties of C5aR1" mast cells and
macrophages, resulting in immunosuppressive macro-
phage polarization and inhibition of CD8" T cell activa-
tion [117]. While neither PMX-53 (a C5aRl peptide
antagonist) nor paclitaxel alone significantly altered
tumor progression, a combination of the two synergized
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to effectively inhibit tumor growth by repolarizing
TAMs towards the M1-like phenotype that not only af-
fects angiogenic programs but also leads to recruitment
of cytotoxic T lymphocytes [117]. Another study has also
demonstrated that intracellular activation of comple-
ment C3 derived from tumor cells suppressed the infil-
tration and function of CD8" cytotoxic T lymphocytes
by promoting the accumulation and immunosuppressive
activity of TAMs in a C3aR-dependent, rather than
C5aR-dependent manner, resulting in activation of
PI3Ky signaling that mediates TAMs immunosuppres-
sive activity [118]. Strikingly, blocking tumor-derived
complement C3 is sufficient to enhance antitumor im-
munity [118]. Taken together, the complement pathway
in the tumor setting might be potentially exploited as a
target to reeducate TAMs for cancer therapy, but given
the complex interactions of complement system in the
tumor context, such therapy strategies should be devel-
oped carefully and with clearly outlined biological end-
points. Attempts to revert tumor-promoting TAMs or to
alter their phenotype could provide new opportunities
for the development of novel antitumor therapies.

TAMs-mediated delivery of therapeutics

A new generation of drug delivery methods, so called live
cell-mediated drug delivery systems, consists in the use of
the host cells (i.e. monocytes [119], macrophages [120],
mesenchymal stem cells [121]), either as a whole or by
employing selected key components of these cells, as “Tro-
jan Horses’ loaded with drugs [119, 122]. Macrophages,
professional phagocytic cells, are non-immunogenic, which
endows them long blood-circulation times, and high phago-
cytic capability that enables them to extensively internalize
and hold considerable drug loadings, both of which are pre-
requisites for drug delivery carriers [8, 22]. Moreover, mac-
rophages are one of the most abundant types of circulating
cells, which can be easily separated, loaded with drugs
ex vivo, and reintroduced into the circulation. Of most im-
portance, macrophages represent most of the leukocytes in
tumors and account for up to 50% of cells in a tumor mass
[8, 22]. Thus, the use of natural living macrophages as drug
delivery carriers may be a potential strategy for cancer
therapy.

Macrophages receive considerable interest as a drug
delivery carrier due to their tropism to hypoxia and their
ability to migrate and infiltrate into tumors. It is crucial
that macrophages are alive in circulation to ensure their
tumor-homing capacity and to unload the drug upon
their arrival at tumor sites [123]. However, most antitu-
mor drugs cannot be directly loaded into macrophages
because their high cytotoxicity will quickly kill the cells.
Alternatively, loading nanoparticles into macrophages
may be a feasible approach. Inspired by the uptake of
antitumor nanoparticles by macrophages, researchers
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have employed nanoparticles that can be taken by TAMs
to combat cancer [124, 125]. Macrophage-mediated drug
delivery systems designed with precisely controlled drug
release when macrophages reach the target sites would
minimize adverse effects of the loaded drug on the mac-
rophages to reserve their functions, and maximize the
drug loading content. Therefore, it is desirable to de-
velop systems that take the advantages of both nanome-
dicine and macrophages in tumor-targeting [124]. Up to
date, relatively few studies have assessed the in vivo anti-
tumor efficacies of macrophage-mediated drug delivery
systems. Choi et al. showed improved in vivo tumor ac-
cumulation of liposomal doxorubicin (Dox) when deliv-
ered by macrophages, exhibiting higher therapeutic
efficacy in a subcutaneous tumor model than liposomal-
Dox or Dox alone [120]. Because premature drug release
in macrophages before their arrival at the target site will
cause cell death or dysfunction, the precise control of
the drug release in macrophage-mediated drug delivery
system should be considered. A silica-based drug nano-
capsule, consisting of a drug-silica complex filling and a
solid silica sheath, may solve this issue [126]. When
taken up by macrophages, the silica-based drug nano-
capsule minimally release drug molecules in the early
hours of cell entry, allowing macrophages to home to tu-
mors and release drugs within tumors. Therapy with
Dox-laden nanocapsule leads to efficient tumor growth
suppression, while causing little systemic toxicity [126].

