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Abstract
Tumor-associated macrophages (TAMs), at the core of immunosuppressive cells and cytokines networks, play a
crucial role in tumor immune evasion. Increasing evidences suggest that potential mechanisms of macrophagemediated tumor immune escape imply interpretation and breakthrough to bottleneck of current tumor
immunotherapy. Therefore, it is pivotal to understand the interactions between macrophages and other immune
cells and factors for enhancing existing anti-cancer treatments. In this review, we focus on the specific signaling
pathways through which TAMs involve in tumor antigen recognition disorders, recruitment and function of
immunosuppressive cells, secretion of immunosuppressive cytokines, crosstalk with immune checkpoints and
formation of immune privileged sites. Furthermore, we summarize correlative pre-clinical and clinical studies to
provide new ideas for immunotherapy. From our perspective, macrophage-targeted therapy is expected to be the
next frontier of cancer immunotherapy.
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Introduction
Despite promising prospects, most immunotherapies
have encountered bottlenecks in response rate, toxicity
and drug resistance at present [1]. This may be attributed to the fact that the crosstalk between tumor cells
and various cells in the Tumor microenvironment (TME)
inhibits immune surveillance mediated by immune cells,
inducing tumor immune escape and tumor progression.
Therefore, more researches should be done about immune escape in order to surmount the resistance to
existing therapies caused by TME. Host immune system
dysfunction, such as T cell anergy, excessive existing of
regulatory T cells (Tregs), is one of the main mechanisms
of tumor escaping from immune surveillance. In addition,
tumor related factors, including secretion of
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immunosuppressive cytokines, resistance to apoptosis and
antigen deletion, may also associate with immune escape
[2]. Host and tumor related mechanisms could lead to the
failure of establishing appropriate anti-tumor specific immune response, which are usually the key factors limiting
the success of cancer immunotherapy.
Macrophages, which significantly influence antiinfection immunity and homeostasis of internal environment by mediating innate immunity and helping to start
adaptive immunity, have been demonstrated to be
essential in immune escape by mechanisms described
above [3]. They are differentiated from circulating
monocytes stimulated by granulocyte macrophage
colony-stimulating factor (GM-CSF) or M-CSF, which
originate from bone marrow-derived progenitor cells [4].
In the light of the makeup of the cytokine milieu and
the surrounding tissular niche, they can differentiate into
a wide range of phenotypic states, which may change as
a spectrum or an orthogonal cross, or even in accordance with a snow-like multiple-axis and multiple-branch
pattern [5]. Although the range of macrophages
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activation status is complex, it is generally simplified
into two categories: classically activated macrophages
(M1) and alternatively activated macrophages (M2) respectively. Exposed to factors such as IFN-γ, TNF-α and
lipopolysaccharide, macrophages can polarize into M1
characterized by the expression of CD68, CD86 and
CD80, which secrete cytokines and chemokines like
TNF-α, IL-1β, IL-12, CXCL9, CXCL10, to promote the
pro-inflammatory Th1 response. M2 with high expression of CD163, CD204 and CD206 are induced by IL-4
and IL13, which exert immunomodulatory effects and
plays a key role in inhibiting endogenous antitumor immunity [6]. Significantly, TAMs, mainly referring to M2,
have been identified to secrete inhibitory cytokines and
affect immune cells, creating a favorable immunosuppressive TME for tumor progression and immunotherapy resistance [7, 8]. The recent advent of technologies
single-cell RNA sequencing (scRNA-seq) is one approach to dissect the heterogeneity of complex biological
systems. Based on clinical tumor samples or corresponding mouse models of tumor tissue, analyses of various
tumors such as breast cancer and atypical teratoid/rhabdoid tumors (ATRT) utilizing scRNA-seq and time-offlight mass cytometry (CyTOF) have proved that M2 is
the major infiltrating cell in tumor tissues, which overexpress angiogenesis or epithelial-mesenchymal transition
(EMT) related genes, and high infiltrating of M2 is associated with poor prognosis [9, 10]. In particular, the results of recurrent xenotransplantation ATRT mouse
model suggest that M2 are also involved in the acquisition of chemoresistance [10]. The ways how M2 exert
immunosuppression function can be summarized as follows. Firstly, M2 can express the death ligand Fas-L and
bind to Fas receptor on immune cells to directly mediate
their apoptosis [8]. Secondly, M2 express inhibitory ligands PD-L1/L2 and CD80/86, which bind to inhibitory
receptors such as PD-1 and CTLA-4 constitutively
expressed in immune cells to activate them, directly
inhibiting TCR and BCR signals to restrain the antitumor function of T cells and B cells [11, 12]. Thirdly, M2
inhibits the function of T cells and NK cells by expressing non classical HLA molecules HLA-G or HLA-E,
which connect the costimulatory signal molecule ILT2
of T cells and NKG2 of NK cells respectively [13]. In
addition, M2 also inhibit T cells activity by the depletion
of L-arginine that is required for T cells function in the
TME through secreting arginase 1 (ARG1), an enzyme
characteristically expressed in M2 to promote tumor
growth and progression [14]. Many immunosuppressive
cytokines and immune cells exert immunosuppressive
effects partly through promoting M2 polarization. The
interaction among them will be discussed later in detail.
As mentioned above, TAMs are pivotal to create immunosuppressive TME, and the crosstalk between
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macrophages and various immune cells and cytokines in
TME plays an irreplaceable role. Notably, there are few
reviews about interaction between macrophages and
other cells in the TME, and most of them focused on
elaborating a certain recognition mechanism. In this
review, to form a comprehensive understanding of how
macrophages mediate tumor immune escape, we
summarize the main mechanisms of macrophages involved in tumor immune escape and related targeted
therapies, which might lead to improved clinical protocols and potentially novel strategies for overcoming
macrophage associated immune tolerance.

Pathways involved in regulating the phagocytic
signal of macrophages
CD47/SIRPα

CD47 is an immunoglobulin widely distributed on the
surface of normal cells, which can negatively regulate
anti-tumor immunity by inhibiting phagocytosis and
participate in mediating cell proliferation, migration,
apoptosis, and immune homeostasis [15]. Its main ligand, Signal-regulatory protein alpha (SIRPα) is a transmembrane protein highly expressed on the membrane of
myeloid cells [16], and NH2-terminal in its extracellular
region can bind to CD47, leading to tyrosine phosphorylation on immune receptor tyrosine-based inhibitory
motifs (ITIMs), releasing a "don't eat me" signal, thereby
inhibiting macrophage-mediated phagocytosis and protecting normal cells from destruction by the immune
system [17] (Fig. 1). The universal expression of CD47
on the cell surface labels the cells as "self-labeling", by
which macrophages distinguish "self" and "foreign" cells
for phagocytosis [16].
Tumors cells highly express CD47 to avoid
macrophage-mediated destruction. Studies have demonstrated that CD47 is highly expressed in a variety of
tumors like hematological malignancy [18] and hepatocellular carcinoma (HCC) [19], by analyzing the clinical
samples of tumor patients utilizing flow cytometry, western blot and immunohistochemistry, which is also
associated with poor prognosis [20, 21]. A research of
rhabdomyosarcoma indicated that after being cocultured with tumor cells, the viability of macrophages
dropped to 50–60%, which can be blocked by CD47
antibodies, implying that the immunosuppressive signal
molecule CD47 allows cancer cells to escape from the
elimination of macrophages innate immune response
[22]. The above conclusions were further verified in the
mouse model of small-cell lung cancer, figuring out that
administration of CD47-blocking antibodies or targeted
inactivation of the CD47 gene markedly inhibits tumor
growth [23]. In addition, anti-CD47 therapy can also
change the polarization state of macrophages in the
TME. A study on glioblastoma found that CD47
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Fig. 1 The mechanisms of macrophages participating in tumor antigen recognition disorder. Certain tumor cells highly express self-labels like
CD47, β2M and CD24, which can phosphorylate ITIMs through CD47/SIRPα, β2M/LILRB and CD24/Siglec-10 signal axis respectively, activate
downstream pathways, release anti phagocytic signal and negatively regulate phagocytic function of macrophages

blockade can enhance the phagocytic ability of macrophages and induce TAMs transform into an anti-tumor
state [7].
LILRB1/MHCI

