
Frontiers in Oncology | www.frontiersin.org

Edited by:
Daniele Vergara,

University of Salento, Italy

Reviewed by:
Xiao Chen,

Wuhan University, China
Lisa Sevenich,

Georg Speyer Haus, Germany

*Correspondence:
Claudia Nastasi

claudia.nastasi@marionegri.it

Specialty section:
This article was submitted to

Molecular and Cellular Oncology,
a section of the journal
Frontiers in Oncology

Received: 08 February 2022
Accepted: 11 April 2022
Published: 19 May 2022

Citation:
Russo M and Nastasi C (2022)

Targeting the Tumor
Microenvironment: A Close

Up of Tumor-Associated
Macrophages and Neutrophils.

Front. Oncol. 12:871513.
doi: 10.3389/fonc.2022.871513

REVIEW
published: 19 May 2022

doi: 10.3389/fonc.2022.871513
Targeting the Tumor
Microenvironment: A Close
Up of Tumor-Associated
Macrophages and Neutrophils
Massimo Russo1 and Claudia Nastasi2*

1 Laboratory of Cancer Metastasis Therapeutics, Department of Oncology, Mario Negri Pharmacological Research Institute
(IRCCS), Milan, Italy, 2 Laboratory of Cancer Pharmacology, Department of Oncology, Mario Negri Pharmacological Research
Institute (IRCCS), Milan, Italy

The importance of the tumor microenvironment (TME) in dynamically regulating cancer
progression and influencing the therapeutic outcome is widely accepted and appreciated.
Several therapeutic strategies to modify or modulate the TME, like angiogenesis or
immune checkpoint inhibitors, showed clinical efficacy and received approval from
regulatory authorities. Within recent decades, new promising strategies targeting
myeloid cells have been implemented in preclinical cancer models. The predominance
of specific cell phenotypes in the TME has been attributed to pro- or anti-tumoral. Hence,
their modulation can, in turn, alter the responses to standard-of-care treatments, making
them more or less effective. Here, we summarize and discuss the current knowledge and
the correlated challenges about the tumor-associated macrophages and neutrophils
targeting strategies, current treatments, and future developments.
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1 INTRODUCTION

Cancer is a significant cause of death worldwide and does so through the ability of malignant cells to
egress from the primary mass and spread to other parts of the body via a complex process known as
metastasis. This latter can be seen as secondary cancer, as it can profoundly differ from the primary
and progressively overwhelm organs leading to death.

Resistance to cancer treatment can be intrinsic to the tumor cells, but it is often conferred by
non-malignant ones that make up the tumor microenvironment (TME). The importance of the
TME stands within its capacity to dynamically regulate cancer progression and influence the
response to treatment. For this reason, several therapies target different components of the TME,
aiming to shatter at least one pillar of the palace.

The TME is considered a complex and rich multicellular environment where a tumor takes roots.
It does not just include tumor cells but also many normal ones that can contribute both positively
and negatively. Indeed, they can be modified by malignant cells and induced to synthesize growth
factors, chemokines, matrix-degrading enzymes to enhance proliferation and invasion. They can
also rearrange the stroma, avoiding the effective delivery of anti-cancer drugs, increasing interstitial
fluid pressure, and changes in vascular flow (1, 2).
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Many are the cell types involved: immune cells, such as
dendritic cells (DCs), macrophages, T and B lymphocytes,
natural killers (NKs), neutrophils, myeloid-derived suppressor
cells (MDSC); stromal cells like pericytes, mesenchymal cells,
cancer-associated fibroblasts (CAFs); the extracellular matrix
(ECM) with many secreted molecules as cytokines, chemokines,
growth factors; and the blood and lymphatic vascular networks,
which are in communication with each other and the tumoral
cells (Figure 1A).

In the light of knowledge, we understand the early days of the
TME research field where therapeutics targeting each component
were viewed with enormous interest (3); now, we are aware of the
TME complexity, and those early perspectives were seen as
overly optimistic.

Such complexity resides within several different aspects like
the stage of cancer, the organ in which the tumor arises, the
ontogeny of some cell populations, and their phenotype within
the tumor mass and/or at the systemic level.

More recently, the knowledge of the functional role of
myeloid cells (macrophages, neutrophils, MDSC) and their
interactions with tumor cells has remarkably increased. The
types and the relative abundance of tumor-infiltrating
leukocytes define the immune landscape, and it has been
shown to have prognostic value. As the increase of cytotoxic
CD8+ T cells is positively correlated with survival and treatment
response, the presence of myeloid cells, depending on
their phenotype, could be either negative or positive (4–6).
Several studies have highlighted the correlation of a specific
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subset of myeloid cells with more prolonged survival and better
clinical responses, showing myeloid cells’ heterogeneity
in tumors.

The TME is well-recognized in regulating the response to
therapeutic interventions conferring an intrinsic resistance or
acquiring one.

High numbers of immunosuppressive cells, including tumor-
associated macrophages (TAMs) and regulatory T cells (Treg), and
the presence of protective niches that shield a subset of tumor cells
from therapeutic effects, additionally contribute to intrinsic
resistance (7–9). Few studies have revealed the pleiotropic
adaptive effects on TME composition and phenotypes following
different therapeutic interventions, including standard-of-care
treatments and TME-directed therapies (7). These alterations lead
to massive therapy-induced cell death and the correlated
accumulation of immune cells, which phenotypes could be
specific to the therapeutic intervention.

Both radiotherapy and chemotherapies can increase the
presence of immunosuppressive TAMs in tumors, protecting
the cancer cells from therapy-induced cell death, which may
ultimately lead to tumor recurrence (10–13). For example,
chemotherapy may also induce DNA damage in stromal cells,
resulting in the activation of NF-kB contributing to therapeutic
resistance (14), and radiotherapy may affect the tumor
vasculature promoting cancer cell survival and radio-resistance
(15); as well, specific therapies can show a synergistic effect by
promoting immunogenic cell death and enhancing T cell-
dependent anti-tumor immunity (16, 17).
A B

C

FIGURE 1 | (A) The TME is composed by several diverse cell types including cancer cells, immune cells (such as T and B lymphocytes, macrophages, DCs, NK
cells, MDSCs, neutrophils), and stromal cells (like pericytes, mesenchymal stromal cells, fibroblasts); this architecture is also supported by the extracellular matrix and
its proteins, as well as growth factors and cytokines produced by all the cellular component that, in turn, influence the TME. Together with them, blood and
lymphatic vascular networks allow exchanges and nutritional supply. (B) General overview of cellular and molecular targets currently used and on development.
(C) New relevant targets involving cancer cells metabolites and receptors expressed by immune cells. This figure was made with Biorender.
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Given the importance of the TME in tumor progression and
the efficacy of cancer treatment, in recent years, the TME has
been taken as a central focus for new therapeutic strategies. These
approaches mainly target TAMs, neutrophils, DCs, T cells,
tumor vasculature, ECM, and CAFs. This review will focus on
the myeloid cell neutrophils and macrophages, their
controversial role in TME, and the clinically relevant
therapeutics that are currently in use or underway.
2 MYELOID CELLS IN TUMORS

Since Rudolf Virchow recognized the immune system as an
essential regulator of tumor growth, describing extensive
accumulations of white cells within tumors (18), the presence
of myeloid cells within the TME has raised substantial interest.
Our comprehension of myeloid cells’ functionality and their
interaction with tumor cells has given us an epiphany in the
last decades.

Great endeavours to boost T cell-directed anti-cancer
immune responses have been made to date. As reported, the
incidence of cancerogenesis is low in invertebrates with no T or B
cells, indicating that innate immune cells are of great importance
for preventing the initiation and development of cancer (19, 20).

Since the study of the TME immunophenotype had been
introduced and often paired with classical oncology screenings,
pathologists and oncologists had to realize the predictive value of
the immune landscape based on the evidence that specific cell
types are associated with distinct disease outcomes in patients.
Consequently, several immune-oncology strategies have been
developed to reactivate the adaptive and innate immune
systems to mount a proper immune response as an alternative
approach to classical anti-cancer treatments.

The opening of new clinical trials using immune checkpoint
inhibitors (ICIs) (such as monoclonal antibodies (mAbs) against
cytotoxic T lymphocyte antigen 4 (CTLA4), programmed cell
death 1 (PD1), and PD1 ligand (PDL1), have shown complete
success only on a small fraction of patients with melanoma and
lung cancers, and possible reasons are still unknown (21).

In preclinical studies, TMAs can promote the recovery of
tumors despite chemotherapies, radiotherapies, or biologic
therapies due to the promotion of angiogenesis, maintenance
of cancer stem cells, and inhibition of immune responses (22,
23). In some tumors, macrophage infiltration also interferes with
the efficacy of immunotherapy, neutralizing efforts to reactivate
CD8+ T cells. For this reason, several therapeutic strategies to
modulate TAM function, infiltration, or activation are emerging
to block resistance to conventional therapies and promote T cell-
based therapies (4, 22, 24).

In parallel, recent findings studying neutrophils in cancer
have opened a debate about their involvement in tumor
formation, progression, and dissemination, showing a
dichotomy of their role. Moreover, the importance of
neutrophil recruitment in tumoral tissues was assessed on
human cancer samples. It was associated with a more
aggressive disease characterized by inadequate treatment
response, tumor relapse, and bad prognosis (25).
Frontiers in Oncology | www.frontiersin.org 3
3 NEUTROPHILS

3.1 About Neutrophils
Neutrophils are bone marrow (BM) granulocytic-myeloid cells
and comprise 50-70% in humans and 10-30% in mice of
circulating white blood cells, making the granulocytic
population the first most abundant in humans and the second
one in mice (B cells precede them) (26, 27). Historically,
neutrophils are short-lived leukocytes that last about one day
in the circulation and then cleared away by macrophages or
dendritic cells in the liver, spleen, and BM (28). The granulocyte-
colony stimulating factor (G-CSF) stimulates the proliferation
and differentiation of neutrophil precursors into the BM and
augments the mobilization of terminally differentiated
neutrophils into the bloodstream (29). In fact, it regulates
granulopoiesis, the de novo generation of neutrophils, both at
the steady-state and at emergency. The latter occurs when an
inflammatory stimuli (i.e. microbial infections or cancer)
becomes systemic and considerably enhances the generation
and the release of immature and mature neutrophils from the
BM into the peripheral blood (30, 31). Alternatively, stress
conditions (i.e. extensive blood loss, cancer, BM dysfunction)
induce the extramedullary emergency hematopoiesis in the
spleen that produces myeloid cells, monocytes, and neutrophils
(32). Neutrophils developmental stages relate to their systemic
trafficking. It is possible to distinguish fully mature neutrophils
from pre-neutrophils and immature neutrophils using the
expression of the CXC-chemokine receptor 2 (CXCR2) found
only on the surface of fully differentiated neutrophils (29, 33).
CXCR2 mediates signaling required for neutrophil mobilization
into the peripheral blood by interacting with the IL-8 [a.k.a.
Neutrophil chemotactic factor or CXC-chemokine ligand 8
(CXCL8)]. IL-8, released by endothelial cells and stromal cells
of the basement membrane, acts as a chemoattractant to recruit
circulating neutrophils to the site of inflammation and is
required to mediate the rolling of neutrophils along the
endothelium (34). Conversely to CXCR2, the CXC-chemokine
receptor 4 (CXCR4) is expressed on immature neutrophils (both
proliferating and mitotically inactive), where it mediates the
signaling required for neutrophils retention into the BM
compartment (29).

