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Abstract 

Tumor-associated myeloid cells (TAMCs) are among the most important immune cell populations in the tumor micro-
environment, and play a significant role on the efficacy of immune checkpoint blockade. Understanding the origin of 
TAMCs was found to be the essential to determining their functional heterogeneity and, developing cancer immuno-
therapy strategies. While myeloid-biased differentiation in the bone marrow has been traditionally considered as the 
primary source of TAMCs, the abnormal differentiation of splenic hematopoietic stem and progenitor cells, erythroid 
progenitor cells, and B precursor cells in the spleen, as well as embryo-derived TAMCs, have been depicted as impor-
tant origins of TAMCs. This review article provides an overview of the literature with a focus on the recent research 
progress evaluating the heterogeneity of TAMCs origins. Moreover, this review summarizes the major therapeutic 
strategies targeting TAMCs with heterogeneous sources, shedding light on their implications for cancer antitumor 
immunotherapies.

Keywords Tumor associated myeloid cells, Myelopoiesis, Cancer immunotherapy, Immune checkpoint blockade, 
Tumor microenvironment, Immune evasion

Introduction
Recently, immunotherapy has emerged as a new pil-
lar of cancer treatment. Immune checkpoint blockade 
(ICB) therapies such as anti-PD-1/anti-PD-L1 have dra-
matically improved outcomes in patients with melanoma, 
non-small cell lung cancer, and other tumor types, mak-
ing them one of the most promising therapies in the field 
of cancer treatment. However, despite the notable effect 
of these new immunotherapies on cancer treatment, a 
method to achieve a durable clinical response in most 

patients with cancer has not yet been developed. In this 
direction, numerous obstacles must be addressed, such 
as the low objective response rate, inevitable drug resist-
ance, and limited survival benefit of patients.

Growing evidence suggests that a high infiltration of 
immunosuppressive cells into the tumor microenviron-
ment (TME) correlates with poor prognosis and has a 
profound effect on the antitumor efficacy of ICB treat-
ment in a variety of patients with cancer [1–3]. Tumor-
associated myeloid cells (TAMCs) are the most abundant 
immune cells in the TME, accounting for up to 50% of 
the total tumor mass in solid tumors. Generally, TAMCs 
are mainly represented by two populations: tumor-asso-
ciated macrophages (TAMs) and myeloid-derived sup-
pressor cells (MDSCs), which promote tumor growth 
either directly by favoring tumor cell proliferation and 
survival or indirectly by creating an immunosuppressive 
microenvironment [4–6]. Most importantly, given their 
abundance and strong T-cell suppression potency, a large 
body of evidence has shown that TAMCs exert profound 
effects on resistance to ICB treatment. TAMC infiltration 
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is closely correlated with  CD8+ T-cell exhaustion and 
negatively correlated with ICB efficacy [7]. The dual 
inhibition of TAMs and granulocytic MDSCs can signif-
icantly enhance the efficacy of ICB [8]. Although combi-
nation immunotherapy strategies targeting TAMCs have 
been widely developed, the results have been modest. 
Hence, it is crucial to understand the characteristics of 
TAMCs.

A major challenge in developing TAMCs target strat-
egies is that TAMCs are highly heterogeneous in their 
functions and origins. Recently, a more holistic analysis 
of TAMCs using single-cell RNA sequencing revealed the 
diversity of TAMCs in a wide range of cancers, includ-
ing lung, breast, and ovarian cancers [9–12]. Recent 
studies have revealed significant functional differences 
among TAMCs derived from different sources, indicat-
ing that TAMCs’ origin is the key to determining func-
tional heterogeneity. In addition to the classical origin of 
bone marrow (BM), the spleen and embryo have recently 
emerged as non-negligible sites for TAMCs production. 
The abnormal differentiation of hematopoietic stem and 
progenitor cells (HSPCs), erythroid progenitor cells, B 
precursor cells, and embryo-derived TAMCs are also an 
important origins of TAMCs. These myeloid cells exhib-
iting origin heterogeneity have unique phenotypes and 
functional characteristics. Moreover, they acquire multi-
ple mechanisms to impair the efficacy of ICB (Table 1). 
Understanding the origin and functional heterogeneity 
of TAMCs is important for developing precisely targeted 
intervention strategies, providing new ideas for overcom-
ing myeloid immunosuppression, restoring protective 
T-cell immunity, and enhancing the efficacy of ICB syn-
ergistic therapy in patients with cancer.