Leukocyte immunoglobulin-like receptor B (LILRB) is
expressed on most immune cells, composed of extracellular Ig-like regions, transmembrane regions and
intracellular regions containing ITIMs. It can mediate
the negative regulation of immune cells activation
after binding with its main ligand major histocompatibility complex I (MHCI), which is a complex formed
by HLAα chain and β2-microglobulin (β2M). After
being phosphorylated by Src family protein tyrosine
kinases, pITIM can recruit phosphatase containing
Srchomology2 (SH2) domain to activate PI3K/AKT
pathway, thereby negatively regulating the function of
immune cells [24]. The fact that certain tumor cells
highly express β2M, which could bind to LILRB1 on
macrophages to inhibit phagocytosis, leading to the
loss of immune surveillance, suggests that β2M is another self-label expressed by tumor cells [25]. Based
on various cancer cell lines with or without expression of MHCI and CD47 as well as NSG mouse
model of liver cancer, Barkal et al. confirmed that
MHCI and CD47 are independent yet cooperative
anti-phagocytic signals, and interference with MHCI/
LILRB1 can enhance the phagocytosis of macrophages
to tumor cells both in vitro and in vivo, which makes
the signal axis an important regulator of innate immune cell response [25].

Therefore, in patients with normal or high expression
of MHCI on tumor cells, drugs targeting the MHCI/
LILRB1 axis may promote anti-tumor immune responses
and play a synergistic effect with drugs targeting CD47/
SIRPα axis. The study of Amira et al. proved that MHCI
can cooperate with CD47 to promote tumor cells escaping from immune surveillance, while blocking them
could sensitize tumors to macrophage attack and indirectly enhance the function of other immune cells [25].
Studying the immunosuppressive mechanism of the
MHCI/LILRB1 signal axis will help to develop therapeutic methods to restore the function of macrophages
and control MHCI signaling in tumors.
CD24/Siglec-10

CD24, also called heat stable antigen, is a highly glycosylated surface protein anchored by glycosylphosphatidylinositol, which could interact with sialic acid-binding
immunoglobulin-like lectin-10 (Siglec-10) to reduce the
innate immune-mediated noxious inflammation caused
by infection or liver damage [26]. RNA sequencing data
from TCGA and flow cytometry data from clinical breast
and ovarian cancer patients demonstrated that tumor
cells highly express CD24, while TAMs highly express
Siglec-10 [27]. After binding with CD24, ITIM of Siglec10 could recruit and activate the tyrosine phosphatase
SHP-1 or SHP-2 containing SH2 domain, thereby blocking the cytoskeleton rearrangement required for macrophage phagocytosis, triggering an inhibitory signal
transduction cascade [28]. It has been found that M0 expresses low level of Siglec-10, while M2 polarized
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Macrophages are involved in mediating immune
suppression

nuclear factor Kappa-B (NF-κB) activation and the activity of mitogen-activated protein kinases (MAPK)
through MyD88-IRAK signaling cascade [32] (Fig. 2). In
the melanoma mouse model, ten-eleven-translocation-2
(Tet2) is found to be up-regulated on TAMs through IL1R-MyD88 signaling. As a DNA methylcytosine dioxygenase, Tet2 is instrumental in DNA demethylation, by
which maintains the expression of immunosuppressive
genes comprising ARG1, MGL2, KLF4 and interferon
regulatory factor 4 (IRF4) in TAMs and inhibits the antitumor function of tumor infiltrating T cells, resulting in
significant tumor promotion in melanoma [33]. In
addition, IL-1β induces the expression of CCL2 in
TAMs and tumor cells, leading to the recruitment of
myeloid cells such as myeloid derived suppressor cells
(MDSCs) and TAMs into the TME [32]. Therefore, the
way IL-1 promotes immunosuppression through TAMs
should not be ignored.
Indeed, elevated IL-1 levels are positively correlated
with tumor aggressiveness and poor prognosis in tumor
models and cancer patients, indicating that targeting IL1 is effective in anti-tumor therapy. Currently clinically
available anti-IL-1 strategies encompass anti-IL-1α/IL1β/IL-1Ra mAb, which have been shown to be well tolerated, reducing tumor cachexia and mortality in various
clinical studies [31, 34]. A recent phase III clinical trial
proved that antibodies targeting IL-1β significantly reduce the incidence and mortality of lung cancer [35].
The application of anti-IL-1α mAb MABp1 can greatly
improve the survival of patients with advanced nonsmall cell lung cancer, ovarian cancer and other refractory cancers, without obvious side effects [34, 36]. IL-1
receptor antagonist Anakinra can block the induction of
CCL22 by IL-1α, thereby reducing CCL22-mediated recruitment of TAMs and Tregs to the TME [37]. Antibody therapy targeting IL-1 is still under clinical
research. Combining it with immune checkpoint inhibitors (ICIs) can activate antitumoral immune response
more effectually, which is expected to become a new
breakthrough for cancer immunotherapy.

Interaction between cytokines and macrophages
IL-1

IL-8

IL-1 is an immunosuppressive cytokine with two different isoforms, IL-1α and IL-1β, which is mainly produced
by tumor cells and immune regulatory cells through
autocrine or paracrine in the TME and plays an important role in promoting tumor occurrence and development [31]. In tumor lesions, inflammasomes recognize
pathogen-related molecular patterns or host-derived
danger signal molecules to recruit and activate the proinflammatory protease caspase-1, which could cleave
pro-IL-1β into bioactive IL-1β. Mechanistically, after IL1α or IL-1β binds to IL-1R, the signaling adaptor
MyD88 could be recruited and promote continuous

IL-8, also called CXCL8, is a pro-inflammatory chemokine whose main function is to induce the chemotaxis,
infiltration and degranulation of neutrophils. Generally,
chemotherapy or environmental stresses like hypoxia
can promote TAMs to overexpress IL-8 and its receptors, while tumor cells could also be stimulated to secrete IL-8 after NF-κB is activated by TNF-α and IL-1α
[38]. The G protein-coupled receptor undergoes conformational change after exposure to IL-8 and then couples with heterotrimeric G protein to activate PI3K or
phospholipase C, leading to activation of AKT, PKC and
MAPK signaling cascades, which upregulates the activity