The Ly6G (Lymphocyte antigen 6G) is the key marker of
neutrophils, but it is not only present on fully mature and
mitotically inactive neutrophils, but also on precursors, as
recently proved by 10X technology (35). Hence, it should not
be considered to discriminate between immature and mature
neutrophils. The distinction between those ones further relies on
the gene signature level; for example, the Gata1 gene is more
expressed by BMmature neutrophils than in their precursors; on
the contrary, the Gata2 gene is highly expressed in premature
rather than mature neutrophils (35). Nowadays, transcriptomic
advances and multiparametric flow cytometry analyses revealed
the presence of several neutrophil subsets both in mice and
humans. The pre-neutrophil (preNeu), a committed proliferative
precursor, differentiates into mitotically inactive immature
(immNeu) and mature neutrophils (31). Analogously, the
presence of an early neutrophil progenitor (NeP) in mouse BM
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and a similar unipotent NeP in human BM (hNeP) were
identified using cytometry by time of flight (CyTOF). NeP was
further classified into two clusters, C1 and C2 (based on Ly6G
marker), giving rise exclusively to neutrophils (35). These
findings have been very recently confirmed, exploiting single-
cell RNA sequencing (RNAseq), partitioned differentiating and
mature subtypes of neutrophils into eight clusters (G0-G4, G5a-
G5c) (33). Neutrophils are the first responders to danger signals
(sterile insults or microbial infections) and are among the first
mediators of inflammatory reactions. Their fast migration is
mediated by danger-associated molecular patterns (DAMPs),
pathogen-associated molecular patterns (PAMPs), and the
activation of the Toll-like receptors (TLRs). At the injury site,
they can release the content of their cytoplasmic granules or exert
their protective roles by the respiratory burst producing reactive
oxygen species (ROS), extruding the Neutrophil Extracellular
Traps (NETs) (36), or by acting as antigen-presenting cells
(APC) (37, 38).

3.2 The Controversial Role of Neutrophils
in Cancer
Nowadays, the knowledge about neutrophils is constantly
expanding. These cells are not only circulating grenades but also
mixed populations capable of adapting and specializing in micro-
environmental cues (39); thus, they exert both pro and anti-cancer
activities. Notably, tumor-associated neutrophils, both primaries
or secondaries, are usually referred to as TANs, even though this
terminology does not relate to a specific differentiation step and
activation status (40). Pertinent to metastases, the role of
neutrophils is quite confounding and closely resembles the case
of primary cancers. Neutrophils have been described to elicit both
metastasis-promoting and -suppressing capacities, depending on
the cancer type, staging, and micro-environmental signals or
cancer cell-intrinsic causes. Different findings suggest their direct
or indirect involvement in mediating an anti-cancer immune
response early during carcinogenesis. In preclinical models,
neutrophils were shown to delay primary tumor growth by
releasing nitric oxide (NO) that induces cancer cell killing. The
binding of the receptor tyrosine kinase MET, expressed on
neutrophils, by the tumor necrosis factor-alpha (TNFa), and its
ligand, the Hepatocyte growth factor (HGF), drives the nitric oxide
synthase (NOS) and the consequent release of the anti-tumor
inflammatory mediator (41). The neutrophil elastase (ELANE) is
another ex t race l lu la r pro te in re l eased by human
polymorphonuclear cells that can directly kill cancer cells. While
human neutrophils release a catalytically active ELANE, instead
murine neutrophils do not and hence fail to kill cancer cells, both
in vivo and in vitro (42). A study, carried out with a mouse model
spontaneously developing epithelial carcinogenesis due to the
functional loss of the tumor suppressor phosphatase and tensin
homolog (PTEN), neutrophils were shown to exert an inhibitory
role in developing endometrial adenocarcinoma by inducing the
detachment of tumor cells from the basement membrane (43),
implying that PMNs can fight autochthonous tumorigenesis.

The involvement of the chemokine receptor CXCR2 in skin
and intestine tumors development has been assessed when its
Frontiers in Oncology | www.frontiersin.org 4
deficiency or depletion (on Ly6G+ cells) suppressed colitis-
associated tumorigenesis and the formation of intestine
adenomas (44). Nonetheless, the lack of a mouse model with
neutrophil knockout for CXCR2 made the findings controversial.
However, mouse models with selective deletion of CXCR2 in
neutrophils could be generated by crossing MRP8Cre, and
Cxcr2fl/fl mice (45).

PMNs are part of immune cell networks that suppress tumor
formation and growth by activating T cell-mediated anti-tumor
responses. During the early phase of the development of a
murine sarcoma induced by 3-methylcholanthrene, neutrophils
amplified the production of IL12 by macrophages, which in turn
drove the release of the interferon-gamma (IFNg) by a subset of
unconventional T cells, establishing an anti-tumor immunity
that led to a reduced incidence of sarcoma (46). In early-stage
human lung cancer, immature neutrophils, influenced by the low
concentration of INF-g and GM-CSF in the TME, differentiated
into hybrid TANs with an APC phenotype, cross-presenting
tumor antigens to T cells, in turn stimulating their response and
unleashing their anti-tumor action (47).

Earlier it was shown that granulocytes are equipped with anti-
metastatic functions. In fact, in mice orthotopically transplanted
with murine breast cancer cells 4T1, was demonstrated that
tumor cells recruited neutrophils, via CC-motif chemokine
ligand 2 (CCL2), into the pre-metastatic lungs; once arrived,
neutrophils produced hydrogen peroxide (H2O2) that prevented
the seeding of disseminated tumor cells (48). Another line of
evidence reported that in human renal cancer, neutrophils were
actively recruited to the metastasis sites, thanks to tumor-derived
IL8 and CXCL5, exerting an anti-metastatic action (49). In these
studies, neutrophils were recruited and instructed to dampen
metastasis formation by a tumor-released soluble signal
representing an example of tumor entrained neutrophils
(TEN). Furthermore, another study revealed that MET is
required for neutrophil chemo-attraction and cytotoxicity in
response to HGF. Consequently, the release of HGF/MET-
dependent NO by neutrophils promotes cancer cell killing,
abating metastasis formation, and corresponding primary
tumor growth (in several cancer models) (41).

As well, the genetic inactivation of the atypical chemokine
receptors 2 (ACKR2), a scavenger for inflammatory chemokines
and hence a negative regulator of inflammation (expressed in
hematopoietic precursors), resulted in the release from the BM
neutrophils showing higher anti-metastatic activity in mice
orthotopically transplanted with 4T1 mammary carcinoma or
intravenously injected with B16F10 melanoma (50).

Conversely, others demonstrated the involvement of
neutrophils in the tumor formation or the growth of
established primary tumors. Neutrophils might support tumor
formation, incidence, and growth by exploiting several
mechanisms, including the promotion of a chronic
inflammatory state which was extensively studied and reviewed
by others (25, 40, 51), inducing DNA damage and genome
instability (52) or inducing the proangiogenic switch (53).

In the context of chemically induced tumorigenesis, PMNs
amplify the DNA damage caused by urethane, a component of
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cigarette smoke, in murine lungs, stimulating cancer initiation
(54). Similarly, the release of ROS by neutrophils was shown to
trigger oxidative DNA damage mutations causative of intestinal
tumorigenesis and consequent cancer growth (55).

Neo-angiogenesis is the sprouting and growth of blood vessels
into a tumor mass promoted by tumor cells and secreted growth
factors and cytokines, useful for the oxygen and nutrients supply
required for tumor growth (56). Primary mediators of cancer-
induced neo-angiogenesis are the vascular endothelial growth
factors (VEGFs) that include VEGF-A, VEGF-B, VEGF-C,
VEGF-D, and placental growth factor (PLGF) and their
respective receptors, the vascular endothelial growth factor
receptors (VEGFRs) and the neuropilin (NRPs). Neutrophils
are a reservoir of pre-formed VEGF, although they are not the
principal producers of the growth factor as in the case of
macrophages (57). Still, neutrophils release VEGF and other
angiogenic factors such as the protein Bombina variegate peptide
8/Prokinecitin 2 (Bv8/PROK2), contributing to alternative
pathways leading to new blood vessels formation (58, 59). On
the contrary, neutrophils are the primary source of
metalloproteinase-9 (MMP-9), which degrades the ECM and
forces mesenchymal cells to release VEGF-A and other
proangiogenic molecules such as the fibroblast growth factor
(FGF) (60).

Another mechanisms has revealed that neutrophils, by IL1-b
and matrix MMP, inhibit NK cells cytotoxicity and the
disseminated tumor cells (DTCs) extravasation into the target
organ, promoting their survival (61). As proof, in
immunocompetent or NOD-scid mice, bearing E0071 breast
carcinoma, neutrophils showed metastasis supporting activity
via NK suppression, while in NSG mice (lacking of NKs), they
reduced metastasis (62).

Additionally, neutrophils secrete pro-inflammatory factors
(i.e., lipids and cysteinyl leukotrienes) able to favor metastatic
initiating cells MICs, leading to increased metastatic competence
of breast cancer cells like 4T1 (63).

It was also reported that IL-17, secreted by gd-T cells, induces
neutrophil accumulation in the lungs which, in turn, suppresses
cytotoxic T cells functions, increasing pulmonary and lymph
node metastasization in the KEP mouse model of spontaneous
breast cancer metastasis (64). Here neutrophil depletion caused a
reduction of pulmonary metastasis formation.

Interestingly, in the bloodstream has been reported an
interaction between circulating tumor cells (CTCs) and white
blood cells, predominantly with neutrophils. This connection
seems to drive CTC cycle progression and the induction of CTCs
metastatic potential (65). Such peculiar interaction could be seen
a potential new target for targeting for treatment of metastatic
breast cancer.

Proteomic approaches elucidated the TANs secretome,
identifying transferrin as the major mitogen for tumor cells.
Depletion of neutrophils inhibited lung metastasis and
transferrin production in the metastatic microenvironment,
while deletion of transferrin receptors suppressed the growth
of lung-colonizing tumor cells (66). By these findings, preclinical
models of tumors different from the mammary ones [like lung
Frontiers in Oncology | www.frontiersin.org 5
(67) and colorectal cancer (68)] produce neutrophils that
support metastasis. Furthermore, others reported a
pathological Notch signaling involvement in colorectal cancer
cells that initiates a neutrophil-dependent, and tumor-necrosis
factor (TGF)- b mediated signaling cascade leading to the
appearance of metastatic disease (68).

Nonetheless, different other stimuli affect PMN cells,
modulating their role in metastasis. For example, the loss of
testosterone in castrated male mice impaired neutrophils’
maturation and functions, thereby making them pro-metastatic
in two preclinical models, while testosterone replacement
restored their cytotoxic functions. These results were also
observed in patients with prostate cancer undergoing androgen
deprivation treatments (69).