In this review, we summarize the critical progress 
in understanding the origin of TAMCs via tumor-
trained myelogenesis and the role of these hetero-
geneous TAMCs in inducing immune evasion and 
immunotherapeutic resistance. Finally, we propose pro-
spective targeting strategies that could be exploited to 
enhance anticancer immunotherapy.

Origin of classical TAMCs
Tumor‑trained myeloid‑biased differentiation in BM
Steady-state hematopoiesis in the BM is a strictly regu-
lated process of step-by-step lineage commitment that 
ensures the continuous generation of all blood line-
ages. Conventionally, myelopoiesis is initiated at the first 
branching point when an HSPC makes the binary choice 
to become either a common myeloid progenitor (CMP) 
or a common lymphoid progenitor (CLP). CMPs lose 
their differentiation potential after commitment to gran-
ulocyte–macrophage progenitors (GMPs) or megakaryo-
cyte-erythroid progenitors (MEPs). GMPs are known to 

differentiate into neutrophils, macrophages, and MDSCs. 
As for MEPs, they simultaneously produce megakaryo-
cytes and erythrocytes [13]. However, in carcinogenesis, 
steady-state hematopoiesis is perturbed and is character-
ized by the preferential differentiation of myeloid cells 
at the expense of erythrocytes and lymphocytes [14–16] 
(Fig. 1).

Tumor-trained myeloid-biased differentiation of HSPC 
has been widely reported. A four- to seven-fold increase 
in the levels of circulating GMPs was observed in 133 
patients with seven different types of tumors, exhibiting 
a generalized myeloid bias of HSPCs with a skew toward 
granulocytic differentiation. The main mechanisms of 
myeloid bias include impaired differentiation into mature 
myeloid cells and targeted reprogramming of myeloid 
differentiation from an early hematopoietic compart-
ment, which results in the accumulation and persistence 
of immature myeloid cells [14, 17, 18]. Specifically, a reg-
ulatory network including stem cell factor, granulocyte–
macrophage colony-stimulating factor (GM-CSF), IL-6, 
and prostaglandins drives the expansion of heterogene-
ous immature myeloid cells and blocks their maturation 
[19–22]. In addition, the upregulation of transcription 
factors, such as cEBP-β, STAT3, p50, and Ror-β, also 
contributes to myeloid-biased differentiation. Clinical 
data have also confirmed that in colorectal cancer and 
hepatocellular carcinoma (HCC), myeloid-biased differ-
entiation, such as an elevated preoperative neutrophil-
to-lymphocyte ratio, is a poor prognostic predictor of 
colorectal cancer and HCC [23, 24].

Macrophages, MDSCs, neutrophils, and dendritic cells 
derived from tumor-trained myeloid-biased differentia-
tion migrate to local tumors under the action of differ-
ent chemokines and perform specific biological functions 
(Fig. 4).

Tumor‑associated macrophage (TAM)
M1‑TAM and M2‑TAM
Several molecules such as CCL2, CCL5, colony-stimu-
lating factor 1 (CSF-1), transforming growth factor-beta 
(TGF-β), vascular endothelial growth factor (VEGF), 
and platelet-derived growth factor can recruit mono-
cytes into TME and promote their differentiation into 
TAM [25, 26]. Macrophages are classified into two cat-
egories based on their surface receptor expression and 
secreted products: classically activated macrophages 
(M1) polarized by IFN-γ and lipopolysaccharide, and 
alternatively activated macrophages (M2) polarized by 
IL-4 and IL-13 [27]. Interestingly, the polarization state 
of TAM is plastic. High levels of proliferator receptor 
gamma (PPARγ), enhancement of the NF-κB signaling 
pathway, and a weakly acid or hypoxic TME promote 
the polarization of TAM from the M1 phenotype to 
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the M2 phenotype. When these conditions are sup-
pressed, M2 can be repolarized into M1 [28]. Function-
ally, M1 (F4/80+CD11b+CD86+) can kill tumor cells by 
expressing inducible nitric oxide synthase (iNOS), reac-
tive oxygen species (ROS), and cytokines such as IL-1β, 
tumor necrosis factor-alpha (TNF-α), IL-12 and IFN-γ. 
Moreover, M1 also triggers the activity of natural killer 
(NK) cells and prime cytotoxic T-cells. Conversely, M2 
(F4/80+CD11b+CD206+) inhibits the activity of T-cells 
and NK cells by expressing ARG-1, IL-10, and TGF-β, 
induces angiogenesis and promotes tumor growth and 
invasion by expressing VEGF and matrix metal protein 
(MMP), and can also generate chemokines such as CCL2 
and CCL5 to recruit regulatory T-cells (Tregs). In the 
TME, the phenotypic change of TAM is characterized by 
a significant increase in the proportion of M2 with tumor 
progression, which is associated with poor prognosis in 
many malignancies [29]. M2-TAMs have been shown to 
be largely responsible for PD-1/PD-L1 blockade resist-
ance by inducing T-cell exclusion within tumor sites and 
secreting indoleamine 2, 3-dioxygenase (IDO) to inhibit 
T-cell functions [30]. However, increasing evidence indi-
cates that there are many macrophages with overlapping 
M1 and M2 characteristics between pro-inflammatory 
M1 and anti-inflammatory M2 cells [31]. Therefore, the 