cytokines like IL-4, TGF-β and IL-10 could induce
strong expression of Siglec-10, indicating that the expression of Siglec-10 may be related to TAM-specific
gene expression program. Co-culture of either wild type
or ΔCD24 breast cancer cells with M2 revealed that
CD24 deletion alone is sufficient to potentiate phagocytosis, while interfering CD24 or Siglec-10 could significantly enhance the phagocytic function of macrophages
on CD24+ tumors and restrain the growth of tumor.
Furthermore, in cancers resistant to CD47 blockade,
anti-CD24 mAb enhance the phagocytic ability of macrophages, indicating there is a synergistic effect between
CD24 interference and anti-CD47/SIRPα treatment [27].
“Don't eat me” signals CD47, β2M, and CD24, all of
which involve ITIM-based macrophage signaling, indicating a conservative mechanism that leads to the immune selection of the subset of macrophage-resistant
cancer cells, which allows tumor cells to escape from
surveillance and clearance of macrophages. Therefore,
grasping the mechanism by which tumor cells express
anti-phagocytic signals can better predict therapeutic effect. Targeted drugs related to the above pathways have
been developed, among which Hu5F9-G4 and CC-90002
are humanized mAb targeting human CD47, which can
selectively eliminate malignant cells expressing CD47,
mainly inducing transient anemia and mild neutropenia
with no other obvious adverse reactions or autoimmune
diseases [29]. Whereas, due to the widespread expression
of CD47 in normal tissue, future research should still
aim to optimize the structure of anti-CD47 preparation.
Similarly, the combination of anti-human SIRPα antibody KWAR23 and tumor opsonizing antibody rituximab can significantly enhance the anti-tumor activity of
neutrophils and TAMs [30]. Drugs aforementioned have
clear targets and less adverse reactions, providing a theoretical basis and promising prospects for clinical
application.
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Fig. 2 Secretory mechanism of major immunosuppressive cytokines in the TME. Tumor cells secrete IL-1, IL-8, IL-10, CSF-1 and other cytokines to
bind to receptors on the surface of macrophages, regulating the expression of related immunosuppressive genes, increasing secretion of a variety
of tumor-promoting factors such as TGF-β, inhibiting secretion of anti-tumor factors, so as to affect the immunity of main cells in the TME and
promote tumor immune escape

of a series of oncogene transcription factors comprising
signal transducer and activator of transcription 3
(STAT3) phosphorylation [38]. In this way, major M2related genes Ym-1 and Fizz-1 are significantly upregulated, promoting the expression of M2-related proteins
such as CD204 and CD163, inducing the secretion of IL10, vascular endothelial growth factor (VEGF) and
monocyte chemoattractant protein-1 (MCP-1) that are
beneficial to tumor growth, reducing the secretion of
pro-inflammatory cytokines like IFN-γ, IL-12, IL-2 and
MIP-1α, which has been observed in a mouse xenograft
model with gastric cancer [39]. Therefore, carcinogenic
pathway could be activated through IL-8 under abnormal conditions to promote tumor progression by mediating M2 polarization.
Among the blockers of IL-8-CXCR1/2 signaling pathway, the drugs targeting CXCR1/2 are more effective
compared with the one targeting IL-8, which can be attributed to the fact that the activation of CXCR1 or
CXCR2 by IL-8 can be compensated by other

chemokines [38]. At present, several inhibitors and
monoclonal antibodies against IL-8-CXCR1/2 pathway
are in different stages of clinical trials, mostly with good
tolerance and certain anti-tumor activity [40, 41]. For
example, treating ovarian cancer with IL-8 neutralizing
antibodies or CXCR2 inhibitor SB22500 can significantly inhibit its recurrence and metastasis [42], while
combining with checkpoint inhibitors would induce
more effective anti-tumor immune response [43]. Combining CXCR1 antagonist or IL-8 antibody with cytotoxic chemotherapy reduces the percentage of stem
cells in breast cancer and effectively overcome chemoresistance [44]. Utilizing IL-8 neutralizing antibody
HuMax-IL8 in patients with advanced malignant solid
tumors has been tested in phase I clinical trial
(NCT02536469), [45], and the CXCR1/2 antagonist
Reparixin combined with Paclitaxel in patients with
metastatic triple negative breast cancer has passed
Phase I clinical trial [40], and its Phase II clinical trial
has been launched (NCT02370238).
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IL-10

IL-10 is an anti-inflammatory cytokine with a dual effect
on tumor progression that depends on the specific tissue
environment to exert anti-tumor immune response or
promote tumor immune escape [46]. Accumulating
studies have demonstrated that IL-10 can polarize
TAMs towards the immunosuppressive M2 phenotype,
which in turn secreted more IL-10 [47]. IL-10 receptor
(IL-10R) contains two different receptor chains including
IL-10R1 and IL-10R2. After IL-10R1 binds to IL-10, IL10R2 acts as an auxiliary subunit to activate JAK1 and
Tyk2, phosphorylate STAT3 and STAT1 [48]. STAT3
phosphorylation was reported to drive the production of
BCL3, which plays a crucial role in regulating the dosedependent effects of IL-10-induced suppression of M1associated gene expression [49]. A recent study has suggested that microRNA let-7d inhibits M2 polarization of
macrophages and subsequent tumor progression by decreasing mRNA expression levels of IL-10 in renal cell
carcinoma (RCC) [50]. Another study in colorectal cancer also indicated that Wnt5a, mostly expressed in
TAMs, activated CaKMII-ERK1/2-STAT3 pathway to
induce macrophages to secrete IL-10 which then acted
as an autocrine cytokine to induce M2 polarization [51].
Collectively, the immunosuppressive and tumorpromoting effect of IL-10 is related to M2 polarization
of macrophages.
As an immunosuppressive cytokine, high serum concentration of IL-10 is associated with advanced stage
and poor prognoses of cancer [52]. But IL-10 is also able
to produce anti-tumor effects by inhibiting angiogenesis
factors and improving the proliferation and cytotoxicity
of CD8+T cells in the TME [53]. Studies have shown
that increasing IL-10 serum concentration to a certain
level can enhance the anti-tumor effect of CD8+ T cells,
which has been verified in various solid tumors such as
pancreatic cancer, lung cancer, and kidney cancer [54].
Nonetheless, the phase III clinical trial that assesses efficacy of IL-10R agonist Pegilodecakin combined with
Oxaliplatin in patients with metastatic pancreatic cancer
has ended in failure (NCT02923921). Therefore, further
studies of IL-10-related cancer immunotherapy are still
needed due to these complicated and contradictory biological effects.
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M2 polarization is the most common cognition. After
M-CSF binds to its receptor, downstream pathways
PKC, PI3K and SFK could be activated to promote the
migration of macrophages to tumor areas and transform
them into M2 phenotype, and as mentioned earlier, they
can also regulate the secretion of VEGF by macrophages
and promote tumor angiogenesis [57, 58]. For example,
lung cancer cells express Oct4 to up-regulate the secretion of M-CSF, promoting M2 polarization, leading to
cancer growth and metastasis, which has been verified in
syngeneic mouse lung tumor model and clinical samples
of non-small cell lung cancer [59]. Analogously, based
on athymic BALB/c mouse model and RCC cell line, researchers found that RCC cells co-expressed M-CSF and
its receptor. In addition to recruiting and polarizing M2,
they can also take advantage of M-CSF-mediated autocrine feedback loop aimed at promoting the repair of
normal renal tubules, so as to trigger tumor cell proliferation and inhibit tumor cell apoptosis [60].
Whereas, it is worth noting that several early studies
have described the antitumor effects of macrophages
mediated by mM-CSF. Electron microscopic observation
showed that tumorigenicity of glioma cells retrovirally
transfected with mM-CSF gene were reduced and could
be phagocytized by macrophages, suggesting the possible
mechanism of mM-CSF-mediated cytotoxicity. Furthermore, the killing effect of macrophages on mM-CSF
transfected clones could be blocked by a 100 folds excess
of recombinant M-CSF, indicating that tumor cells
transduced by mM-CSF are expected to become a safe
live tumor cell vaccine [61, 62].
The difference of effect mediated by different isoforms of the same molecule may be explained by
double signal model. When macrophages only receive
sM-CSF activation signal, they would promote tumor
growth and metastasis. However, when both signals
are received, macrophages mediate tumor regression.
Therefore, the balance of these two expressions form
of M-CSF is of great significance. Clinical studies
have proved that drugs targeting CSF-1R, such as
Pexidartinib and PLX3397, are well tolerated in advanced solid tumors and have the potential to reduce
TAMs infiltration [63–65].
TGF-β