Besides being a potent anti-tumor protein, ELASTASE is also
one of the primary markers used to detect NETosis (NETs
formation). NETs are extracellular, web-like structures
composed of decondensed nuclear and mitochondrial DNA
intertwined with cytotoxic enzymes, such as neutrophil elastase
(NE) and myeloperoxidase (MPO), that usually are retained into
neutrophil granules and used to neutralize pathogens like
bacteria, fungi, viruses, and parasites (70). NETs formation is a
mechanism that cancer cells adapt to hijack neutrophils to awake
disseminated dormant cancer cells (71) or to enhance the
establishment of metastases in triple-negative breast cancer
murine models (72). Such a link is not only confined to
hematogenous metastases but was also observed in a
preclinical model of ovarian cancer, where the metastatic
dissemination occurs through a transcelomatic process. By the
way, it seems that the neutrophils influx into the omentum is a
prerequisite for a successful metastatic dissemination. In detail,
ovarian tumor-derived inflammatory factors stimulate
neutrophils to NET which, in turn, binds ovarian cancer
cells and promotes metastasis. In fact, omental metastasis is
decreased in mice with neutrophil-specific deficiency of peptidyl-
arginine deiminase 4 (PAD4), an essential enzyme for
NET formation (73). Similarly, neutrophils have been shown
to induce hepatocellular carcinoma (HCC) metastasis by
releasing NETs that, once internalized by HCC cells, activate
the TLR4 and subsequently induce cell-death resistance and
enhanced invasiveness (74).
3.3 Neutrophils Interference With
Anti-Cancer Therapies
Given the extensive and growing body of evidences related to the
involvement of neutrophils in the formation and progression of
cancer, it is relevant to understand whether they might affect
anti-cancer treatments.

Immunotherapy is the latest breakthrough in anti-tumor
therapy and is used to make the immune system reactive
against cancers taking advantage of the blockade of immune
checkpoints. In the context of cancer, immunosuppressive
determinants present in the TME downregulate the immune
cells’ reactivity, making them exhausted or polarised toward a
pro-tumor profile (75).
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Antibodies against a different number of ICIs that support the
expansion of type-I helper CD4+ T lymphocytes and prevent the
exhaustion of CD8+ T cells have reached the clinic (76).
Unfortunately, not all patients respond to ICIs, possibly owing
to intrinsic resistance, but many usually develop acquired
resistance (77).

In this context, neutrophils or, more specifically, TANs are
considered contributors to the resistance to ICIs. In hot tumors
(highly infiltrated with T lymphocytes), the ICIs are usually
effective unless the TME is enriched with TANs, suggesting a
granulocytic immunosuppressive role (78). The neutrophil
pathological activation by the microenvironmental stimuli
exerts detrimental effects on T cells and thus mediates the
resistance to ICIs. Different neutrophil mediators are able to
induce T cells exhaustion, including arginase 1, prostaglandin
E2, ROS, and NO, as recently reviewed elsewhere (79).

A therapeutic strategy to restore the sensitivity to ICIs is to
dampen neutrophils recruitment in the TME, hence avoiding their
hijacking (80). The receptors CXCR2 and CXCR4 are central
regulators of neutrophil trafficking and recruitment in tumors. In
fact, the inhibition of CXCR2 in a murine model of a soft tissue
sarcoma resistant to anti-PD1 treatment restored the effectiveness
of the immunotherapy (81). It was also reported that the treatment
with a small-molecule inhibitor of CXCR2 and CXCR1, SX-682
(SX), sensitized tumor-bearingmice to the anti-PD1 antibody. The
inhibitor had no anti-tumor effect in monotherapy and was
ineffective on cancer cells, independently of their positivity for
CXCR1 and CXCR2 (82). These preclinical findings provided a
rationale for a clinical translation, thus that ongoing clinical trials
are evaluating the effectiveness of combining CXCR2 inhibitors
with ICIs. SX is currently being investigated in combination with
pembrolizumab and with nivolumab (both targeting PD1) for the
treatment, respectively, of metastatic melanoma [NCT03161431
(83)] and metastatic pancreatic ductal adenocarcinoma [PDAC;
NCT04477343 (84)]) and unresectable or metastatic colorectal
cancer [NCT04599140 (85)].

Like CXCR2 inhibition, targeting CXCR4 represents a
different strategy to reduce tumor recruitment and neutrophil
mobilization from the BM. Accordingly, treatment with
AMD3100 (plerixafor, Mozobil), a small-molecule inhibitor of
CXCR4, promotes an enhanced intratumoral immune B and T
cell responses in metastatic lesions in patients with microsatellite
stable (MSS) colorectal cancer (CRC) or pancreatic ductal
adenocarcinoma (PDA), that usually are ICIs resistant (86).
Concomitantly, the clinical trial NCT02907099 (87) is studying
the inhibitor of CXCR4, BL-8040, in patients with
metastatic PDAC.

Pulmonary endothelial cells express CXCL12 constitutively.
Treatments with AMD3100 was shown to cause neutrophilia
(neutrophils in the bloodstream), decrease of neutrophils in the
BM, and induce neutrophil distribution in the lungs without
compromising their trafficking to inflamed sites (88). Conversely,
the release of neutrophils from lungs into the bloodstream was
previously observed during the treatment with AMD3100 (89).
When considering the inhibition of CXCR4 in lung cancer, it
needs to be considered the immunosuppressive neutrophil
Frontiers in Oncology | www.frontiersin.org 6
recruitment in the metastatic lesion and hence reduced
response to ICIs.

Considering that neutrophils recruited into the tumor may
acquire a tumor-supporting phenotype, the inhibition of their
recruitment could be associated to the modulation of their
phenotype. To this aim, a preclinical trial, on mice bearing the
allografts 4T1 and LLC or transplanted with the triple-negative
breast cancer line MDA-MB-231, showed that the CXCR2-
inhibitor SX in combination with BinTrafusp Alpha, that
simultaneously blocks PD-L1 and traps soluble TGF-b,
polarize neutrophils (90, 91). SX-682 and BinTrafusp Alpha
are being tested in co-administration in phase I/II trials on
solid metastatic cancers (NCT04574583) (92).

A possible therapeutic strategy to induce anti-tumor
neutrophils in cancer and potentiate ICIs is to potentiate the
appearance of anti-tumor neutrophils, like with INF-g. It was
shown that early treatment with anti-PD1 Ab induced tumor
shrinkage in mouse models of pancreatic cancer. On the
contrary, delayed anti-PD1 treatment showed limited benefits
associated with CXCR2+ myeloid cell recruitment in response to
tumor secreted CXCL8. The administration of INF-g inhibited
the tumor trafficking of CXCR2+ cells, suppressing the release of
tumor-derived CXCL8, ultimately enhancing anti-PD1 efficacy
(93). This combination is currently investigated in a clinical trial
for advanced solid tumors [NCT02614456 (94)];, which results
have not been deposited yet. A general representation of cellular
and molecular targets are visualized in Figure 1B.

Angiogenesis Inhibitors (AIs) block the formation of new
blood vessels into the tumor and have been investigated in
monotherapy for renal cancer and, more often, in combination
with conventional chemotherapy. The VEGF/VEGFR, the
angiopoietins (ANGPT) and their tyrosine kinase receptors
(Tie2/Tek), or molecules mediating tumor angiogenesis, like
the fibroblast growth factor (bFGF/FGF2) and platelet-derived
growth factor-B (PDGF-B), have been the main targets. The
humanized anti-VEGF monoclonal Ab bevacizumab, the VEGF-
Trap protein aflibercept, and small molecules inhibitors of
VEGF-receptors (i.e. sunitinib, sorafenib, pazopanib, and
cediranib) represent examples of currently US Food and Drug
Administration (FDA)-approved antiangiogenic drugs (56). The
use of AIs was promising in preclinical studies but not effective in
the clinical setting.

To this extent, neutrophils have been observed to sustain the
resistance to therapy by generating of alternative vascularisation
mechanisms. For example, tumor-infiltrating neutrophils
produced the Bv8/PROK2 protein, which caused the
refractoriness to anti-VEGF therapy in tumor allograft and
xenograft models (95). The same was observed in a genetically
engineered mouse model (GEMM), spontaneously developing
colorectal cancer (CRC), and in mice bearing the colon cancer
cells CT26 and Colon38. In these models, therapy resistance
occurred only upon the induction of an inflammatory state by
chemically-induced colitis, which caused the augmentation of
the G-CSF serum levels in mice, followed by the recruitment of
neutrophils into the tumor stroma and the release of Bv8/
PROK2, promoting angiogenesis. Treatment with anti-GCSF
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or anti- Bv8/PROK2 rescued the anti-VEGF tumor sensitivity
(96). These findings indicate that the tumor responses to AI may
rely on the degree of inflammation of tumor tissues.

Another study correlated the degree of neutrophils infiltrated
into the metastasis with the bevacizumab treatment
refractoriness and the decreased overall survival (OS), both in
xenograft and syngeneic tumor models. Furthermore, the
depletion of neutrophils or the use with BI-880, which targeted
a different angiogenic pathway (the Tie2/Tek axis), restored the
sensitivity to anti-angiogenic treatment (97). Additionally, in a
preclinical model of glioblastoma, neutrophils were again found
to support anti-VEGF therapy resistance in mice (98).

In contrast with these preclinical findings, the high absolute
neutrophils count and high neutrophils to lymphocyte ratio
(NLR) have been considered prognostic factors for
antiangiogenic treatment efficacy and favorable prognosis in
CRC patients, respectively (99, 100). However, the opposite is
also supported in other studies (101).

Neutrophils might also indirectly promote resistance to
antiangiogenic therapy and hence tumor progression. It was
highlighted that TANs, but not circulating neutrophils, via the
production of CCL2 and CCL17 and the recruitment of
monocytes and Treg cells, were the cause of the refractoriness
to sorafenib, the first line treatment for hepatocellular
carcinomas (HCC) (102, 103). These studies do not elucidate
or demonstrate whether neutrophils or the pathologically
activated PMN-MDSCs were the one responsible for the
acquisition of such resistance. It would be of great interest to
investigate the characteristics of the neutrophil population in
cancer patients undergoing anti-cancer treatments by the newly
available molecular biology techniques such as RNAseq to verify
each specific subset’s contribution to therapy response.

Despite novel therapies, conventional cytotoxic-based
chemotherapy remains the cornerstone in cancer treatment.
Consequently, in preclinical and clinical trials, the effectiveness
of new agents is frequently investigated with conventional
chemotherapy. Neutrophils have emerged as contributors to
cancer progression, reducing tumor responsiveness to the
chemotherapy rather than mediating resistance. Therefore,
chemotherapy might delay tumor growth, failing to induce its
shrinkage. Thus, the rationale behind the co-administration of
chemotherapy and immunomodulators acting on neutrophils is
again to reduce their recruitment in the tumor and a likely pro-
tumor polarization or convert immunosuppressive neutrophils
(PMN-MDSCs) toward an anti-tumor phenotype. For example,
one preclinical evidence highlighted the effectiveness of
combining cisplatin, a widely known chemotherapeutic drug,
with the inhibition of CXCR2 axis (104); the authors showed that
the agent SB225002, that selectively inhibits CXCR2, enhanced
the therapeutic effect of cisplatin in lung cancer mice models,
which was associated with a significant reduction of neutrophil
infiltration and enhanced CD8+ T cell anti-tumor. Supporting
the benefits of combinatorial treatment, in preclinical models of
PDAC, it has been tested FOLFIRINOX (composed of
oxaliplatin, irinotecan, 5-FU, and leucovorin) with the small
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molecule PF-04136309, a CCR2 inhibitor for limiting the
recruitment of monocytes-macrophages (105). This
combination resulted in compensatory recruitment into the
tumor of neutrophil populations highly expressing CXCR2.
The combined CCR2 plus CXCR2 blockade enhanced the
chemotherapeutic efficacy and improved the survival of tumor-
bearing mice. Moreover, inhibiting the CXCR2 axis with the
molecule SB 225002 in combination with paclitaxel retarded the
growth of Lewis Lung Carcinoma (LLC) bearing mice (106).
These findings are very recent, and currently, no clinical trials are
using CXCR2 inhibitors with chemotherapy.