Although macrophages may truly carry “active” nano-
medicines towards tumors, the filed is still in its infancy
and many challenges remain. Of most importance, since
macrophages may exhibit both protumoral and antitu-
moral activities in TME, it is important to fully under-
stand the in vivo fate and functional state of these
macrophages and ideally, to promote and maintain the
anti-tumor functional state of the carrier macrophages
to further maximize this cell-directed therapy. Further
development of the technology for delivery of biologics,
such as peptides or drugs that may enhance in vivo anti-
tumor properties of these macrophages would greatly
expand the utility of macrophage-mediated drug delivery
system in cancer therapy. Finally, other selective drug
delivery strategies using macrophages await further in-
vestigation. For instance, macrophages have been used
to facilitate virus infection by providing a cell carrier for
oncolytic virus delivery [127, 128]. Macrophage-based
virotherapy was shown to mount efficient attack on tu-
mors where the virus could infect tumor cells, achieving
significant antitumor efficacy.

Targeting TAMs potentiates the efficacy of checkpoint
blockades

Over the last decade, the focus of cancer treatment has
shifted from the tumor to the host. The goal of cancer
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immunotherapy is to harness or mobilize the immune
system, both innate and adaptive, to attack and destroy
tumors in cancer patients [1]. However, cancer could ef-
fectively suppress antitumor immune responses by acti-
vating negative regulatory pathways (also known as
checkpoints) that are associated with immune homeosta-
sis or by adopting features that enable them to actively
escape detection [2]. Checkpoint blockade-based im-
munotherapy that unleashes antitumor immune reac-
tions has resulted in unprecedented rates of durable
responses in a large set of cancers. Checkpoint inhibition
eliminates the brakes that hamper the effective recogni-
tion and elimination of tumor cells by immune cells. To
date, two such immune checkpoints, CTLA4 and PD-1,
have garnered the most attention [129]. Although such
treatments often yield sustained benefits, many patients
do not respond or develop resistance, and complete
cures with single immunotherapy agents only occur in a
minority of patients [2, 130, 131]. Ongoing experimental,
preclinical and clinical studies indicate that both tumor
cell-extrinsic and tumor cell-intrinsic factor contribute
to the resistance to current immunotherapies [130, 131].
As discussed above, TAMs are a major component of
solid tumors and influence various aspects of cancer
progression. Moreover, TAMs can also express PD-L1
and PD-L2, as well as CD80 and CD86, and the related
protein B7-H4, which contribute to the establishment of
the immunosuppressive TME [8, 11, 25]. Not surpris-
ingly, rescuing TAM-mediated immune dysfunctions by
ablation or repolarization demonstrate combinatorial ef-
ficacy when combined with immunotherapy, especially
with checkpoint blockade that aim to reverse the im-
munosuppressive nature of the TME and restore cyto-
toxic T lymphocytes against tumor cells. To date, many
clinical trials examining these combinations are in pro-
gress (also see Table 1).

TAMs are a key component of the immunosuppres-
sive pathway targeted by the blockade of immune
checkpoints. As mentioned above, several TAM-
directed targeting strategies are undertaken to de-
crease the number of suppressive macrophages within
tumors, which can be leveraged to increase the effi-
cacy of immune checkpoint blockade. Accordingly,
CSF1/CSFI1R blockade could improve the efficacy of a
diversity of immunotherapeutic modalities, including
PD-(L)1 or CTLA-4 blockades. For instance, treat-
ment with CSFIR antagonists in combination with
checkpoint blockade-based immunotherapy in the
mouse models of pancreatic, breast, cervical, and
ovarian cancer results in delaying tumor progression
[10, 24, 68, 69]. These studies provide a proof of con-
cept that targeting TAMs could boost the efficacy of
checkpoint blockade-based immunotherapy, leading to
a number of clinical trials combining CSF1 and/or
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Table 1 Combination TAMs-directed therapies with checkpoint blockades in selected clinical trials for cancer therapy
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Action TAM-targeted Checkpoint Clinical phase  Tumor type Effect Clinical trials
agent blockade (status)
Targeting TAM Emactuzumab  Atezolizumab Phase | Locally advanced or metastatic solid tumors NA NCT02323191
recruitment and (CSF1R (PD-L1 (Recruiting)
survival inhibitor) antibody)
ARRY-382 Pembrolizumab  Phase I/l Advanced solid tumors NA NCT02880371
(CSF1R (PD-1 antibody)  (Active, not
antagonists) recruiting)
Pexidartinib Durvalumab Phase | Colorectal cancer; Pancreatic cancer; NA NCT02777710
(anti-CSF1R) (PD-L1 (Active, not Metastatic cancer; Advanced cancer
antibody) recruiting)
SNFX-6352 Durvalumab Phase | Solid tumor; Metastatic tumor; Locally Safe, NCT03238027
(CSF1R (PD-L1 (Recruiting) advanced malignant neoplasm; Unresectable  Well-
antagonists) antibody) malignant neoplasm tolerated
BLZ945 (CSFIR  PDROOT (anti-  Phase I/Il Advanced solid tumors NA NCT02829723
antagonists) PD-1; Novartis)  (Recruiting)
Cabiralizumab  Nivolumab Phase | Advanced malignancies Safe, NCT03158272
(CSF1R (anti-PD-1) (Recruiting) Well-
antagonists) tolerated
AMG820 (CSF1R  Pembrolizumab  Phase I/l Pancreatic cancer; Colorectal cancer; Non-small  NA NCT02713529
antagonists) (PD-1 antibody)  (Active, not cell lung cancer
recruiting)
Trabectedin Durvalumab Phase | Ovarian carcinoma; Soft tissue sarcoma NA NCT03085225
(PD-L1 (Recruiting)
antibody)
Reprogramming TAMs  APX005M Nivolumab Phase I/Il Non-small cell lung cancer; Metastatic NA NCT03123783
to antitumor (CDA40 agonistic  (anti-PD-1) (Recruiting) melanoma
macrophages antibody)
Selicrelumab Atezolizumab Phase | Solid tumors NA NCT02304393
(CD40 agonist)  (PD-L1 (Recruiting)
antibody)
IPI1-549 (PI3Ky Nivolumab Phase | Advanced solid tumor; non-small cell lung NA NCT02637531
inhibitors) (anti-PD-1) (Recruiting) cancer; melanoma; breast cancer
TTI-621 (SIRPa-  Nivolumab Phase | Solid tumors; melanoma; merkel-cell carcin- NA NCT02890368
1gG1 Fo) (anti-PD-1); (Recruiting) oma; squamous cell carcinoma; breast
Pembrolizumab carcinoma
(PD-1 antibody);
Atezolizumab
(PD-L1
antibody);
Durvalumab
(PD-L1
antibody)
TTI-621 (SIRPa-  Nivolumab Phase | Lymphoma; myeloma NA NCT03530683
1gG4 Fo) (anti-PD-1); (Recruiting)
Pembrolizumab
(PD-1 antibody);
GSK3145095 Pembrolizumab  Phase I/Il Neoplasms; pancreatic NA NCT03681951
(RIP inhibitor) (PD-1 antibody)  (Recruiting)
NKTR262 (TLR7/  Nivolumab Phase I/l Melanoma; merkel cell carcinoma; breast NA NCT03435640
8 agonist) (anti-PD-1) (Recruiting) cancer; renal cell carcinoma; colorectal cancer