M-CSF

In view of the important position of TAMs in TME, MCSF, which can stimulate the proliferation and differentiation of monocytes, is also a fundamental cytokine
[55]. M-CSF is a homodimeric glycoprotein existing in
the form of secreted isoform (sM-CSF) and cell surface
glycoproteins (mM-CSF), which can be expressed in
common immune cells and tumor cells in TME [56]. At
present, M-CSF existing in the circulation can promote

TGF-β is produced by autocrine or paracrine from
leukocyte lineage including lymphocytes and macrophages to manipulates their differentiation, proliferation,
and state of activation. After siglec-15 expressed on
TAMs is preferentially recognized by t tumor glycochain
structural antigen sialyl-Tn, the secretion of TGF-β is
promoted [66]. Similar to M-CSF, TGF also has dual effects. In the initial stage of carcinogenesis, TGF- β acts
as the main tumor suppressor by applying cell inhibition
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and apoptosis procedures in tumor cells. Nevertheless,
in the long-term pro-inflammatory environment, its original function is lost and reinterpreted to guide the
tumor promoting function [67]. Study shows that siglec15 is highly expressed in M2, and TGF-β can induce
macrophages to polarize into the M2 phenotype, which
also contributes to TGF-β secretion, thus forming a
positive feedback loop [66]. After binding with TGF-βR,
TGF-β inhibits activation and amplification of T cells as
well as the secretion of IL-2, and further promote the
differentiation of T cells into Th17 or Tregs, which has
been identified in several cancer mice model [68–70].
Meanwhile, TGF-β prevents IFN from activating the
phagocytosis phenotype of macrophages, but differentiated them into M2, thus preventing early immune activation and helping to build an immunosuppressive
TME. Moreover, a study on xenograft nude mice model
of liver cancer showed that M2 release TGF- β to mediate the binding of Smad2/3 to miR-362-3p promoter,
resulting in the overexpression of miR-362-3p, which
could reduce the maintenance of EMT by inducing the
expression of CD82, so as to significantly promote the
proliferation, invasion and metastasis of HCC cells [71].
Therefore, the role of TGF-β in TAMs-mediated immune escape can not be ignored.
Current anti-TGF-β treatment includes TGF-β or
TGF-βR monoclonal antibodies [72, 73]. In several
phase I/II clinical trials, TGF-βR1 inhibitors Galunisertib showed good safety and tolerability in the treatment of advanced solid tumor [74–76], and affect the
survival of patients to some extent, but whether it
can be used in clinical treatment requires further elucidation (Table 1).

Exosomes

Exosomes are extracellular vesicles with a diameter of 30
to 150 nm, which contain substances such as proteins,
nucleic acids and cytokines. Excluding direct contact between cells (short distance) and cytokines (long distance), exosomes are considered to be the third cell
information exchange mechanism, and have been proved
to act as a significant medium in the interaction between
tumor cells and macrophages [80].
It has been proved in a variety of tumors that exosomes derived from tumor cells can promote the
polarization of macrophages to M2. For example, in the
in vitro co culture system of lung cancer cells and macrophages, tumor-derived exosomes enhance the oxygen
consumption rate of macrophages and alter their bioenergetic state consistent with that of M2 macrophages
after M0 internalized these exosomes [81]. Similar results have been verified in colorectal cancer, pancreatic
cancer and other tumors [82–84]. In contrast, M2 derived exosomes (MDE) also affect invasion, drug resistance and immune escape of tumor cells. A
representative example is that a study on colon cancer
cell lines and BALB/C nude mouse model shows that,
miR-21-5p and miR-155-5p are transferred to colorectal
cancer cells through MDE and combined with BRG1
coding sequence to regulate the expression of BRG1, so
as to mediate the migration and invasion of colorectal
cancer cells and inhibit antitumor immune response
[85]. Analogously, it has been found that exosomesmediated transfer of functional CD11b/CD18 protein
from TAMs to tumor cells may have the potential to enhance the migration potential of HCC cells [86]. In
addition, researchers have found that M2 inhibit tumor

Table 1 Representative clinical trials of macrophages-related key immunosuppressive cytokines
Target NCT number Drug name

Phase Disease

Patients Outcome

IL-1

NCT01327846 Canakinumab

III

Lung cancer

10061

The high-dose group reduced the risk of death [35]
by 77% (compared with placebo group)

IL-8

NCT02536469 BMS-986253

I

Advanced solid tumors

15

Safe, well tolerated

[41]

IL-8

NCT02583477 MEDI4736

II

Metastatic pancreatic
ductal carcinoma

23

NA

-

CSF-1R NCT01525602 PLX3397

Ib

Advanced solid tumors

54

Well tolerated, potential of reducing infiltration [64]
of TAMs

CSF-1R NCT02371369 Pexidartinib

III

Tenosynovial giant cell
tumour

174

Tolerable, overall response(39%)

TGF-β

NCT01582269 LY2157299

II

Recurrent glioblastoma

158

Failed to show improved overall survival

[75]

TGFβR

NCT01246986 Galunisertib

II

Advanced hepatocellular
carcinoma

149

Improved median survival rate of responders

[77]

PD-1

NCT02406781 Pembrolizumab II

Sarcoma

57

The 6-month nonprogression rates were 0%,
[78]
0%, 14.3% for LMS, UPS and others respectively

PD-1

NCT02038946 Nivolumab

R/R follicular lymphoma

92

ORR was 4% and median PFS was 2.2 months

II

ORR Objective response rate, PFS progression-free survival, OS overall survival, LMS leiomyosarcoma, UPS undifferentiated pleomorphic sarcoma, GIST
gastrointestinal stromal tumor

References
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cell apoptosis by down-regulating PTEN through miR21 in exosomes, promoting cisplatin resistance in gastric
cancer cells, which has been verified in athymic nude
subcutaneous transplantation mice model [87]. Therefore, tumor or M2 related exosomes are potential therapeutic targets, which can be used to inhibit tumor
proliferation and metastasis.
In addition to mediating the interaction between
tumor cells and macrophages, exosomes also play a role
in the crosstalk between macrophages and T cells, dendritic cells (DCs) and other cells. Therefore, in-depth
study of the mechanism and mode of exosomes in the
interaction between tumor cells and many other cells
will help us fully understand their important role in
tumor occurrence and development, and provide theoretical guidance for the tumor treatment of exosomes.
Some researchers have synthesized responsive exosomes
nano-bioconjugates for cancer therapy, which coupled
the azide-modified exosomes derived from M1 with
dibenzocyclooctyne-modified antibodies of CD47 and
SIRPα. The nano-bioconjugates can release the antibody
in acidic TME and reprogram the M2 to M1, leading to
abolished “don't eat me” signaling and improved phagocytosis of macrophages [88]. Most of the research on the
use of exosomes in the treatment of tumors is still in the
exploratory stage, which has great research value.
Interaction between macrophages and other immune
cells
Macrophages participate in the formation of
immunosuppressive myeloid microenvironment with
MDSCs, DCs and TANs