Conversely, agents exerting an immunomodulatory effect, like
INF-g, upon neutrophils have been explored. Several clinical
trials are still recruiting to investigate the benefits of adding INF-
g to chemotherapy, principally phase I/II trials where the main
objective is to determine the best-tolerated dose. Given the low
number of patients recruited, the estimation of response
parameters is considered secondary outcomes.

Patients undergoing chemotherapy frequently develop
neutropenia when the absolute neutrophil count (ANC) drops
below 2 X109/L. The Grade 4 neutropenia (<0.5 X109/L)
represents a life-threatening event requiring patient
hospitalization, treatments with antibiotics (to avoid the risk of
spreading infections), and chemotherapy discontinuation,
possibly favoring tumor relapse. The drop in the ANC that
occurs during neutropenia usually persists for 2-3 weeks,
possibly leading to a reduced abundance of neutrophils within
the tumor bulk, making their targeting not feasible. The
hematopoietic grow factor G-CSF (Filgrastim) is an FDA-
approved drug for patients with non-myeloid malignancies,
used to reduce the time for neutrophil recovery and to
decrease the incidence of infections. The Granulocyte
macrophage-colony Stimulating Factor (GM-CSF or
Molgrastim) might represent another hematopoietic growth
factor used as an immune-stimulant agent to treat neutropenic
patients. A clinical trial shows that Molgrastin induced a faster
neutrophil recovery and reduced hospitalization but the drug
worked in a limited number of patients compared to Filgrastim,
thus it is considered less effective than G-CSF. In another trial
conducted on non-small-cell-lung-cancer patients, the GM-CSF
was ineffective.

Alternatively, it could be hypothesized that neutrophils could be
targeted based on the administered chemotherapy, since each
treatment differentially affects neutrophils (e.g., cyclophosphamide
and doxorubicin are drugs more myelotoxic than 5-fluorouracil or
methotrexate) (107).

Chemotherapy-induced neutropenia may be considered per
se an approach to target neutrophils by depleting their precursors
in the BM. Intriguingly, neutropenia is associated with drug
effectiveness and better overall survival (108), although it may
cause therapy discontinuation or delayed treatment cycles.
However, it is still unknown if chemotherapy-induced
neutropenia and the reported outcome improvements are
linked or unrelated events, and prospective trials designed ad
hoc to evaluate this association is still lacking.
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3.4 Current Strategies to Target Tumor-
Associated Neutrophils
The above-mentioned strategies aim to increase the effectiveness
and efficacy of the current standard of care treatments. Still, they
do not represent per se a strategy that exploits the neutrophils’
anti-cancer killing machinery, as in the case of autologous and
heterologous T-cell-based therapies recognizing specific tumor
antigens and mediating a direct cancer cell killing (109). Even if
neutrophils are ontogenically endowed with anti-cancer
properties, a tumor-promoting phenotype is more frequently
observed and defined as a tumor-induced conversion subset
referred to as G-MDSC. In light of this, it would be clinically
relevant to find a druggable target that favor neutrophil
reprogramming toward their naturally occurring anti-tumor
phenotype. To this regard, the fatty acid transport protein 2
(FATP2) was recently identified as a regulator of the suppressive
capacities of G-MDSCs; it is a neutrophil membrane protein
implicated in the trafficking of lipids and it is overexpressed by
G-MDSCs in tumor-bearing mice compared to “classical”
neutrophil isolated in healthy mice. The pharmacological
inhibition of FATP2 by lipofermata resulted in a delay in
tumor growth of mice bearing different and etiologically
unrelated tumors (namely: LLC and EL4), without affecting the
proliferation of the same tumors cultured in vitro (Figure 1C). It
should be noted that the in vivo anti-tumor effect was lost when
mice were treated with lipofermata and an anti-CD8 depleting
antibody or when the therapy was administered in
immunodeficient (NOD/SCID) non-obese diabetic–severe
mice, indicating that the anti-tumor effect is anyway mediated
by T cells rather than neutrophils (110). Of note, this finding
highlighted the role of the immune cells’ metabolism and the
influence on their polarization.

Neutrophils often share signaling cascades and extracellular
receptors with other myeloid cells, such as monocytes. Using a
strategy not explicitly tailored towards neutrophils might
paradoxically exert detrimental effects on other myeloid cells.
Hence, a more profound comprehension of neutrophils’ intricate
roles in tumor progression might provide new ideas for new
therapeutic approaches. Despite this scary scenario, the innate
immune checkpoint SIRPa/CD47, a negative regulator of
myeloid cell phagocytosis, is a druggable axis which
impairment showed efficacy at the preclinical levels, even
though it is not a neutrophil specific target but rather a
complex shared with monocyte and macrophages. For
example, breast tumor-bearing mice benefitted from the
combinatorial treatment with the mAb trastuzumab directed
against the human epidermal receptor 2 (HER2) and the
blockade of the SIRPa/CD47 checkpoint interaction that
increased the killing activity of neutrophils towards antibody-
opsonized cancer cells and led to tumor shrinkage caused by the
antibody-dependent cell cytotoxicity (ADCC) (111) (Figure 1C).

As already described, several reports showed the opposite
effect of neutrophils in different steps of tumor progression.
Contrasting effects on metastasis formation were observed
depending on the type of studied tumor. For example, after
neutrophils depletion (anti-Ly6G mediated), a drastic reduction
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of secondary tumors (49) and a critical increment of metastatic
deposits (63) were reported in Renca and 4T1 breast cancer
bearing mice, respectively. This observation supports the notion
of a cancer-induced alteration of the neutrophil functions. More
interestingly, it suggests that comparing differences and analogies
between different cancers, achieved via omics-based methods,
might reveal new pathways involved in the pathological
activation of neutrophils.
4 MACROPHAGES

4.1 About Macrophages
Macrophages, a type of white blood cell deriving from a myeloid
progenitor, play essential roles in maintaining tissue homeostasis
and protecting our body through several functions, such as
engulfing and digesting foreign substances. Macrophages also
clear away harmful matter, including cellular debris and tumor
cells in vivo, maintaining homeostasis and limiting the entrance
of pathogens (112–114).

These cells are classically categorized in the innate
compartment of the immune system since they mediate a non-
specific response and help initiate a specific defense mechanism,
typical of adaptive immunity. In addition to stimulating the
immune system, macrophages exert an immune-modulatory
impact by secreting various cytokines and activating the
complement system, leading to inflammation.

Depending on the microenvironment, chemokines, cytokines,
and other stimuli (local anoxia, lactic acid), these cells can shape
their phenotype. This led to the pragmatic description 15 years ago
of two divergent forms of macrophage activation, such as M1 with
immunostimulatory and anti-tumoral activity, and M2,
immunosuppressive, both linked to the arms of the adaptive
immune system with which they interact (T helper cells). This
fundamental dichotomy has essentially formed the basis of
research into macrophage activity ever since (115). Evidence
indicates that macrophage phenotypes may be more
appropriately described as a continuum of functional states that
are signal-dependent and plastic (116), making it even more
complex to classify cancers based on TME myeloid composition.

Macrophages have long been hypothesized to originate from
cells of the blood compartment, deriving from hematopoietic BM
precursors that would be attracted and recruited at peripheral
tissues upon inflammatory conditions or tissue damage
(112–114).

The understanding of macrophages ontogeny has recently
undergone a profound transformation thanks to modern lineage
tracing techniques. The main notable discovery is that most
tissue-resident macrophages are not derived from BM
progenitors, as previously thought, but instead from the yolk
sac or fetal liver (117, 118). In adults, some tissue-specific
macrophages exclusively derive from one source (for instance
those in the intestine derive from BM). In comparison, in other
tissues (i.e. the skin), different batches of macrophages derive
from one source or another. Within the brain, ontogenetically
distinct macrophage populations exist, including both tissue-
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resident microglia and BMDMs (119). The first develops from
embryonic yolk sac progenitor cells and are not replenished
postnatally through peripheral mononuclear haematopoiesis
(120). Also, non-parenchymal macrophages within the CNS
arise during embryonic development, and are largely stable
populations during adult life (121). By contrast, in response to
perturbations of tissue homeostasis or pathological conditions,
circulating monocytes are recruited to the brain parenchyma and
give rise to BMDMs through monocytosis, particularly during
tumor progression where the integrity of the blood-brain-barrier
(BBB) is compromised (122).

Furthermore, the yolk sac-derived macrophages of the heart
are replaced by fetal liver monocytes (118, 123). The presence of
persistent embryonic populations throughout life in most tissues
suggests that these tissues harbor pre-macrophages (pMACs)
that can proliferate to give rise to mature macrophages (123).

Decades of shreds of evidence support that the environmental
niche strongly influences macrophage gene expression and
function, yet these cells remain plastic and retain the capacity
to alter their phenotypes in response to new signals and
situations. Phenotype is ultimately a flexible translation of
multilevel cell-intrinsic and environmental signals.

Like healthy tissues, tumors also contain diverse populations
of signal-responsive macrophages. Local mediators and
conditions may significantly influence macrophage polarization
in the tumor context as tumors have an evolving and chronic
pathology that may involve dynamic environmental stresses such
as hypoxia (124). Circulating precursors that are recruited into
tumor tissues and subsequently differentiate into TAMs include
conventional inflammatory monocytes and monocyte-related
myeloid-derived suppressor cells (M−MDSCs). This latter can
differentiate into mature TAMs when the signal transducer and
activator of transcription 3 (STAT3) are downregulated (125);
additionally, M-MDSCs contribute to the immunosuppressive
tumor microenvironment, promoting tumor metastasis (126).

Of note, TAM proliferation has been observed in mouse models
of sarcoma and mouse and human breast carcinomas, but this
general mechanism does not seem to sustain the numbers of TAMs
in growing tumors, suggesting that recruitment of circulating cells
is required to maintain the TAM population (127, 128).

In a tumor setting, M1-like macrophages are currently
thought to promote anti-tumor immunity, whereas M2-like
TAMs stimulate angiogenesis and tissue repair (127) and
suppress cytotoxic T cell function indirectly promoting tumor
progression. In reality, heterogeneous macrophage populations
coexist within the tumor compartment, influencing the
progression of both tumor growth and the evolving immune
response (124, 129). Nonetheless, a full understanding of the
heterogeneity and functional states of TAMs seem now more
relevant in clinical and therapeutic settings than ever before, as
recently supported by the collected evidences (130).

A considerable number of questions have been raised about
the relevance of macrophages’ phenotype according to their
lineage compared with their tissue environment, whether the
replacement of yolk sac-derived or fetal liver-derived
macrophages with BM-derived macrophages results in
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identical phenotypes, and whether macrophages from different
origins can be specifically targeted. In the context of tumors,
these questions are essential because not all TAMs take origin
from the same organ (119, 131). For example, in pancreatic
cancer models, the yolk sac-derived macrophages show a pro-
tumoral phenotype opposite to the BM-derived macrophages,
suggesting that origin is important (132).

Such observations underline that a different origin might be of
clinical relevance, and they raise questions as to whether
inhibition of BM-derived macrophage recruitment might result
in compensation by yolk sac-derived and/or fetal liver-derived
tissue progenitors or vice versa. Above the yet complex scenario
of cancer, it seems of great importance the understand
macrophage origin, heterogeneity, and dynamics in the
tumor microenvironment.