NA Not available, CSF1R Colony-stimulating factor 1 receptor, SIRPa Signal regulatory protein alpha, RIPT Receptor-interacting serine/threonine protein kinase 1,

TLRs Toll-like receptors

CSFIR inhibitors with the blockade of immune check-
points. In a promising study in patients with pancre-
atic cancer, which does not traditionally respond to
immunotherapy, when CSFIR antagonists and PD-1
blockade were combined, responses in some patients

were observed, and these studies are now moving for-
ward to a multi-arm phase II clinical trial (reviewed
in [25]). These results indicate that the TAM deple-

tion by targeting CSFIR can improve the
checkpoint inhibitors.

efficacy of
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In addition, reprogramming of TAMs can also enhance
the antitumor effects of checkpoint inhibitors. For instance,
TMP195 could repolarize TAMs to M1-like phenotype and
to synergize with PD-1 antibody to reduce tumor burden
and metastasis in an autochthonous mouse model of breast
cancer [106]. Similarly, administration of neutralizing
antibody against MARCO enhances the efficacy of anti-
CTLA-4 antibody treatment in mice with melanoma [108].
Furthermore, PI3K inhibition markedly enhances the tumor
suppressive effects of checkpoint inhibition of PD-1 in
multiple mouse tumor models [105, 132, 133]. Receptor-
interacting serine/threonine protein kinase 1 (RIP1) is up-
regulated in both human and mouse TAMs in pancreatic
ductal adenocarcinoma (PDA). Targeting RIP1 led to the
reprogramming of TAMs toward an MIl-like phenotype
and tumor suppression. Moreover, RIP1 inhibition syner-
gizes with PD-1- and inducible co-stimulator-based im-
munotherapies to suppress tumor growth in mouse models
of PDA [134]. Clinical trials are currently underway to test
the combination of the RIP1 inhibitor GSK3145095 and
pembrolizumab in adults with advanced solid tumors
(NCT03681951). Another target for macrophage repolari-
zation is Toll-like receptors (TLRs) that stimulate innate
immune response. TLR agonists comprise alternative strat-
egies to elicit antitumor immune responses that have been
developed for cancer therapy [135]. For example, local de-
livery of a TLR7/8 agonist 3 M-052 boosted systemic anti-
tumor immunity by repolarizing TAMs to Ml-like
phenotypes and resulted in tumor regression in a mouse
model of subcutaneous melanoma [136]. Combining 3 M-
052 with antibodies against CTLA-4 and PD-L1 was syner-
gistic in inhibiting tumor growth [136]. Though clinical evi-
dence indicating the efficacy of TLR agonists is still
insufficient, multiple clinical trials are underway. For in-
stance, NKTR-262, another TLR7/8 agonist, is currently
under evaluation for the treatment of melanoma and other
advanced cancers in combination with the checkpoint in-
hibitor nivolumab (NCT034:35640).