MDSCs are the precursor cells of bone marrow-derived
DCs, macrophages and granulocytes, recruited to tumor
foci by chemokines like CCL2 and CCL5 to perform
tumor immunosuppressive function [77], together forming an immunosuppressive tumor myeloid microenvironment [89]. We next discuss about the potential signal
pathways by which macrophages participate in the formation of the immunosuppressive TME from the following aspects.
On the one hand, various mediators in the TME are
involved in regulating the recruitment of MDSCs and
monocytes as well as polarizing macrophages through
different signaling pathways, thus promoting the formation of immunosuppressive myeloid microenvironment
(Fig. 3). For example, General Control Nonderepressible
2 (GCN2) is required for tumor growth across several
tumor types such as melanoma, colorectal tumor and
lymphoma. The results of CyTOF and scRNA-seq of
melanoma tumors present that the deletion of GCN2 alters the phenotype of macrophages and MDSCs by increasing the translation of CREB-2/ATF4, resulting in
the loss of their inhibitory function and the
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enhancement of anti-tumor immunity of CD8+ T cell
in vivo [90]. Another example is Nicotinamide phosphide bosyltransferase (NAMPT), which has been found
to be a metabolic gate for mobilization of MDSC and
could be motivated by CSF-1, inhibiting the transcription of CXCR4 through the NAD/Sirtuin1 axis driven by
hypoxia-inducible factor 1 alpha (HIF1α), leading to
MDSCs activation and M2 polarization in syngeneic
orthotopic fibrosarcoma and mammary carcinoma
mouse models [91]. Additionally, various cytokines are
also involved in immunosuppressive function mediated
by MDSCs and TAMs. IL-1 can recruit MDSCs and promote TAMs immunosuppressive programming in melanoma via the IL-1R-MYD88-Tet2 pathway to mediate
immune escape [31]28813659. A recent study also indicates TAMs secrete TGF-β with positive feedback, and
continued exposure to TGF-β and CSF-1 can promote
the expansion of MDSCs and impair macrophages and
DCs differentiation [92]. Moreover, flow cytometry analysis of TRAMP/MICB spontaneous prostate tumor
model implies that the number of MDSCs in the spleen
and tumor infiltration area significantly correlates with
serum levels of soluble MHCI chain-related molecule
(SMIC), the ligand of NKG2D, which activate STAT3
and induce MDSCs amplification as well as M2
polarization [93]. When recruited MDSCs migrate to the
tumor region, hypoxia upregulates sialic acid transportation and combination to CD45, activating CD45 protein
tyrosine phosphorases, resulting in rapid dephosphorylation and activity down-regulation of STAT3, which promotes the differentiation of MDSCs to TAMs in a nonHIF1-dependent manner [94]. Tumor tissues simultaneously up-regulate and down-regulate STAT3 activity in
myeloid cells appear to be contradictory, but when time
and space are taken into account, a dynamic hypothesis
can be proposed. While MDSCs penetrate into tumor
tissue from blood vessels, STAT3 could be up-regulated
to amplify MDSCs by a mechanism mentioned above.
After these recruited and amplified MDSCs further infiltrate tumor tissues and enter the deep vascular deficiency region, hypoxia-driven mechanism takes the lead
to down-regulate STAT3 and promote the differentiation of MDSCs to TAMs. The two mechanisms switch
dominance in different areas of tumor tissue, and promote the formation of immunosuppressive myeloid
microenvironment sequentially and synergistically. Considering the irreplaceable role of MDSCs and macrophages in the immunosuppressive TME, many therapies
such as Resveratrol, Toll-like receptor (TLR) 1/2 agonist,
Gemcitabine nanoparticles, low-dose DNA methyltransferase and histone deacetylase inhibitors have been proposed to inhibit the recruitment and amplification of
MDSCs and promote the polarization of M1 to break
tumor immunosuppression [95–98].

Qiu et al. Biomarker Research

(2021) 9:72

Page 9 of 19

Fig. 3 Crosstalk between major immunosuppressive cells in the TME promotes tumor immune escape. Tumor cells and immunosuppressive cells
in the TME like Th2, Tregs and MDSCs can promote M0 polarize to M2 and enhance its proliferation and migration via a variety of signaling
pathways. Conversely, M2 can also act on these cells, prompting them differentiate towards the immunosuppressive direction, thus forming an
immunosuppressive the TME in concert. The red arrow indicates the polarization direction of cells, and the black arrow indicates that the
cytokines can promote the polarization or function of corresponding cells

Another noteworthy aspect is that different mediums
related to tumor cells can regulate the differentiation of
monocytes into DCs or inhibitory macrophages in TME.
Previous studies have shown that IRF4 and musculoaponeurotic fibrosarcoma oncogene homolog B (MAFB) are
critical in the differentiation of DCs and macrophages,
respectively (Fig. 4). Tumor cells produce high levels of
actinic acid promoted by IL-13 to inhibit IRF4, skewing
monocytes differentiation toward TAMs rather than
DCs in multiple murine sarcoma models [99]. According
to earlier studies, tumor cells secret endogenous nucleoside adenosine to activate M2 and induce development
of DCs through A2B receptor to promote immune escape. These “adenosine-induced” DCs fail to downregulate the expression of the monocytic marker CD14 but
upregulate the DCs marker CD1a, impairing its ability to
induce T cell proliferation [100]. Additionally, tumor
cells express CTLRs’ dendritic cell-associated C-type
lectins-1(Dectin-1) and macrophage-inducible C-type
lectin (MINCLE) to combine with CTLRs expressed in

myeloid cells, which inhibit activation of local myeloid
cells and promote immune suppression [101]. In vitro
experimental technologies like flow cytometry and
ELISA were utilized to show that acute lymphocyte
leukemia cells induce the production of immunosuppressive DCs and favour the generation of M2 by Bone
Morphogenetic Protein 4 (BMP4) signal [102]. Thus,
pharmacological blockade of these signaling pathways
may be a therapeutic option for combating immune escape at the level of myeloid cell differentiation and
polarization. In pancreatic ductal adenocarcinoma mice
model, researchers used the small molecular agonists
such as ADH-503 to partially activate CD11b, which is
highly expressed on TAMs and tumor-infiltrating DCs,
leading to immunosuppressive myeloid cells reprogramming, TAMs repolarization, DCs response enhancement
and drug resistance overcoming in immunotherapy
[103]. In subcutaneous tumor model of breast cancer,
DMCA-pMIP-3β and FDMCA-pMIP-3β microsphere
plasmid nanoparticles, an innovative targeting gene
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Fig. 4 Multiple factors affect monocyte differentiation in the TME. High level of retinoic acid secreted by tumor cells can induce monocytes to
differentiate into immunosuppressive macrophages by interfering with IRF4 and MAFB. Endogenous nucleoside adenosine induces abnormal
development of DCs through A2B receptor, promoting activation of M2, synergistically enhancing immune escape. Similarly, other signaling
molecules such as BMP4 and sap130 can also promote M2 polarization, and M2 secrete IL-10 to inhibit the secretion of IL-12 by vascular classic
DCs (cDCs), thus inhibiting CD8+ T cell-dependent chemotherapy

delivery system, have recently been proposed to promote
the maturation of DCs and inhibit the M2 polarization
by upregulating the macrophage protein 3 beta of tumor
cells, which can also be a breakthrough direction [104].
On the other hand, researches on crosstalk among
macrophages, MDSCs and DCs further verify the proposition mentioned above. Ovarian cancer cells highly
express CD39 and CD73 that help to catalyze the conversion of extracellular ATP to adenosine, which can recruit monocytes and induce them to differentiate into
IL-10-secreting TAMs. TAMs express CD39 and CD73
that further increase the infiltration of MDSCs and
TAMs, thus forming a self-amplifying mechanism to
promote local immune escape [105]. It has been found
that MDSCs produces IL-10 to decrease the production
of IL-12 and promote self-polarization to M2 in spontaneous metastatic 4T1 mouse mammary carcinoma,
which requires intercellular contact and can be partially
reversed by gemcitabine [106]. Meanwhile, macrophages
are confirmed as the primary source of IL-10 which