4.2 The Controversial Role of
Macrophages in Cancer
Macrophages can potentially mount a robust anti-tumoral
response, as they can directly eliminate cancer cells if
adequately activated. They can also support the adaptive
immune response by presenting tumor antigens and producing
chemokines and cytokines to recruit and activate cytotoxic CD8+
T cells (CTLs) and NK cells.

In the 1970s, studies demonstrated that macrophages
activated by bacterial products and cytokines acquire the
capacity to kill tumor cells (133–136). At least for the initial
stage of cancer, TAMs have been seen as an ally, whereas when
tumors progress, the TME modifies the environment and the
TAMs, supporting tumor progression. It had been found that
TAMs from malignant metastatic cancers promote tumor
growth and metastasis (134).

Thus, early evidence suggested that macrophages could
engage in a controversial dual relationship with cancer. The
tumor-promoting functions of TAMs are diverse and may
impact the different stages of tumor progression, from cancer
initiation to metastasis, contributing to different hallmarks of
cancer. Macrophages have bimodal roles in orchestrating
immune responses that can either hamper or foster the
effectiveness of conventional anti-cancer strategies.

In the first stages of tumor formation, macrophages are
mainly tumoricidal, as they show an activated state, producing
reactive oxygen and nitrogen intermediates that may contribute
to DNA damage and genetic instability (55). The role of
macrophages in the transition from a benign to a malignant
tumor has been studied in only a few cancer models (mammary,
skin, and pancreatic cancers) (137–139) and, at least in
mammary tumors, premature recruitment of macrophages by
overexpression of colony stimulator factor 1 (CSF1) promotes
the transition to malignancy (138).

Furthermore, the presence of type II cytokines (interleukin-
(IL)-4 or IL-13) in the microenvironment affect macrophage
functions and phenotypes resembling those involved in tissue
development and repair, with consequent suppression of anti-
tumoral response switching the immune response from a
cytotoxic to a supportive role (24, 140).
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Macrophages also exacerbate the transition to malignancy by
producing angiogenic factors, proteases, and secretion of growth
factors such as epidermal growth factor, which induces cancer
cell proliferation and the support of epithelial-mesenchymal
transition in tumor cells (141).

TAMs are a source of additional angiogenic factors,
chemokines with proangiogenic and pro-lymphangiogenic
potential, and inflammatory cytokines, including placental
growth factor, fibroblast growth factor 2, VEGF-C, tumor
necrosis factor (TNF), IL-1b, IL-6, and chemokine (C-X-C
motif) ligand 8 (CXCL8) (53). Moreover, myeloid cells
produce different proteases, such as MMPs and cathepsins,
that mobilize ECM-bound VEGF-A and other factors.
Hypoxia, a major driver of angiogenesis in cancer tissues,
induces the upregulation of hypoxia-inducible factor-1a (HIF-
1a) expression and secretion of proangiogenic factors, such as
VEGF-A (142). In addition, myeloid-derived VEGF-A is
essential for the tumorigenic alteration of the vasculature. This
alteration delays tumor progression as VEGF-A deficiency in
TAMs was found to reduce angiogenesis and abnormalities in
tumor vessels in mouse cancer models but to increase tumor
growth (143). Accordingly, TAMs are also promoters of the
neoangiogenic switch in tumors since their frequency correlates
with the vascular density in preclinical tumor models and human
tumors (144).

In mice, Ly6C+/CCR2+ cells, defined as inflammatory
monocytes, have been shown to contribute to TAM
accumulation and maintenance in a mouse mammary tumor
model (145) and the establishment of pulmonary metastases
derived from mouse or human breast cancer cells (146). In
contrast, a protective role of patrolling monocytes, defined as
Ly6C-/CX3CR1+, is shown by their inability to extravasate into
tissues and differentiate into macrophages; despite that, they can
rapidly accumulate within lung metastases and inhibit tumor cell
seeding and growth in mouse models. Such anti-tumor functions
include scavenging tumor debris, the recruitment and activation
NK cells, and Th1 responses (147, 148).

M2-like macrophages can be found in the metastatic cell
niche at more advanced stages, where they exert trophic
functions while promoting tumor-initiating cell evasion of
immune clearance (149, 150).

TAMs are major drivers of immunosuppression in the TME.
Mediators released by tumor-infiltrating lymphocytes, such as
Th2 cells and Treg cells (producing IL-4 and Il-10), and by tumor
cells (IL-10, TGFb, and PGE2) activate an immunosuppressive
program in TAMs (151, 152). Macrophage-derived cytokines,
such as IL-1, promote the recruitment and seeding of metastatic
cancer cells at niche sites (146, 149). Additionally,
myelomonocytic cells also promote metabolic starvation of T
cells due to the activity of arginase and the production of amino
acid metabolites by indoleamine 2,3-dioxygenase (IDO).

Furthermore, in mouse and human melanoma, IL-1 was
shown to induce the upregulation of the expression of TET2, a
DNA methylcytosine dioxygenase, which sustained the
immunosuppressive functions of TAMs (153). Finally, TAMs
express the ligands of checkpoint molecules, such as PD-L1, PD-
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L2, B7 ligands (154), and VISTA (155), which suppress adaptive
T cell immune responses and promote Treg recruitment (5, 156).

In addition to primary tumors, macrophages can also assist in
tumor survival and colonization at premetastatic lesions. It has
been shown that macrophages are required for the early
dissemination of breast cancer, and early disseminated
macrophages contribute to late metastasis (157).

Macrophages promote the invasiveness and metastasis of
tumor cells by expressing matrix metalloproteinases, cathepsin,
urokinase, plasminogen activator, and matrix remodeling
enzymes (dissolving the extracellular matrix to pave the path
for a tumor cell to escape, as well as secrete IL-1ra enhancing
tumor cell stemness and metastasis (158)). It has also been
observed that pancreatic cancer cell-derived exosomes
preferentially colocalize with macrophages in liver metastasis
sites (159). Exosome-educated macrophages facilitate
premetastatic niche formation via secretion of TGF-b (160).
Additionally, exosomes produced by macrophages can transfer
miRNA into cancer cells favoring metastasization in colorectal
cancer and pancreatic ductal adenocarcinoma cells (160, 161).
Other studies support the indispensable role of monocytes/
macrophages recruited to

premetastatic niches in promoting circulating tumor cell
survival and colonization in metastatic lesions (162). For
instance, tumor cells of lung metastasis (derived from breast
cancer) produce CCL2, recruiting and retaining monocytes/
macrophages (163), likewise fibrocytes that prepare the
premetastatic niche for melanoma cells by the exact mechanism
(164). The inflammatory monocytes CCR2+Ly6C+, after
differentiating into Ly6C− macrophages, accelerate tumor cell
extravasation by generating VEGF (146).

Tissue-resident macrophages have also been demonstrated to
promote or restrict metastasis. Alveolar macrophages promote
hepatocellular carcinoma lung metastasis by producing the
inflammatory leukotriene B4 (165) and suppressing the Th1
responses (166). Conversely, Kupffer cells engulf cancer cells to
limit liver metastasis (167).

Interestingly, within the brain, evidences support that the
majority of TAMs tend to be pro-tumorigenic and accumulate
with higher tumor grade (168) and the dogma of a simple linear
M1-M2 phenotypic balance has been disputed. Instead, many
groups are focusing on defining activation and phenotype as a
measure of functional diversity in brain cancers (124).

Indeed, studies in mice showed that phenotypic alteration of
TAMs results in anti-tumor efficacy in glioblastoma (169, 170),
whereas TAM deplet ion prevents brain metastas is
outgrowth (171).

Lately, it has been leveraged a diverse panel of analyses to
deeply interrogate the immune landscape of primary and
metastatic brain cancers uncovering several pronounced
differences between gliomas and brain metastasis. A significant
shift in the ratio of microglia and monocytes-derived
macrophages (MDMs) has been revealed between isocitrate
dehydrogenase 1 and 2 (IDH) mut and IDH WT gliomas.
Additionally, gliomas show an abundance of TAMs, whereas T
cells were much fewer (particularly in IDH mut tumors)
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confirming the notion that gliomas are immunologically cold
tumors. By contrast, brain metastasis seem to accumulate more
lymphocytes and neutrophils, indicating that tumors that arise
within the brain shape their TME differently than cancers that
metastasize from extracranial sites (172).

4.3 Macrophages Interference With
Anti-Cancer Therapies
In conventional chemotherapy and radiotherapy, macrophages
have boosted or limited the therapeutic effect. Chemotherapy
can affect macrophages’ functions modulating the cross-talk with
the adaptive compartment, thus changing the entity of the
immune responses and ultimately the therapy outcome. More
than 30 years ago, an interaction was reported between the
chemotherapeutic agent actinomycin D and human and
murine monocytes/macrophages, afterward named “drug-
dependent cellular cytotoxicity” (173). Another earlier study
underlined how immunity could determine the efficacy of
doxorubicin treatment (174). This latter can induce tumor cells
to undergo immunogenic cell death as they express alarm signals
that trigger adaptive immune responses; for instance,
doxorubicin causes a massive release of ATP from tumor cells
leading to the mononuclear phagocytes recruitment and their
differentiation in antigen-presenting cells (APCs) (175).

Data from preclinical models suggest that myeloid cells can
shift the balance of the role of immunity in the anti-tumor
activity of selected chemotherapeutic agents (176), which can be
leveraged to increase the efficacy of ICIs (177).

Trabectedin, a DNA-binding agent that causes DNA damage
and cell-cycle arrest in tumor cells, which the EMA approves for
the treatment of soft-tissue sarcomas and ovarian cancer, and by
the FDA for sarcoma therapy, has shown a complex mechanism
aside from the conventional ones; it indeed affects the
transcription of selected genes including some that encode for
inflammatory cytokines and chemokines, as well as angiogenic
factors (178). The secondary and relevant effect brings delayed
and prolonged responses after trabectedin treatments; thus, that
cannot be explained only by the effect on cancer cells (179, 180).
It has been found to activate programmed cell death (through
caspase 8) via cell-surface receptors selectively in monocytes,
inducing their apoptosis (179). Furthermore, patients with
sarcoma treated with trabectedin showed a reduced TAM
infiltration and decreased angiogenesis, supporting the
hypothesis that the reduction of macrophages abundance is a
key component of the anti-tumor activity of this drug.

However, macrophages rarely have a positive effect on
responsiveness to chemotherapy. TAMs, when polarized in M2
or M2-like, can limit the effectiveness of cytotoxic agents like
platinum-containing compounds, paclitaxel, and doxorubicin
(10, 115, 181–183). In mouse tumor-transplantation models,
M2-like macrophages, orchestrating tissue repair, were found
to accumulate in perivascular areas of the tumor after
chemotherapy and promoted tumor revascularization and
relapse (184); recruitment of these cells was found to be
CXCR4–CXCL12 dependent (184). The discrepancy of the
TAMs’ role in mediating the response to doxorubicin is
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probably a consequence of different mouse tumor models and
their immunogenicity (10, 174, 181–183, 185). Patients with
lymphomas treated with doxorubicin-containing regimens
mirror preclinical data showing higher TAM infiltration
associated with a favorable prognosis (174, 186). Similarly to
these clinical associations, drugs like doxorubicin, oxaliplatin,
and cyclophosphamide enhance the effect of chemotherapy
through the induced immunogenic cell death (ICD), which
implies the release of “eat me” signals from tumor cells
promoting phagocytic and antigen-presenting capabilities (175,
176, 187, 188).