heterogeneity of TAM in the TME is more complex than 
what we previously thought of as a binary classification. 
For example, Peng et al. used scRNA-seq to redefine five 
TAM subtypes based on gene expression profiles rather 
than on phenotypes. Genes involved in Class II antigen 
presentation (HLA and CD74), genes related to extracel-
lular matrix (ECM) deposition and remodeling (COL1A), 
genes for the recruitment of myeloid cells (CCL2), 
chemokine genes responsible for cytotoxic T-cell infil-
tration (CXCL9 and CXCL10), and genes that generate 
pro-inflammatory cytokines (S100A8 and S100A9) were 
highly expressed in the five cell clusters [32].

Proliferating TAM in local tumors
Emerging evidence indicates that after site transition 
from the periphery to the TME, TAMs can still accumu-
late through tumor-trained proliferation. Recent studies 
using mouse models have indicated that the proliferative 
capacity of TAMs is higher than that of mammary tissue 
macrophages in breast cancer tissues, promoting tumor 
growth [33]. Furthermore, analysis of clinical liver can-
cer tissues has revealed a high level of TAM prolifera-
tion [34]. However, the precise mechanisms that regulate 
TAM self-renewal remain unclear.

Fig. 1 The origin and regulatory mechanism of classical TAMCs. Normally, there is a steady-state myelopoiesis in the bone marrow, producting 
mature erythrocytes, lymphocytes, and myeloid cells. However, tumors induce myeloid-biased differentiation via upregulation of some transcription 
factors and action of various regulatory factors. On the basis of downregulating CLP ratio, GMP level increases significantly and immature myeloid 
cells accumulate in the bone marrow
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Wang et  al. found that adenosine, produced by aden-
osine monophosphate (AMP) and catalyzed by CD73 
in hepatoma cells, is an essential element in the induc-
tion of TAM proliferation. Simultaneously, autocrine 
GM-CSF released by tumor-stimulated TAMs enhances 
A2A receptor expression in TAMs. Moreover, they dem-
onstrated that GM-CSF functions synergistically with 
adenosine to activate the downstream AKT/ERK signal-
ing pathway, inducing TAM proliferation and promoting 
tumor progression. Therefore, their findings further sup-
port the hypothesis that TAMs exhibit increased prolifer-
ation, which is an important mechanism contributing to 
TAMs accumulation in human HCC. These self-replicat-
ing TAMs  (Ki67+ TAM) exhibit an immunosuppressive 
phenotype and are inversely correlated with the density 
of  CD8+ T cells, playing a role in promoting tumors and 
predicting a poor prognosis. Kaplan–Meier analysis 
showed that local TAM replication was correlated with 
reduced overall survival (OS) and recurrence time in 
patients with HCC [34]. Expression levels of the adeno-
sine receptor ADORA2B were negatively correlated with 
the OS of patients with HCC [35]. Therefore, through 
this mechanism, self-proliferation may be a potential 
target for future antitumor immunotherapy, providing a 
new strategy for inhibiting TAM accumulation in HCC.