inhibits the secretion of IL-12 by TIDCs to weaken the
efficacy of CD8+ T cell-dependent chemotherapy in untreated mammary carcinomas by evaluating FACSsorted epithelial versus stromal cell populations [47].
Incidentally, tumor associated neutrophils (TANs) are
also an important component of the immunosuppressive
myeloid microenvironment. Like macrophages, neutrophils can be described as two subsets, N1 and N2, based
on their different effects on immune cells in TME. N1
exhibit antitumor activity, either directly mediated by
antibody-dependent cytotoxicity or indirectly mediated
by the production of pro-inflammatory cytokines and T
cells activation [107]. TANs, mostly N2, is considered to
promote tumor metastasis [108]. Applying flow cytometry and immunofluorescence staining in Burkitt’s lymphoma Mice model identified that KWAR23 enhances
antitumor activities of neutrophils and macrophages by
binding SIRPα expressed on human myeloid cell subsets
to block CD47/SIRPα discussed above [109]. In breast
cancer models, TAMs secreted IL-1β induce γδ T cells
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release IL-17 to regulate the release of G-CSF and promote the recruitment of neutrophils to stimulate metastasis, indicating that TANs is closely related to TAMs in
tumor progression [110]. However, the specific interaction mechanism between TANs and TAMs in tumorigenesis and immune escape remains under-revealed.
Immunohistochemical results of the mouse model of
combined injection of HCC cells and TANs indicate that
TANs promote the intratumoral infiltration of TAMs
and Tregs, which has been proved to be recruited
through CCLl2/CCR2 and CCL17/CCR4 signaling pathways [111]. Although these results suggest the possibility
that TANs interact with TAMs to promote immune escape during tumorigenesis, some findings seem to point
in the opposite direction. Using a transgenic mouse
model, researchers remove macrophages and neutrophils
respectively during the occurrence of EGFR driven lung
cancer, with the results that the removal of neutrophils
has no effect on tumor formation, but the removal of
macrophages significantly reduces the tumor load [112].
Similarly, using B11 to inhibit ephrinB2-EphB4 signaling
in combination with radiation in preclinical models of
pancreatic ductal adenocarcinoma would maximize the
benefits of radiation therapy by significantly reducing
Tregs, macrophages, and neutrophils infiltration and
stromal fibrosis, leading to decreased tumor growth.
Nevertheless, with or without radiation, the consumption of neutrophils alone is not sufficient to control
tumor growth [113]. What is the reason for this divergence, the cancer type or the experimental design? Is it
because TAMs-mediated immunosuppression possesses
more compensatory mechanisms, so that the removal of
TANs could not exert a substantive impact? The effect
of this crosstalk on immune escape deserves further
investigation.
In order to regulate immunosuppressive myeloid
microenvironment, many other targeting methods have
been proposed. As aforementioned, IL-10 is an important factor in immunosuppressive myeloid microenvironment. Delivering a synthetic microRNA mimic let-7b to
activate TLR-7 and inhibit IL-10 production in breast
cancer mouse model can effectively reprogram the function of TAMs/TIDCs, reverse the TME and inhibit
tumor growth [114]. Because of the complex crosstalk
between myeloid cells and other immune checkpoints
[115], the mere consumption of TAMs may lead to
compensatory recruitment of MDSCs [116] and upregulation of ICIs [117], resulting in limitation of
intratumoral myeloid targeting strategy. Therefore, the
treatment of inhibitory microenvironment should be
comprehensive. For instance, given that Notch signaling
is associated with MDSCs, TAMs and Tregs infiltration
as well as immune checkpoint upregulation, flow cytometry analysis of a Tgfbr1/Pten-knockout head and neck
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squamous cell carcinoma mouse model indicates that
blocking Notch1 with γ-secretase inhibitor could reduce
the impact of the above factors on TME to reduce
tumor burden [118]. Furthermore, given that CD169+
macrophages rely on CD169 to transfer antigen to
BATF3 signaling-dependent DCs to initiate CD8+ T cell
immune response [119], delivering melanoma antigen to
CD169 to induce DCs antigen presentation and trigger
specific T cell responses, is an interesting attempt to systematically improve the defect of antigen presentation to
circumvent the limitations of intratumoral myeloid targeting [120].
Interaction between macrophages and CD4+ T cells

Immature CD4+ T cells can be activated under various
cytokine environments to differentiate into different T
helper (Th) cell lines, including Th1, Th2, Th17 and
Tregs, which play an important role in adaptive immunity [121]. A study utilizing scRNA-seq to analyze the
tumor tissue of human advanced lung cancer before and
after targeted therapies showed that T cells and macrophages as the main cell population presented a reversal
of relative abundance in different stages of treatment.
Compared with the samples in the stage of initial treatment or disease progression, the proportion of T cells in
the immune cells of tumor samples in the remission
state was larger, while the macrophages manifested an
opposite infiltration pattern. Moreover, macrophages in
the disease progression stage expressed high levels of
IDO1 and chemokines like CXCL10 to recruit immunosuppressive cell populations such as Tregs and Th2
[122]. Based on this finding, we further explored the mutual regulation between macrophages and T cells.
Tumor progression may be caused by Th1/Th2 mixed
reaction or Th2 dominant response [123], relying on
TGF-β and IL-10 to transform Th1 cells into Th2 cells
to reverse the anti-tumor effects of CD8+ cytotoxic T
cells and CD4+ Th1 cells, which is thought to be a
tumor immune escape mechanism [124]. Th cells affect
tumor TME by altering the polarization direction of
macrophage. Th1 cells secrete IFN-γ to induce M1
polarization while Th2 cells could secrete IL-4, IL-5 and
IL-10 to promote the generation of M2 macrophages
[125]. Maria Pia Protti and Lucia De Monte sorted out
the cytokine networks in pancreatic cancer: tumor cells
release TNF-α and IL-1β to induce cancer associated fibroblasts (CAFs) to secrete thymic stromal lymphocyte
(TSLP) to activate resident DCs, which can release Th2
chemokines (CCL2, CCL17) to recruit Th2 cells to the
tumor region, and then Th2 cells could secrete Th2 cytokines to promote M2 polarization [126]. Relatively,
macrophages also affect the differentiation direction of
Th1/Th2. Studies have found that TAMs in pancreatic
ductal adenocarcinoma could induce CD4+ T cells to
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differentiate into Th2 cells, Th17 cells and Tregs
through NOD-like receptor family pyrin domain–containing 3 (NLRP3) signal relying on IL-10, meanwhile inhibit Th1 polarization and cytotoxic T cells activation
[127]. A further supplementary demonstration of their
interaction is based on the results of a study in BALB/c
mice, suggesting Th2 upregulate PD-L2 on M2 via IL-4R
α and STAT6, while Th1 upregulate PD-L1 expression
on macrophages via TLR4 and STAT1 [128]. Merely
blocking NLRP3 could prompt Th2 to repolarize to Th1,
upregulating PD-L1 expression on macrophages, resulting in immune rebound, thus the combination of NLRP3
and PD-L1 targeting therapy may reverse the M2/Th2
immunosuppressive effect. Furthermore, tumor antigens
in the TME may simultaneously activate extracellular
signal-regulated kinase and p38 these two MAPKs, increasing IL-10 secretion, tilting Th1 response toward
Th2 response, and consolidating M2/Th2-mediated immune escape [129]. Both of the mechanisms by which
M2 induces Th2 polarization are IL-10 dependent, and
IL-10, as mentioned above, also acts as a Th2 cytokine
in M2 activation.
M2 and Th2-mediated immunosuppression have also
been implicated in many clinical treatments. The presence of macrophages and Th2-polarized CD4+ T cells
limits the efficacy of radiotherapy for breast cancer, and
eliminating these cells or neutralizing IL-4 may improve
the clinical response to cytotoxic therapy in breast cancer patients [130]. Analogously, in the radiotherapy of
patent ductus arteriosus, flow cytometry shows that radiation exposure induce the infiltration of Th2 and M2,
while M-CSF blocker could prevent the increase of
them, so as to reduce the disease progression of
radiotherapy-induced pre-invasive cancer and enhance
the radiation antitumor effect [131]. Interestingly, singlecell analysis showed that anti-CD19-CAR-T cells did not
polarize to Th1 or Th2, but showed a highly mixed Th1/
Th2 response in the same cell population, with a small
fraction of the cell population having Treg activity [132].
Whether the poor response to CAR-T therapy for solid
tumors is associated with TAMs inducing this Th1/Th2
mixed functional state to tilt toward the Th2 dominant
response, and whether the effect of macrophages on
CAR-T cells is a potential mechanism of relapse after
CAR-T therapy remains to be determined by more
experiments.
Expressing Foxp3 as key transcription factor, CD4+
Tregs are mainly recruited from blood and acquire Treg
phenotype and function after entering tumor tissue,
exerting a significant action on immunosuppressive
TME [133]. A recent study on murine as well as patients
with non-small cell lung cancer reveals that Tregs secret
IL-10 and IL-35 to promote exhaustion of CD8+ TILs to
limit effective anti-tumor immunity, resulting in poor