Additionally, chemotherapy can directly modulate the
macrophage phenotype, reprogramming TAMs into M1-like
immunostimulant cells, an effect observed with gemcitabine in
pancreatic cancer (189), as well as 5-fluorouracil in colorectal
cancer (190) and docetaxel in a preclinical model of breast
cancer (191). Two general mechanisms seem to be responsible
for the antagonistic effects of TAMs on chemotherapy outcomes.
In mouse models, chemotherapy-induced tissue damage
has been demonstrated to trigger the recruitment of
immunosuppressive myeloid cells or elicit a pro-tumorigenic
type 17 T−helper (Th17)-cell-skewed immune response
promoted by IL−1 (182).

Alternatively, TAMs have been reported to protect mouse
cancer stem cells (CSCs) from cytotoxicity (183, 185). Preclinical
models, however, document primarily negative effects of
macrophages on the responsiveness to chemotherapy; the
several mechanisms identified include orchestration of an
immunosuppressive response, tissue repair-related functions,
nourishment of tumor cells, and pro-metastatic activity (4,
192). Accordingly, depletion of TAMs with anti-CSF1/CSF1R
(CSF1 receptor) antibodies enhanced chemosensitivity to a
combinatorial chemotherapeutic approach in human breast
cancer xenografts (193) and a genetic mammary tumor model
(194). Additionally, CSF1 expression correlates with
accumulation of CD8+ T cells and CD163+ TAMs in
melanoma, and anti−PD1 and anti−CSF1R combination
therapy induced regression of melanoma in preclinical studies
(195). Moreover, a mechanistic leap in our understanding of
macrophage-specific targeting of the CSF1/CSF1R axis has been
achieved in murine models of pancreatic ductal adenocarcinoma
(137, 196); in fact, PD1 and CTLA4 antagonists showed limited
efficacy as single agents to restrain tumor growth, but in
combination with CSF1R blockade potently elicited tumor
regressions, even in larger established tumors, providing a
rationale to fuel the subsequent efforts to translate CSF1/1R-
specific and other tumor-associated macrophage modulating
therapies into the clinic (196).

Macrophage infiltration was found to be associated with
chemoresistance to 5-fluorouracil in colon cancer cell lines
(197), and macrophage depletion increased responsiveness to
paclitaxel (PTX) treatment in breast cancer (10). Not to forget
that TAMs foster chemoresistance releasing growth factors
protecting tissues from chemotherapy-induced damage (183,
198). Of note, paclitaxel and doxorubicin increase the ability of
perivascular macrophages to promote tumor cell metastasis.
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The effect of radiotherapy on myeloid cells can also have dual
implications for patient outcomes. In mouse models, the influx of
monocytes into tumors following radiotherapy drives a
profibrotic tissue response and might promote tumor
recurrence (192, 199). Conversely, in patients, tumor
regression at sites distant from the irradiated lesions — known
as the ‘abscopal’ effect (200) — could plausibly be explained by
activation of host anti-cancer immunity. In a mouse model,
neoadjuvant low-dose g−irradiation was found to set
macrophage functions to an anti-tumor modality characterized
by a lack of both immunosuppressive and proangiogenic activity
and the production of T−cell−attracting chemokines (201).
Instead, a fractionated cumulative radiation dose regimen,
similar to those during cancer treatment, induced a pro-
inflammatory phenotype in macrophages in vitro but did not
alter their ability to promote cancer invasion and cancer
angiogenesis (202).

Moreover, seeking to evaluate the applicability of
radioimmunotherapy in experimental breast-to-brain
metastasis models, it was reported that the induced immune
modulation led to an increase in cytotoxic T-cell numbers and
prevented the induction of lymphocyte-mediated immune
suppression. Overall, radio-immunotherapy significantly
improved tumor control with prolonged median survival,
however recurrent brain metastases showed accumulation of
blood-borne PD-L1+ myeloid cel ls , indicat ing the
establishment of an immune suppressive environment to
counteract re-activated T-cell responses (203). Therefore,
TAMs can either reduce or amplify the magnitude of the anti-
tumor effect of radiotherapy depending on context and TME;
overall, data suggest that macrophage targeting in combination
with radiotherapy could be a potential therapeutic strategy to
modulate the stroma and allow better tumor killing, although it is
not a well-explored field.

Another important determinant for the efficacy of
chemotherapy and immunotherapy has emerged to be the
host-microbiota (204–208). Mouse tumor models have been
shown an essential role of microbial components in priming
myeloid cells for the antineoplastic efficacy of platinum
combined with adjuvant CpG oligonucleotides (204). Similarly,
the antineoplastic activity of anthracyclines is compromised in
mice with genetic inactivation of the formyl peptide receptor 1
(FPR1), a sensor of microbial components and tissue damage
that is expressed in myeloid cells (209). The loss−of−function of
the FPR1 allele has been associated with unfavorable survival in
patients with breast carcinoma or colorectal cancer after
adjuvant chemotherapy, as well as blocking the receptor
function with cyclosporin H (CsH) was shown to reduce
the efficacy of anti-cancer chemotherapy against carcinogen-
induced breast cancer (209, 210). Once more, myeloid
cells determine the role of immunity in the anti-tumor activity
of selected chemotherapeutic agents (176), which can be
exploited to increase the efficacy of ICIs (177). In mouse
models, repolarization of macrophages has also been reported
in the context of targeted therapy, such as treatment of KIT
−positive gastrointestinal stromal tumors (GISTs) with imatinib
Frontiers in Oncology | www.frontiersin.org 12
(211) and treatment of hepatocellular carcinoma with
sorafenib (212).

Strategies targeting VEGF signaling are part of the current
therapeutic armamentarium in oncology.

VEGF is a potent attractant of monocytes, acting via VEGFR−1,
and its expression is upregulated in metastasis-associated
macrophages in mammary carcinoma models (213). Although
VEGF is a well-known chemotactic for monocytes, it did not
drive the accumulation of macrophages in this model.

Nonetheless, VEGF signaling activates the CSF-1 pathway in
metastasis-associated macrophages, taking that they are a major
source of angiogenic factors, including VEGF; their density is
also correlated to increased vasculature (214). Interestingly, the
resistance of tumors to current anti-VEGF therapies is frequently
associated with high levels of myeloid-cell infiltration (215). For
instance, a study with 24 enrolled patients showed that the use of
bevacizumab (anti-VEGF therapy) resulted in a pronounced
increase in the number of TAMs and M2 macrophages
compared to paclitaxel–carboplatin alone (used as neoadjuvant
chemotherapy) (216). Furthermore, macrophage infiltration into
human glioblastomas, resistant to anti-VEGF therapy, is
correlated with a poor prognosis, but a combinatorial therapy
with anti-VEGF and anti-ANG2 (angiopoietin-2) was shown to
reprogram TAMs from M2 into M1 phenotype with relevant
anti-tumor activity (217). Similarly, a vascular-disrupting agent
5,6-dimethylxanthenone-4-acetic acid (DMXAA), initially
developed for disrupting tumor vasculature, has also been
shown to activate immunostimulatory functions of TAMs,
which in turn orchestrate anti-tumor response of CD8+ T
cells (218).

While conventional therapies primarily target cancer cells,
more recent treatments, especially mAb-based targeted therapies
and immunotherapies, rely more profoundly on myeloid cells’
engagement (5).

The immunotherapy field has had a rapid expansion,
particularly with the discovery of ICIs. Myelomonocytic cells are
a vital component of the immunosuppressive pathways targeted
by ICIs and might, therefore, offer tools to predict or increase the
activity of such treatments. They express PD-1 ligands PD−L1 and
PD−L2, as well as the CTLA−4 ligands B7−1 (CD80) and B7−2
(CD86), and the related protein B7−H4. PD−L1 and PD−L2 are
upregulated on the surface of macrophages in response to various
stimuli, including cytokines and hypoxia (219, 220). TAMs
present in a variety of human tumor types often expresses
different levels of high levels of immune-checkpoint molecules
(214). The presence of these molecules is a predictor of response to
therapy, especially to ICIs (221, 222). In preclinical models, FcgR-
expressing macrophages eliminated CTLA−4−positive, mAb-
coated Treg cells from tumors via ADCC (223, 224), unleashing
anti-tumor immunity. The ADCC mediated by TAMs was shown
in a study where melanoma patients responders to ipilimumab
(mAb anti-CTLA-4) had higher numbers of circulating CD16+
monocytes and macrophages at tumor sites and lower Treg cells
(225). In general, macrophages contribute to the TME
immunosuppression through several mechanisms; thus,
targeting TAMs might support the efficacy of ICIs by removing
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inhibitory factors for T cells (5). Up to date, neutralizing
antibodies are currently US FDA-approved for the treatment of
several cancers, including melanoma, advanced renal carcinoma,
gastric cancer, non-small-cell lung cancer, and colorectal cancer;
currently, they are also studied in combinations with other
therapies such as well as studied for the treatment of solid
tumors (226).
4.4 Current Strategies to Target Tumor-
Associated Macrophages
TAMs can influence cancer relapse following treatment with
conventional therapies; thus that several approaches have been
developed to therapeutically target TAMs, from blocking the
recruitment and infiltration of MDMs into the TME to
interfering with TAM differentiation into tumor-promoting
phenotypes and inhibiting proinflammatory cytokines and
other stimuli responsible for chronic inflammation within the
TME (5). Those therapies not only aim to block the ability of
TAMs to promote cancer cell survival directly but can also
increase cross-presentation to CD8+ T cells and thereby
enhance their anti-tumoral potency.

Although TAMs are subject to tissue-specific imprinting,
common strategies broadly target these cells across different
organs, and many have shown promising results in
preclinical models.

A considering number of these agents have entered clinical
evaluation for diverse tumor types, including (i) inhibitors of
CSF1R to deplete TAMs and/or alter their functions within the
TME; (ii) CCL2 or CCR2 inhibitors to prevent TAMs
recruitment into the TME; (iii) CD47/SIRPa complex
antagonists to enhance TAM-mediated phagocytosis of cancer
cells; (iv) administration of costimulatory molecules such as
CD40 to enhance T-cell activation; (v) inhibitors of PI3Kg and
the triggering receptor expressed on myeloid cells 2 (TREM2)
protein to reprogram TAMs toward anti-tumoral phenotypes;
(vi) TLRs agonists to switch M2 phenotype into M1.

4.4.1 CSF1 Inhibitors
CSF1R is a transmembrane tyrosine kinase class III receptor that
has attracted interest primarily because it is exclusively expressed
by cells of the monocytic lineage, and its specific ligand CSF1 (M-
CSF) is required for macrophage differentiation and survival
(227). Another known ligand is IL34, which role in cancer has
been less explored partly due to its relatively recent identification
as an alternative ligand (228). IL34 production by chemo-
resistant lung cancer cells has been reported to enhance the
immunosuppressive profile of TAMs and contribute to cancer
cell survival (229). Also high levels of CSF1 circulating in the
serum have been correlated with poor survival of patients, in
particular those with ovarian and endometrial cancers
(230) (Figure 1B).