MDSC
Chemokines such as CCL2, CXCL5, and CXCL8 recruit 
immature myeloid cells to the tumor stroma [36]. Imma-
ture myeloid cells become immunosuppressive MDSC 
under the combined influence of tumor-derived IL-1β, 
IL-6, and S100A8-9, as well as IFN-β, IL-4, IL-13, and 
IL-10 released by activated T cells [37]. Cytokines, such 
as IL-6, IL-10, and TGF-β, promote the accumulation 
and expansion of MDSC by activating the JAK/STAT1 
and JAK/STAT3 signaling pathways [38].

MDSCs are divided into two main subpopulations based 
on their direction of differentiation: monocytic (M-MDSCs) 
and polymorphonuclear (PMN-MDSCs). In mice, 
M-MDSCs were defined as  CD11b+Ly6G−Ly6Chi, whereas 
PMN-MDSCs were defined as  CD11b+Ly6G+Ly6Clo. In 
humans, M-MDSCs are  CD11b+CD14+HLA-DR–/loCD15−, 
whereas PMN-MDSCs are  CD11b+CD14−CD15+/CD66b+. 
Although M-MDSCs and PMN-MDSCs appear to develop 
along divergent pathways, studies have shown that histone 
deacetylase 2 (HDAC-2) can mediate transcriptional silenc-
ing of the retinoblastoma gene in myeloid cells to enable 
M-MDSCs to acquire the PMN-MDSC phenotype, which 
is an important reason for PMN-MDSC accumulation 
in patients with tumors [39]. Upon entry into the TME, 
MDSCs impair the antitumor activity of T cells; inhibit the 
function of NK cells, macrophages, and dendritic cells; and 
induce Tregs by producing ARG-1, iNOS, TGF-β, IL-10, 

cyclooxygenase-2 (COX-2), and IDO [40]. Accumulating 
evidence demonstrates that high MDSC infiltration is nega-
tively associated with the efficacy of ICBs in multiple tumor 
types. Therefore, therapeutic strategies targeting MDSC in 
combination with ICBs have been extensively tested [41].

Tumor‑associated neutrophil (TAN)
The CXCL2-CXCR2 axis and cytokines such as GM-CSF, 
TNF-α, and IFN-γ attract neutrophils into TME, where 
neutrophils are trained into TANs. In mice, TANs are 
defined as  CD11b+Ly6G+, while in humans, they are 
defined as  CD15+CD16+CD66b+CD14−. Similar to mac-
rophages, TANs are classified into a functionally distinct 
antitumorigenic phenotype (N1) and a protumorigenic 
phenotype (N2). Studies have shown that TGF-β alters 
neutrophilic phenotype into N2, while type 1 interferon 
alters neutrophilic phenotype into N1 [42, 43]. The key 
mediator of N2 carcinogenesis is MMP-9, which plays 
an important role in inhibiting tumor cell apoptosis and 
promoting angiogenesis. Additionally, N2 inhibits the 
function of  CD8+ T cells, contributes to tumor inva-
sion and metastasis, and promotes tumor progression by 
recruiting macrophages and Tregs via CCL2 and CCL17. 
N1 plays an antitumor role by killing tumor cells directly 
or by activating dendritic cells,  CD4+ T cells, and other 
immune cells [44]. Although the TME polarizes TAN to 
N2, angiotensin-converting enzyme inhibitors (ACEi) 
and angiotensin II type 1 receptor (AGTR1) antagonists 
can polarize it toward N1 to attenuate tumor growth 
[45]. Studies have confirmed that higher TAN densities 
after ICB treatment result in poorer OS [46]. Moreover, 
targeted TAN therapy has been reported to improve the 
efficacy of ICB therapy. However, accurate targeting of 
N2 without destroying N1 to protect normal immune 
function remains a critical challenge [47].

Tumor‑associated dendritic cell (TADC)
TADC populations are composed of three major sub-
groups: plasmacytoid DC (pDC), conventional DC 
(cDC1 and cDC2), and monocyte-derived DC (moDC) 
[48]. Tumors recruit pDCs from lymphatic organs to 
the TME by secreting CXCL12. pDCs were identified 
as BDCA-2+BDCA-4+IL-3Ra+CD11c− in humans and 
 CD45R+CD317+Siglec-H+CD11clow in mice. pDCs 
express high levels of IDO, ICOSL, and PD-L1. Moreo-
ver, they produce granulosase B to inhibit  CD8+ T cells 
and induce Tregs, thus promoting tumor progression.