Page 12 of 19

prognosis [134]. Macrophages could affect the proliferation, migration, and function of Tregs through various
pathways. Firstly, flow cytometry analysis of glutamineaddicted RCC shows that TAMs induced by tumoractivated HIF1α could secrete IL-23, promoting the
proliferation of Tregs and the expression of IL-10 and
TGF-β, inhibiting the cytotoxic lymphocytes from killing
tumor cells [135]. Studies on breast cancer using flow
cytometric and RNA-seq analysis have also found that
macrophages overexpress CCL1, the ligand of CCR8
expressed on Tregs, to attract Tregs to the tumor area
[136]. Analogously, macrophages secrete CCL22 to induce Tregs to migrate into tumor region in ovarian cancer, inhibiting T cell immunity and promoting tumor
growth [137]. Lung cancer researches shed more light
on a self-amplifying immunosuppressive mechanism involve CCL22. TAMs-derived TGF-β can promote TAMs
to secrete CCL22 and recruit Tregs, which could secrete
high level of IL-8, further inducing TAMs to produce
TGF-β and promote the formation of immunosuppressive microenvironment in malignant pleural effusion
[138]. Relatively, Tregs are also involved in controlling
macrophages recruitment, polarization and function,
jointly maintaining the immunosuppressive TME. Tregs
induce tumor-promoting activation of monocytes or
macrophages through cell contact or secreting IL-10
[139], while flow cytometry analysis and immunohistochemistry of the MHCI-deficient mouse lymphoma
demonstrated that Tregs deletion promote tumor cells
to express MHCII and secrete cytokines and chemokines, enhancing anti-tumor activities [140]. Abundant
targeting strategies for Tregs have been proposed, such
as CCR4 monoclonal antibody and CTLA-4 antibody
[141]. Naveen Sharma et. al treated a melanoma mouse
model with intratumoral injection of TLR1/2 ligand
Pam3CSK4 to increase Fcγ receptor IV expression on
macrophages, leading to antibody-dependent macrophagemediated depletion of Tregs and increasing efficacy of
anti-CTLA-4 antibody in the combination treatment
[142]. In addition, the combination of bromodomain inhibitor JQ1 and Ricolinostat can promote anti-tumor immunity in the mouse model of non-small cell lung cancer,
the former specifically reduce the expression of Foxp3,
CTLA-4 and PD-1 in Tregs and weaken its immunosuppressive function, while the latter could promote the expression of MHC and costimulatory molecule CD86 in
macrophages [143].
Interaction between macrophages and CAFs

CAFs are the most abundant stromal cells in the TME,
which can release a large number of cytokines,
synthesize and remodel extracellular matrix to form
tumor-promoting fibrous microenvironment [144]. 30%
~ 40% CAFs are generated from endothelial cells
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to reduces tumor growth [151]. The fact that macrophages and CAFs promote each other to enhance the
growth of tumor makes the tumor immunotherapy complex and attractive.
To sum up, targeted blocking crosstalk between TAMs
and various cells in the TME is a hotspot in current cancer immunotherapy, but related researches on the crosstalk between macrophages and immunosuppressive cells
are still in the preclinical stage (Table 2). Further studies
are needed to elucidate the potential mechanism of
crosstalk between macrophages and immunosuppressive
cells in tumor immunosuppression in order to develop
effective target treatment strategies.

through endothelial-to-mesenmal transition, and could
secrete HSP90α to induce M2 polarization and promote
tumor progression [145], which can be abrogated by
Octyl gallate by blocking HSP90Α-TLR4 ligation [146].
TAMs from peripheral blood mononuclear cell can enhance the proliferation of bone marrow mesenchymal
stem cell (BM-MSCs), and CAFs from BM-MSCs can
enhance the invasion of tumor and form a favorable environment for neuroblastoma [147]. Also, IL-6, M-CSF,
MCP-1 and stromal cell-derived factor-1 can be secreted
by CAFs to promote macrophages infiltration and differentiation [148], while M2 could relatively secrete TGF-β
to promote endothelial-to-mesenmal transition and increase reactivity of CAFs, thus enhancing invasiveness of
cancer cells [149]. In addition to the above targeting
strategies, Cellax-DTX polymers can target αSMA+
CAFs and macrophages, continuously interact with them
and consume them, thus preventing the development
and metastasis of tumor cells, which has been applied in
a metastatic PAN02 mouse model of pancreatic cancer
[150]. In high-risk metastatic neuroblastoma model
treated with a small molecule inhibitors targeted at
microsomal prostaglandin E synthesis-1 (mPGES-1), immunohistochemical staining revealed a decrease in
CD206 positive tumor-promoting M2 macrophages in
tumors by blocking CAF-derived PGE2, which avoids
adverse effect of current clinical PGE2-targeting drugs

Macrophages work with PD-1/PD-L1 axis to mediate
immune escape

PD-L1, also known as CD274 or B7-H1, is a key protein
expressed by tumor cells for suppressive immune response, and its receptor PD-1 (also known as CD279) is
constitutively expressed in immune cells as a safety
mechanism for controlling immune response [152]. Researchers applied CyTOF and scRNA-seq to characterize
the immune map in tumor tissues of patients with RCC,
which showed that macrophages possessed direct immunosuppressive characteristics, including the upregulation of PD-1 related genes CD273 and CD274,
which are responsible for T cell depletion [153]. After

Table 2 Representative preclinical experiments about immunosuppressive cells
Cell

Target

Drug name

Animal model

Combination therapy

Effect on the TME

References

MDSC

NAMPT

FK866 and MV87

Fibrosarcoma mouse
model

PD-1 antibody

Decrease MDSCs, increase T cell

[91]

—

Resveratrol

Lewis lung carcinoma
bearing mice

-

Decrease MDSCs, increase T cell

[95]

γ-secretase

DAPT

Head and neck
squamous cell carcinoma

-

Decrease MDSCs/TAM/Tregs

[118]

CD-11b

ADH-503

Pancreatic ductal
adenocarcinoma

PD-1/41BB antibody

Promote M1 polarization; Increase
cDCs/T cell

[103]

TLR-7 /IL-10

let7b

Breast cancer

-

Activate TIDCs; Increase secretion
of IL-12/IL-10

[114]