Several drugs, from neutralizing antibodies to small-molecule
inhibitors, directed against CSF1R have been used to deplete
intratumoral TAMs or promote their re-education into a
tumoricidal phenotype in a context-dependent manner (169,
231). In preclinical models of multiple primary tumors,
Frontiers in Oncology | www.frontiersin.org 13
including pancreatic cancer, breast cancer, and glioblastoma,
this approach resulted in anti-tumor efficacy (186, 225) and
reduced breast-to-lung metastasis (10).

For instance, the occurrence of melanoma brain metastasis was
significantly hindered under microglia and macrophages
elimination with PLX3397, a CSF-1R inhibitor; their depletion
effectively inhibited the expression of matrix metalloproteinase 3
(MMP3) and the decrease of tight junction protein zonula
occludens-1 (ZO-1), correlated with myeloid cells activation (171).

In contrast to previous findings from glioblastoma mouse
models, where TAMs survived CSF1R inhibition and were
instead re-educated (169, 170), a recent work demonstrated
that targeting TAMs with the CSF1R inhibitor BLZ945 delayed
brain metastatic onset and led to an initial tumor response with
transient stasis of established metastases (232).CSF1R inhibitors
have also been evaluated in combination treatments in
preclinical studies. In breast cancer models, the efficacy of
paclitaxel (Taxol) was enhanced by CSF1R inhibitor–mediated
TAM depletion (10, 233). Similarly, the effectiveness of
radiotherapy and tyrosine kinase inhibitors in preclinical
glioblastoma models, when CSF1R is inhibited, seems to be
mediated by TAMs re-education (13, 234). Preventing the
entry of MDMs into the brain TME resulted in a
comparatively modest effect in glioma models (13), indicating
that TAMs reeducation more than their depletion may represent
a more effective strategy (231).

Multiple drugs blocking CSF1R signaling (such as
trastuzumab, ARRY-382, pexidartinib, PLX7486, and BLZ945)
have been tested, including in combination with conventional
therapies targeting cancer cells. Combinatorial strategies have
also been explored in glioblastoma models where TAM
populations where targeted with CSF1R inhibitor together with
radiotherapy, enhancing survival of preclinical models (13).
Others have also showed that CSF1R treatment prevent the
accumulation of CD11b+Ly6C- monocytes, which recruitments
is usually enhanced by radiation, limiting the pro-tumorigenic
TAMs generation that supports tumor progression (235).

Several other clinical studies have been published and have
reported different outcomes depending on the tumor type.

4.4.2 CCL2/CCR2 Inhibitors
Chemokines usually drive monocyte recruitment and
macrophages accumulation within the tumor and the
expansion of the tissue-resident macrophage pool (236). In
particular, CCL2 release by cancer cells leads to the
recruitment not only of tissue-resident macrophages but also
of CCR2+ Ly6C hi monocytes from the bloodstream that
extravasate into tumor sites and differentiate into TAMs (237).
High levels of CCL2 in the serum and the TME have often been
associated with poor prognosis no matter the type of cancer (238,
239). Using neutralizing antibodies against CCL2 hindered the
accumulation of TAMs and potentiated the anti-tumor efficacy
of CD8+ T cells in the TME as the Ly6Chi monocytes were
sequestered in the BM; thereby, it was shown a reduction in
tumor growth and metastasis (146, 239) (Figure 1B). Although
concerns about the long-term monotherapy efficacy were raised
when its suspension triggered monocytes’ recruitment to the
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TME inducing lung metastasis and decreasing animals’ survival
(240). Carlumab/CNTO888 (a human recombinant mAb
targeting CCL2) entered phase I and II trials for patients with
solid tumors, including metastatic castrate-resistant prostate
cancer (NCT00992186 and NCT01204996), but despite being
well-tolerated, it failed to affect tumor growth significantly, and
the drug was discontinued. On the other hand, several anti-
CCR2 mAbs have been tested in phase I and II trials for patients
with bone metastasis (NCT01015560) and with advanced
pancreatic adenocarcinoma (NCT01413022). More evidence
supports the need for a thoughtful rationale to bring in the
clinic using such therapies as combinatorial instead of
monotherapy. For instance, PF-04136309 together with
chemotherapy (FOLFIRINOX) resulted in a tumor response in
49% of the patients and local tumor control in 96% (241). The
lack of evident clinical efficacy and the unexpected side effects
may be explained by the CCL2 boost induced by the body made
to overcome the inhibition of the CCL2/CCR2 axis (242) through
still-unidentified compensatory mechanisms. Moreover,
angiogenesis and local proliferation of resident TAMs may also
dampen the effect of CCL2/CCR2 immunotherapy (240). Thus,
focusing on new targets that selectively dampen monocytes’
recruitment and differentiation into pro-tumoral macrophages
would be crucial to offering secondary options for
unresponsive patients.

4.4.3 CD47 Antagonists
Among many pro-tumoral functions exerted by TMAs can
activate the immune response and even phagocyte cancer cells
(4), for instance, the CD47-SIRPa interactions (243). CD47 is a
“don’t eat me” immune checkpoint signaling receptor, which is
constitutively expressed by normal cells and overexpressed on
cancer cells (244), while CD47 binds signal regulatory protein a,
expressed by TAMs, DCs and neutrophils (4). When SIRPa
binds CD47, a cascade is initiated, inhibiting the phagocytic
capacity of macrophages. Thus, it is believed to be important to
block CD47–SIRPa interactions removes this inhibitory
checkpoint signal augmenting the macrophage-mediated
clearance of cancer cells (245), inducing DCs endocytosis and
activation with the consequent T-cell mediated tumor clearance
(243, 246, 247) (Figure 1B). In several preclinical models, this
axis represents a promising innate immune checkpoint (243).
Antibodies against CD47 are currently in the frontline of
development, taken that magrolimab reduced mouse pediatric
brain tumors (248), and a few others, like Hu5F9-G4, CC-90002,
and ZL-1201, have started to be evaluated in patients. Along with
those, several ongoing phases I studies for solid tumors and
hematologic and B-cell malignancies (NCT03558139,
NCT03248479, and NCT04599634), and a phase II trial
(NCT02953782) for the treatment of solid tumors and
advanced colorectal cancer has recently been completed but
not shared yet.

4.4.4 CD40 Agonists
CD40, a TNF receptor superfamily member, is expressed on
APCs and is critical for their activation and proliferation, as well
as an important regulator of T cell-dependent anti-tumor
Frontiers in Oncology | www.frontiersin.org 14
immunity via the interaction with CD40 ligand (CD40L)
mainly expressed by CD4+ T cells (249). The signaling of this
axis leads to secondary and tertiary signals for proper T-cell
priming, such as the upregulation of MHC molecules,
costimulatory molecules (like CD80 and CD86), and the
production of proinflammatory cytokines (250, 251). For these
reasons, CD40 can turn upside down the immune suppression
and drive anti-tumor as its blockade induce the secretion of IFNg
and a tumoricidal phenotype as demonstrated in preclinical
models of pancreatic cancer and patients with cancer (252).
When CD40 agonists were used in combination with CSF1R
inhibition, TAMs resulted as reprogrammed, reinforcing an
effective T cell response (253). Many are the monoclonal
agonistic antibodies (rhuCD40L, CP-870,893, and RO7009789)
that are being evaluated in several clinical trials, and few with
opposite results (Figure 1B). While a phase I trial of CP-870,893
in patients with advanced cancer showed no clinical responses
(254), an early trial of rhuCD40L in patients with advanced
squamous cell cancer of the head and neck had a broad spectrum
of efficacy, with some showing modest responses and only one
with a long-term remission (254). More recently, the tolerability
and efficacy of a CD40 antibody (APX005M) combined with
chemotherapy (gemcitabine plus nab-paclitaxel), with or without
nivolumab, was achieved for patients with metastatic pancreatic
adenocarcinoma in a phase Ib study (255). Overall, the scattered
successes in cancer therapy of different patients leave
undiscovered the biological reasons that must be explored to
exploit the CD40 agonist as monotherapy or in combination
with other ICIs.

4.4.5 PI3K
The PI3Kg is a myeloid-specific isoform of the PI3K family,
which signaling pathway is important for regulating cell growth,
survival, metabolism, angiogenesis, as its family members have
important effects on the immune system. PI3Kg acts as a key
immunosuppressive pathway in myeloid cells, and its
pharmacological inhibition has been studied in preclinical
tumor models. Interestingly, PI3Kg is a key regulator of TAM-
mediated immunosuppression (256), and its selective inhibition
increases MHC-II and IL12 expression and decreases IL10 in
TAMs; as well as helping to overcome resistance to ICI,
reshaping the TME and promoting CD8+ T cell recruitment
and tumor regression (256, 257). Phase I and II clinical studies
are now evaluating the inhibitor eganelisib (IPI-549) in diverse
cancers, either as a monotherapy or in combination with ICI
(NCT03719326, NCT02637531, NCT03795610, and
NCT03980041). In 2020, the FDA granted eganelisib combined
with ICI and chemotherapy for first-line treatment of patients
with inoperable locally advanced or metastatic triple-negative
breast cancer (NCT03961698). There are hundreds of ongoing
clinical trials using pan-PI3K inhibitors, but only a few early-
phase studies have employed specific inhibitors of the myeloid g
isoform in cancer patients (Figure 1B).

4.4.6 TREM
This receptor is a member of the Ig superfamily and a major
signaling hub with several proteins and ligands (258). The
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deficiency of TREM resulted in the reeducation of tumoral
TAMs to an anti-tumoral phenotype (259, 260). TREM2 seems
to be expressed in TAMs in more than 200 human cancer cases,
and high levels correlate with poor outcomes in colorectal and
breast cancers (259). An Ab (PY314) has been designed to
deplete TREM expressing TAMs, and it is currently evaluated
as monotherapy or in combination with pembrolizumab
(NCT04691375) in a phase I trial (Figure 1B).

4.4.7 TLRs
Toll-like receptors (TLRs), which are widely expressed by innate
immune, are involved primarily in activating inflammatory
immune responses. The first FDA-approved TLR agonist,
subsequently used in combination with anti-PD1 therapy for
bladder cancer, is Bacillus Calmette-Guerin (BCG), which
triggers TLR2 and TLR4 (261, 262). Up to now, many are the
pieces of evidence from in vitro and in vivo preclinical studies
showing the potential activity of synthetic compounds specific
for the endosomal TLR3, TLR7, TLR7, TLR8, and TLR9. Those
ligands induce the secretion of immunostimulatory cytokines,
like the type I IFN pathway, mostly in plasmacytoid DCs (pDCs)
and macrophages (263), leading to an increased production of
cytokines and infiltration of CD8+ T cells. To date, only
imiquimod (TLR7 specific agonist) has been approved by the
FDA for the topical treatment of squamous and basal cell
carcinomas; others, like poly I: C (TLR3 agonist), resiquimod
and NKTR-262 (TLR7/8 agonists), and CMP-001 and
tilsotolimod (TLR9 agonist), have been developed and
evaluated in early-phase clinical trials, either as adjuvants for
cancer vaccines to boost anti-tumor responses or in combination
with other treatments (264) (Figure 1B). Up to now, the topical
application of TLR agonists in cutaneous neoplasms or
intratumoral injection into accessible lesions has been
thought safe.