Taken together, TAMs contribute to the immunosup-
pression observed in TME via multiple mechanisms,
thus, targeting of TAMs could complement immune
checkpoint blockades by removing other negative factors
that might continue to restrain the action of T cells des-
pite checkpoint blockade. Although therapeutic effects
of the combining checkpoint blockade with TAM inter-
vention are evident from the previous pre-clinical stud-
ies, further basic researches will be required to apply this
novel strategy to the clinic arena.

Conclusions, challenges and perspectives

Given the important roles of TAMs in orchestrating
tumor progression, targeting TAMs offers a novel ap-
proach to improving antitumor therapy. Various thera-
peutic strategies have been developed with TAMs or their
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functional mediators as direct targets, including TAMs de-
pletion, blockade of monocytes/macrophage recruitment,
and the reprogramming TAMs into proinflammatory M1-
like macrophages or neutralizing the products of TAMs.
Although most TAMs-targeting strategies are still at the
preclinical stage, several antagonists that can be used for
TAMs depletion have already been tested in clinical trials
for solid tumors. Further investigation of synergistic ef-
fects of targeting TAMs with checkpoint blockade-based
immunotherapies will lead to the improvement of ongoing
immunotherapeutic strategies.

To expedite the leap from bench to bedside, several
challenges and unmet needs for TAMs-targeted therap-
ies must be overcome. Many questions remain to be an-
swered. Does choice of approaches, direct depletion or
reprogramming of TAMs, depend on tumor type? Do
the currently targeted signaling pathways mechanistically
overlap or synergize in vivo? What are the long-term
consequences of repolarizing macrophages towards a
proinflammatory state? More importantly, regarding
phenotypic reversibility, which macrophage transcription
factors are critical for promoting tumor immunosup-
pression and immune activation? Which TAM subsets
play a role in promoting tumorigenesis and which sub-
types should be targeted for anti-tumor therapy? How
do epigenetic factors govern the unique gene expression
patterns and biological behavior of TAMs, and are they
stably inherited? Answering these questions will unleash
the potential of TAMs-targeted therapies as novel anti-
tumor strategies.

The functional significance of TAMs in TME makes
them attractive targets for cancer therapy, however, be-
cause there are complex intercellular interactions involv-
ing TAMs in the TME, targeting TAMs may trigger
multifaceted stromal reactions in the tumor milieu that
are difficult to predict and may vary from patient to pa-
tient. Although the details of network of TME remain
unclear, various strategies could be used to modify the
tumor milieu, including remodeling tumor vasculature,
removing immunosuppressive cells, mobilizing immune
effector cells to kill tumors, and reprogramming stroma
to enhance the delivery of antitumor agents. As such,
targeting TAMs could not only inhibit the tumor “seeds”
but also renovate the tumor “soil” to construct a tumor-
suppressive microenvironment, thereby turning foes that
promote tumor progression into friends that suppress
tumor development. TAM-targeting strategies can per
se result in therapeutic benefits. However, to ultimately
eradicate tumor, our tenet is that synergistic combina-
tions of TAMs-directed therapeutics and other effective
treatments such as immunotherapy should also be
considered.

Currently, TAMs-targeted therapeutics are rapidly be-
ing explored and developed. The extensive use of single-



Li et al. Molecular Cancer (2019) 18:177

cell sequencing, multiplex immunohistochemistry and
mass cytometry techniques will considerably enhance
our knowledge on the heterogeneity of TAMs in tumor
milieu. Selective elimination of the tumor-promoting
TAMs subsets or repurposing them as tumor-sabotaging
elements could become an effective therapeutic ap-
proach utilized alone or in combination with other
therapeutic strategies for cancer therapy.
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structure; MDSCs: Myeloid-derived suppressor cells; MHC: Major
histocompatibility complex; MMP9: Matrix metalloproteinase-9;

PAMPs: Pathogen-associated molecular patterns; PD-1: Programmed cell
death protein 1; PGE2: Prostaglandin-E2; PI3K: Phosphoinositide 3-kinase;
RIP1: Receptor-interacting serine/threonine protein kinase 1; SIRPa: Signal
regulatory protein alpha; TAMs: Tumor-associated macrophages; TCR: T cell
receptor; TGF-B: Transforming growth factor-@3; TLRs: Toll-like receptors;

TME: Tumor microenvironment; TRAIL: TNF-related apoptosis-inducing ligand;
Tregs: Regulatory T cells; VEGF: Vascular endothelial growth factor; VISTA: V-
domain Ig-containing suppressor of T cell activation
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