CD169

CD169 antibodies

Melanoma

-

Increase CD8+T cell response

-

SIRPα

KWAR23

Burkitt’s lymphoma mice
model

Anti-CD70 antibody

Enhance neutrophils and
macrophages antitumor activity

[109]

B11

EFNB2-EphB4

Pancreatic ductal
adenocarcinoma

Radiation

Decrease Tregs, macrophages,
and neutrophils

[113]

IL-23

Guselkumab

Renal cell carcinoma

-

Decrease Tregs; Decrease secretion
of IL-10/TGF-β; Increase cytotoxicity
of CD8+T cells

[135]

TLR1/2

Pam3CSK4

B16/F10 melanoma model

CTLA-4 antibody

Increase M1/T cells; Decrease Tregs

[142]

Bromodoma

JQ1/ricolinostat

Non-small cell lung cancer
model

-

Increase T cell, decrease M2

-

HSP90

Octyl gallate

Pancreatic ductal
adenocarcinoma

-

Decrease M2

[146]

mPGES-1

CIII

Neuroblastoma tumor

-

Decrease M2

[151]

DCs

TANs

Tregs

CAFs
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binding to PD-L1, the tyrosine residues of PD-1 are
phosphorylated and combine with protein tyrosine phosphatase to activate downstream PI3K/Akt and other
pathways to conduct inhibitory signals to T cells [154].
ICIs blocking PD-1/PD-L1 axis have shown great potential, while a part of cancer patients are still unable to
benefit from ICIs (Table 1), triggering the exploration of
the potential complicated relationship between macrophages and PD-1/PD-L1 axis in the TME [78, 79].
TAMs regulate the expression of PD-L1 on tumor
cells and PD-1 on CD8+ T cells. PD-L1 is highly
expressed in a variety of tumor tissues, can be upregulated by TAM-derived TNF-α, and is positively correlated with macrophage infiltration in tumor stroma
[155]. In a mouse model of lung cancer, macrophagederived IL-6, which is promoted by Rab37 in a GTPasedependent manner, up-regulates STAT3-denpendent
PD-1 on CD8+ T cells to elicit an immunosuppressive
TME [156]. The expression of PD-L1 on TAMs is also
affected by many factors in the TME. IL-27/STAT3 axis
induces overexpression of PD-L1/2 in lymphoma infiltrating macrophages [157]. Progranulin could upregulate PD-L1 on TAMs through STAT3 pathway to
promote immune evasion of breast cancer [158]. Meanwhile, PD-1/PD-L1 axis exerts a profound effect on
macrophage function. The increase expression of PD-1
on TAMs could inhibit its phagocytosis [159] and structurally act on mTOR pathway, negatively regulating proliferation and activation of macrophages [160].
Therefore, PD-1/PD-L1 blockade can also directly affect
macrophages.
PD-1/PD-L1 blockade can promote the proinflammatory polarization of macrophages [161],
strengthen the activity of effector T cells, and also cooperate with other immune checkpoint inhibitors to
limit tumor spread [162]. Nevertheless, Fcγ receptors
(FcγRs) on macrophages migrate PD-1 antibodies that
are isomorphic to human IgG4 such as nivolimab and
pembrolizumab from T cells to TAM, weaken the efficacy of PD-1/PD-L1 blockade, suggesting Fc modified
IgG variants and inhibiting FcγRs binding may be a solution to resistance [163]. Recently, many other therapeutic strategies targeting TAMs have been confirmed
to work synergistically with PD-1/PD-L1 blocking therapy, such as ASF1A inhibitor, anti-CD40 antibody,
CCL2-CCR2 axis blocker, VEGFR1 inhibitor, BRD4 inhibitor and so on [164–167].
In addition to PD-1/PD-L1 axis, some experimental
results suggest that TAMs may also work with other immune checkpoints such as CTLA/CD86 axis and TIM3/
galectin-9 axis to induce immune escape, but definitive
evidence is still lacking [168, 169]. The interaction between macrophages and these immune checkpoints in
immune escape deserves further study, and the
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effectiveness of various combination therapies also needs
to be further confirmed by clinical trials.
Macrophages help to form immune unresponsive sites

Immune unresponsiveness is an important reason for
tumor tissues to evade immune surveillance, and macrophages may participate in immune privilege in tumor
tissues through the following mechanisms. Firstly, macrophages could form a physiological barrier by accumulating CAFs to the tumor area, which deposit fibrous
collagen, hyaluronic acid, fibronectin and other
substances and secrete lysyl oxidase to stimulate type I
collagen cross-linking, thereby forming a physical barrier
[170]. Secondly, similar to tumor cells, the induced
TAMs can express Fas-L and release active soluble FasL to induce apoptosis of Fas+ lymphocyte [171], while
CAFs can up-regulate Fas-L and PD-L2 through MHC-1
antigen cross-presentation and inhibit the activity of
CD8+ T cells [170], thus forming a TME lacking
lymphocyte infiltration. Furthermore, Nobutaka Kobayashi et al. have developed a HA synthase 2 gene conditional knockout mice to prove that hyaluronic acid
secreted by tumor cells can bind to TLR4 on the surface
of macrophages, induce TAMs to migrate to tumorrelated areas [172], and inhibit the expression of C/EBPβ
through miR935 to promote the differentiation of macrophages into M2 Macrophages [173], thereby promoting malignant tumor cells to avoid immune surveillance
and “cool down” the immunoreaction.

Conclusion
The review summarizes a variety of immunosuppressive
cells and pathways in the TME, and focuses on their
interaction with macrophages and specific mechanisms
involved in tumor immune escape. On the basis of existing research, we discussed several main mechanisms of
how macrophages participate in tumor antigen recognition disorders and their interaction with immunosuppressive cytokines and cells, highlighting the core
position of macrophages in the inhibitory cytokine network and its influence on tumor immune escape. So far,
cytokine network of macrophage mediated immune escape have been studied profoundly, and related targeted
drugs have uncovered a synergistic anti-tumor immune
response in clinical treatment. Various types of treatment methods, such as inhibiting the up-regulation of
macrophage-related surface molecules and the secretion
of cytokines, and reducing their tumor-promoting
polarization, can effectively enhance the phagocytosis of
macrophages in the TME, and then interact with other
immune cells. All of the above demonstrate the participation of macrophages in tumor immune escape
through various molecular mechanisms, which deserve
more attention. Nonetheless, in view of the complexity

Qiu et al. Biomarker Research

(2021) 9:72

of cells crosstalk in the TME, related researches are still
in the preclinical research stage. Therefore, given that
macrophages-targeted therapy is expected to be the next
frontier in cancer immunotherapy, clarifying their interaction mode would help to form a more comprehensive
understanding of immunosuppressive TME, avoiding
immune rebound, reducing tumor immune evasion and
promoting the development of related research.
With the development of precision medicine, tumor
therapy has gradually turned to targeted therapy, and
immunotherapy will gradually be incorporated into comprehensive cancer therapy. Targeted elimination of immunosuppressive elements in the TME to enhance
tumor killing activity is necessary for successful cancer
treatment. Considering that immunosuppressive factors
exist in the TME from the earliest stage of tumor formation, applying targeted agents that control or eliminate
immunosuppressive factors in cancer treatment will effectively reduce immune escape and is a promising research direction. An in-depth understanding of tumor
immune evasion mechanisms will help formulate effective treatment strategies to benefit cancer patients.
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TSLP: Thymic Stromal Lymphocyte; NLRP3: NOD-like Receptor Family Pyrin
Domain–containing 3; BM-MSCs: Bone Marrow Mesenchymal Stem cells;
mPGES-1: Microsoft Prostaglandin E synthesis-1; FcγRs: Fcγ Receptors
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