The analog poly-ICLC is one of the most investigated
compounds in more than 100 clinical trials and a few phases
of I/II trials it has been exploited in combination with ICIs
therapeutics in advanced diseases or as an anti-tumor vaccine
adjuvant (265). An analog of imiquimod, resiquimod (TLR7/8
agonist), was shown to induce a strong anti-tumor response
(266); either its topical administration or the local injection of
loaded- nanoparticles induced tumor shrinkage and protective
memory (267, 268). Intratumoral injection of MEDI9197 (3M-
052) (specific for TLR7/TLR8) induced macrophage
repolarization and tumor regression in a mouse model of
subcutaneous melanoma; a mechanism mediated by
macrophages induced direct tumor cell killing via NO
production and synergized with checkpoint inhibitors anti-
CTLA4 and anti-PD-1 antibodies to inhibit tumor growth
(269, 270). Another one, SD-101 binds TLR9, has also been
investigated in combination with immunotherapy (271, 272).
Other TLR7/8 agonists are currently in phase III trial for skin
neoplasia, anal carcinoma, and cervical intraepithelial lesions
(264). For instance, TLR8 agonist motolimod, in combination
with cetuximab, was shown to induce partial responses in a few
patients with recurrent or metastatic head and neck cancer (273).
Since most clinical trials have shown TLR agonists safe and
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promising in the clinic, such as tumor shrinkage after their
injections, they would be probably more successful when used in
combination with checkpoint inhibitors to treat those cold and
non-responsive tumors.
5 NEW RELEVANT TARGETS

In recent years, an increasing number of studies have highlighted
the important implications of metabolism on the biology and
functional activities of immune cells. Despite the recent advances
in this field, the metabolism of neutrophils is not fully
understood and need further investigations, while it is already
established that changes in metabolism generally shift
macrophage polarization towards a tumor-promoting
phenotype (274). Accordingly, metabolic modulation has been
tested as a potential strategy to reprogram TAMs towards an
anti-tumor state. Many tumor-derived metabolites have been
discovered, such as adenosine, glutamine, and lactate, and have
been mainly studied and tested in preclinical models to assess
their effects on tumors. One of the most important findings has
been the crucial role of glutamine. Thus, blocking its metabolism
in a mouse breast cancer model reduced tumor growth and
metastases, enhancing macrophage activation and inhibiting
MDSC generation (275).

In parallel, an inhibitor of the enzyme glutamine synthase,
named glufosinate, has been studied. In highly metastatic mouse
models of melanoma and breast and lung cancer, it reduced
metastasis formation, angiogenesis, and immunosuppression
reprogramming TAMs into anti-tumor effectors (276).
Furthermore, lactate is highly produced in hypoxic tumors and
promotes M2 macrophage polarization (277) via activation of
the ERK/STAT3 signaling pathway or the sensor protein Gpr81/
Gpr132 expressed by macrophages. Pharmacological inhibition
of the ERK/STAT3 axis with selumetinib or static or the Gpr132
protein hampered lactate-induced M2 macrophage polarization
and showed significant anti-tumor effects in preclinical studies
(278, 279) (Figure 1C).

A new study recently elucidated the modulating effects of
lactic acid produced by tumor cells upon the macrophages within
the TME. Transcriptomic and metabolic analyses have revealed
two TAMs phenotypes with different metabolic features: the pro-
inflammatory major histocompatibility complex (MHC)-II hi
TAMs with a hampered tricarboxylic acid (TCA) cycle and the
reparative MHC-II lo TAMs with higher oxidative and glycolytic
metabolism. The latter population uses lactate as an additional
carbon source besides glucose, supporting oxidative metabolism.
This excess of carbon is partly compensated by the reduced
uptake of glutamine and enhanced TCA cycle-mediated
respiration. Additionally, it profoundly affects their
transcriptome increases L-arginine-catabolizing enzymes, thus
enhancing the T cell suppressive capacity of these TAMs (280).

Another tumor metabolite, adenosine, influences TAMs
functions and, nonetheless, stimulation of adenosine receptors
hinders the differentiation of monocytes to macrophages,
probably through cAMP accumulation (281). Deletion of the
adenosine receptor A2A in myeloid cells has been shown to
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prevent tumor progression and metastasis in melanoma tumor
models (282), as well as its inhibition, enhances CD8+ T cells
response in head and neck squamous cell carcinoma (283). This
new field of research is appealing as well as challenging to explore
as a therapeutic intervention in cancer patients as metabolic
pathways are shared by all cells. Although metabolic
macrophages rewiring could positively affect the combination
with other treatments, the effects upon other cells of the TME
need to be investigated, as well their long-term efficacy.

Other compounds have been tested, such as the histone
deacetylase (HDAC) inhibitors. The selective class IIa inhibitor
TMP195 has been proven to be successful in the epigenetic
modulation of TAMs. In the MMTV-PyMT mammary tumor
model, treatment with TMP195 stimulated macrophage-
med ia t ed phagocy to s i s o f tumor ce l l s and TAM
reprogramming into proinflammatory immunostimulatory
effectors (284). Combined treatment with TMP195 and
chemotherapy or anti-PD-1 therapy resulted in increased anti-
tumor effects. Additionally, a combination of low-dose adjuvant
epigenetic compounds reduced metastatic spread in a preclinical
metastasis model (after removing the primary tumor) (285),
mainly mediated by the inhibition of myeloid cell recruitment in
premetastatic niches.

Moreover, up to now, the only cell therapy approved by the
FDA for hematological malignancies is the chimeric antigen
receptor (CAR) T cells, genetically engineered to recognize the
CD19 antigen (286). Still, the issues of the application to solid
tumors are many. Classically, macrophages are more resistant to
transduction procedures than lymphocytes and not many
attempts to are being successful. Only one study has lightened
hope, transducing an anti-HER2 CAR into primary human
macrophages (CAR-Ms) (using a replication-incompetent
adenovirus). They demonstrated in nude mice that the
expression of the transgene reduces the volume of HER+
human tumors (287).
6 CONCLUDING REMARKS

A detailed understanding of the roles of myeloid cells in tumors
has revealed their importance within the TME (5). Tumor-
associated myeloid cells accumulate rapidly in tumors, where
Frontiers in Oncology | www.frontiersin.org 16
they constitute the largest population of leukocytes in tumors
and, sometimes, outnumber tumor cells (256, 288). With a
deeper understanding of cancer immunology, diverse strategies
for the modulation of TAMs are being explored for therapeutic
applications, while for neutrophils a specific strategy to modulate
their phenotype has yet not been discovered; however, it is
possible to affect their recruitment to ultimately avoid the
detrimental effects usually observed upon their hijacking.

We must additionally look at the patient as a whole,
considering the tumor as part of a circuit where microbiome,
metabolism, obesity, lifestyle, and aging can alter the TME and
affect treatment responsiveness.

Taken the diversity of the heterogeneity of myeloid cells
within both primary tumors and their metastasis, and given
the diverse targeting strategies currently used and underway, it is
logical to think that characterization at the single-cell level
should be included in the daily clinical practice to characterize
and stratify each patient.

This approach would allow clinicians to find prognostic
indicators and choose the most effective therapy based on the
TME composition, lowering the cost of patient’s management for
the healthcare sector, in the long run. This would not only
support the development of personalized medicine but also
exclude immune-related toxicity profiles of specific treatments.
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188. Galluzzi L, Buqué A, Kepp O, Zitvogel L, Kroemer G. Immunogenic Cell
Death in Cancer and Infectious Disease. Nat Rev Immunol (2017) 17(2):97–
111. doi: 10.1038/nri.2016.107

189. Di Caro G, Cortese N, Castino GF, Grizzi F, Gavazzi F, Ridolfi C, et al. Dual
Prognostic Significance of Tumour-Associated Macrophages in Human
Pancreatic Adenocarcinoma Treated or Untreated With Chemotherapy.
Gut (2016) 65(10):1710–20. doi: 10.1136/gutjnl-2015-309193

190. Malesci A, Bianchi P, Celesti G, Basso G, Marchesi F, Grizzi F, et al. Tumor-
Associated Macrophages and Response to 5-Fluorouracil Adjuvant Therapy
in Stage III Colorectal Cancer. Oncoimmunology (2017) 6(12):e1342918.
doi: 10.1080/2162402X.2017.1342918

191. Kodumudi KN, Woan K, Gilvary DL, Sahakian E, Wei S, Djeu JY. A Novel
Chemoimmunomodulating Property of Docetaxel: Suppression of Myeloid-
Derived Suppressor Cells in Tumor Bearers. Clin Cancer Res (2010) 16
(18):4583–94. doi: 10.1158/1078-0432.CCR-10-0733

192. Mantovani A, Allavena P. The Interaction of Anticancer Therapies With
Tumor-Associated Macrophages. J Exp Med (2015) 212(4):435–45.
doi: 10.1084/jem.20150295

193. Paulus P, Stanley ER, Schäfer R, Abraham D, Aharinejad S. Colony-
Stimulating Factor-1 Antibody Reverses Chemoresistance in Human
MCF-7 Breast Cancer Xenografts. Cancer Res (2006) 66(8):4349–56.
doi: 10.1158/0008-5472.CAN-05-3523

194. Salvagno C, Ciampricotti M, Tuit S, Hau C-S, van Weverwijk A, Coffelt SB,
et al. Therapeutic Targeting of Macrophages Enhances Chemotherapy
Efficacy by Unleashing Type I Interferon Response. Nat Cell Biol (2019) 21
(4):511–21. doi: 10.1038/s41556-019-0298-1

195. Neubert NJ, Schmittnaegel M, Bordry N, Nassiri S, Wald N, Martignier
C, et al. T Cell-Induced CSF1 Promotes Melanoma Resistance to
PD1 Blockade. Sci Transl Med (2018) 10(436):eaan3311. doi: 10.1126/
scitranslmed.aan3311

196. Ho WJ, Jaffee EM. Macrophage-Targeting by CSF1/1R Blockade in
Pancreatic Cancers. Cancer Res (2021) 81(24):6071–3. doi: 10.1158/0008-
5472.CAN-21-3603

197. Yin Y, Yao S, Hu Y, Feng Y, Li M, Bian Z, et al. The Immune-
Microenvironment Confers Chemoresistance of Colorectal Cancer
Through Macrophage-Derived Il6. Clin Cancer Res (2017) 23(23):7375–87.
doi: 10.1158/1078-0432.CCR-17-1283

198. Shree T, Olson OC, Elie BT, Kester JC, Garfall AL, Simpson K, et al.
Macrophages and Cathepsin Proteases Blunt Chemotherapeutic Response
in Breast Cancer. Genes Dev (2011) 25(23):2465–79. doi: 10.1101/
gad.180331.111

199. Xu J, Escamilla J, Mok S, David J, Priceman S, West B, et al. CSF1R Signaling
Blockade Stanches Tumor-Infiltrating Myeloid Cells and Improves the
Efficacy of Radiotherapy in Prostate Cancer. Cancer Res (2013) 73
(9):2782–94. doi: 10.1158/0008-5472.CAN-12-3981

200. Durante M, Reppingen N, Held KD. Immunologically Augmented Cancer
Treatment Using Modern Radiotherapy. Trends Mol Med (2013) 19(9):565–
82. doi: 10.1016/j.molmed.2013.05.007

201. Klug F, Prakash H, Huber PE, Seibel T, Bender N, Halama N, et al. Low-Dose
Irradiation Programs Macrophage Differentiation to an iNOS+/M1
Phenotype That Orchestrates Effective T Cell Immunotherapy. Cancer Cell
(2013) 24(5):589–602. doi: 10.1016/j.ccr.2013.09.014

202. Teresa Pinto A, Laranjeiro Pinto M, Patrıćia Cardoso A, Monteiro C,
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