In contrast, cDCs play an antitumor role. cDCs migrate 
from the peripheral tissue to the TME under the action 
of the chemokines CCL5 and XCL1 and are mainly 
divided into cDC1s  (BDCA3+CD141high) and cDC2s 
 (BDCA1+CD1c+). cDC1 is the main DC subgroup that 
migrates to lymph nodes for cross-presentation. At the 
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same time, cDC1 also produces inflammatory cytokines 
such as TNF-α, IL-6, IL-8, and IL-12 to promote  CD4+ 
T cell polarization and NK cell activation and generates 
CXCL9 and CXCL10 to recruit  CD8+ T cells into TME. 
cDC2 produces various cytokines, such as IL-1β, IL-6, 
IL-12, and IL-23, to activate  CD4+ T cells.

MoDCs are derived from monocytes and have a phe-
notype similar to cDC2, making them difficult to dis-
tinguish. The expression of NOS2, CD40 L, and TNF 
in MoDCs is closely related to the destructive effects of 
 CD8+ T cells in the TME [49].

TADCs, which are rich in PD-L1 expression, are an 
important target of PD-L1 blocking antibodies. There-
fore, ICBs can reinvigorate DC function to generate 
effective antitumor T-cell immunity [50]. Notably, stud-
ies using scRNA-seq analysis have further clustered this 
activated DC population as cDC1 [51].

Next, we summarized non-BM-derived TAMCs, which 
are critical components of TAMC heterogeneity that may 
have been overlooked in previous studies.

Splenic HSPCs mediated tumor‑promoting 
myelopoiesis
Myeloid cells are usually short-lived and require constant 
replenishment by HSPCs as cancer progresses [52]. In 
addition to the BM, HSPCs exist in the spleen and play 
an important role in supplying myeloid cells to promote 
tumor progression. Previously, the spleen was considered 
an important extramedullary reservoir of myeloid cells, 
specifically monocytes, which are fundamentally impor-
tant for tumor-induced tolerance. However, a growing 
body of research has shown that tumor-trained myeloid-
biased differentiation also occurs in the spleen, which is 
the main lymphoid organ that undergoes myeloid cell 
expansion during tumor development. There is strong 
evidence that splenectomy can significantly decrease the 
number of TAMCs, restore protective T-cell immunity, 
and induce tumor regression when synergized with ICB. 
Splenic  CD11b+Gr-1intLy6Chi cells with myeloid progeni-
tor features expand in the marginal zone of the spleen, 
induce the cross-presentation of tumor antigens, and 
cause  CD8+ T cell tolerance [53].

In recent years, extramedullary hematopoiesis (EMH) 
in the spleen, which is important for the production of 
myeloid suppressor cells in the tumor state, has received 
extensive attention. With the increasing demand for 
hematopoiesis and damage to the hematopoietic function 
of the BM, the tumor-bearing host activates extramed-
ullary organs, particularly the spleen, to supplement 
hematopoietic function. Heightened splenic myelopoiesis 
in cancer can be linked to a large accumulation of HSCs 
and GMPs within the splenic red pulp of tumor-bearing 
hosts. These progenitor cells locally produce monocytes 

and granulocytes [53]. Researchers have revealed that 
splenic EMH is not only a quantitative supplement to 
BM hematopoiesis in tumor-bearing hosts but also has 
a unique and important function in generating immu-
nosuppressive myeloid cells [54]. They found that the 
splenic stromal cells of tumor-bearing mice recruited 
specific subsets of HSPCs into peripheral circulation via 
the CCL2/CCR2 axis. Endogenous GM-CSF signaling 
and local education through the splenic stroma, such 
as the production of IL-6, synergistically drive the mye-
loid commitment of HSPCs to differentiate into potent 
immunosuppressive myeloid cells. Therefore, the selec-
tive recruitment of circulating HSPCs and splenic niche 
signals is an integral and essential process that promotes 
the systemic myeloid response (Fig.  2). Moreover, Cor-
tez-Retamozo et al. [55] discovered a special mechanism 
for the retention of this particular group of HSPCs in the 
spleen, which strongly proved that this extramedullary 
source could sustain a sufficient supply of TAMCs. They 
found that a fraction of the angiotensinogen produced by 
tumors may be locally converted into Ang II in a mouse 
model of lung adenocarcinoma. AngII depends on AngII-
AGTR1A signal transduction in hematopoietic cells to 
suppress the signaling between sphingosine-1-phosphate 
receptor 1 and sphingosine-1-phosphate and significantly 
increases the retention of HSCs in the spleen, thus ampli-
fying the macrophage progenitor response in  vivo and 
consequently facilitating the supply of TAM in the spleen 
during cancer progression. Therefore, the reprogram-
ming of AngII-dependent HSPC trafficking expanded 
splenic HSPCs in tumor-bearing mice and increased the 
number of TAM in the tumor tissue at its source (Fig. 3).

Although circulating HSPCs are an important source of 
splenic HSPCs, splenic HSPCs are characterized by their 
ability to support stress-induced myelogenesis. Splenic 
HSPCs include primed progenitors of potent myeloid 
suppressors that readily respond to endogenous GM-CSF 
signals and produce highly inhibited myeloid descend-
ants. Thus, they can directly inhibit the proliferation 
and antigen-induced cytotoxic activity of anti-CD3 and 
anti-CD28 stimulated T cells, regardless of the presence 
of tumors. Splenic HSPCs are considered negative clini-
cal indicators, and a higher frequency of CD133 expres-
sion is associated with poorer patient prognosis [54]. As 
tumor-generated angiotensinogen is indicative of splenic 
HSPCs retention, the angiotensinogen level in human 
patients is associated with clinical prognosis and has ref-
erence value [55].

Collectively, splenic HSPCs are critical for the genera-
tion of TAMCs and the impairment of antitumor immu-
nity, providing promising antitumor immunotherapy 
strategies to restrain systemic tumor-promoting mye-
lopoiesis at its source.
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Tumor‑induced erythroid precursor‑differentiated 
myeloid cells
Previous studies on TAMCs have mainly focused on the 
leukocyte immune system; however, the role of erythroid 
cells in tumor immunity has been neglected. Evidence 
suggests that erythroid cells have both immunosuppres-
sive and immunomodulatory properties [56–59]. In addi-
tion to splenic HSPCs, erythroid progenitor cells in the 
spleen are directly involved in the generation.

Abnormal tumor-trained extramedullary erythro-
poiesis leads to the accumulation of a large number 
of erythroid precursor cells (EPCs) in extramedullary 
hematopoietic organs, specifically the spleen [60]. As 
robust immunosuppressors, the CD45 subpopulation 
of EPCs behaves similarly to MDSC-like cells, causing 
systemic impairment of  CD8+ T cell-mediated immune 
responses [61]. Recently, Long et al. showed that the tra-
ditional hematopoietic development model was disrupted 
under tumor regulation and that tumors blocked the 
default red blood cell differentiation pathway of  CD45+ 
EPCs (Fig.  2). Under the effect of GM-CSF, they trans-
form into myeloid cells, becoming an important origin of 
TAMCs in the TME, revealing a new production mecha-
nism for TAMCs [62]. This cellular "erythroid-myeloid 

hybrid" population carries both erythroid and myeloid-
specific markers, named "erythroid-differentiated mye-
loid cells (EDMCs)" (Fig.  3). Moreover, this process 
creates a feed-forward mechanism whereby sustained 
anemia repeatedly triggers extramedullary erythropoie-
sis. However, the tumor diverts extramedullary eryth-
ropoiesis from red blood cells to EDMCs, ultimately 
resulting in the continuous production of erythroid-
derived TAMCs.

Functionally, EDMCs are more effective in suppress-
ing  CD8+ T-cell proliferation and IFN-γ production 
by expressing high levels of PD-L1, ARG-1, and NOS2. 
Although both classical MDSCs and EDMCs accelerated 
tumor growth and attenuated the efficacy of anti-PD-L1 
treatment, EDMCs mediated stronger suppression than 
classical MDSCs (Fig. 4). Clinically, the number of intra-
tumoral EDMCs predicts T-cell exhaustion and a tolerant 
microenvironment in the majority of tumor types. Addi-
tionally, high infiltration of EDMCs was negatively cor-
related with the therapeutic efficacy of the PD-1/PD-L1 
antibody in patients with cancer, and its predictive ability 
was significantly better than that of traditional immuno-
suppressive cells such as Tregs and MDSCs. Moreover, a 
large number of  CD45+CD71+ erythroid cells, consistent 

Fig. 2 The origin of non-classical TAMCs. BM, spleen and embryo are the main sites of TAMCs differentiation, and the local tumor is the functional 
site of TAMCs. (1) TRMs constitute embryo-derived TAM. TRMs are derived from EMPs, which form in the yolk sac during embryogenesis. (2) Tumors 
induce splenic EMH, generating splenic MDSC & TAM (sMDSC, sTAM). (3)  CD45+ EPCs accumulate in spleen. The red blood cell differentiation 
pathway of  CD45+ EPC is blocked by tumors, thus it trans-differentiates into EDMC. (4) Pre-B doesn’t differentiate into B cell, but migrates from BM 
to the spleen and eventually trans-differentiates into B-MF in the tumor microenvironment
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with EDMCs in all features, were found in the HCC tis-
sues, although no definite detection of myeloid mark-
ers has been reported. These cells exhibited stronger 
suppressive functions than MDSCs by producing ROS, 
IL-10, and TGF-β, and the degree of infiltration predicted 
disease-free survival and OS; its prognostic value was 
better than that of the Cancer of the Liver Italian Pro-
gram score, which meant it may be a new clinical method 
for predicting HCC tumor recurrence [63]. Because 
extramedullary erythropoiesis and EDMCs produc-
tion are repeatedly triggered by anemia, anemia has also 
been proven to be an effective indicator for predicting 
the efficacy of clinical immunotherapy, which provides 
strong guidance for screening the dominant population 
of immunotherapy and lays a foundation for the formula-
tion of combination therapy strategies [62].

In conclusion, the lineage switching of EPCs caused 
by tumor-trained extramedullary erythropoiesis is an 
important origin of TAMCs. The above-mentioned stud-
ies provide new ideas for developing combined immuno-
therapy strategies targeting TAMCs and may provide an 

effective combinational strategy to improve ICB thera-
peutic efficacy in the future.

Tumor‑induced B precursor cells differentiated 
macrophage‑like cells
Similar to erythroid-myeloid transdifferentiation, B-lym-
phocyte-derived TAMs also challenge the traditional 
HSPC differentiation model by adding a new cell-derived 
feature to the heterogeneity and plasticity of TAMCs. 
Studies suggest that under pathological conditions such 
as inflammation and tumors, B-cell precursors (pre-B) 
appear to retain macrophage differentiation potential as 
an additional source of macrophages in vivo. Audzevich 
et  al. [64] found that, under the influence of the tissue 
environment and inflammatory signals, macrophage 
precursors with myeloid transdifferentiation potential 
and functional plasticity exist within the BM early pro-B 
cell compartment, and they co-express myeloid (GR1, 
CD11b, and CD16/32) and lymphoid (B220 and CD19) 
lineage markers. Moreover, cancer growth at distant 
sites can remotely affect BM hematopoiesis by inhibiting 

Fig. 3 The regulatory mechanism of non-classical TAMCs. (1) Spleen EMH: Splenic  CD11b+Gr-1intLy6Chi cells expand in the marginal zone of the 
spleen. Spleen recruits specific HSPCs subpopulation from BM via the CCL2/CCR2 axis, and HSPC differentiates into TAMCs driven by endogenous 
GM-CSF signals and splenic local education. The AngII-AGTR1A signaling pathway increases the retention of HSPCs in the spleen. (2) Tumors 
block the default red blood cell differentiation pathway of  CD45+ EPCs in the spleen. Under the effect of GM-CSF,  CD45+ EPCs trans-differentiate 
into EDMCs. (3) During embryogenesis, EMPs are formed in the yolk sac. TRMs are derived from both early wave and late wave EMPs. (4) Cancers 
use thymic stromal lymphopoietin and G-CSF to mobilize BM pre-B accumulation in the spleen. In tumor microenvironment, pre-B responds to 
cancer-secreted M-CSF and trans-differentiates into B-MF
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B-cell lymphopoiesis and skewing the differentiation of 
precursor cells toward myelopoiesis [65].

In addition, a growing body of research has reported 
an increase in the total number of splenic B cells and an 
elevated frequency of marginal zone B cells, which depend 
on tumor burden. Chen et al. [66] recently reported that 
tumors use thymic stromal lymphopoietin and granulocyte 
colony-stimulating factor (G-CSF) to mobilize BM pre-B 
accumulation in the spleen (Fig. 2). These cells responded 
to cancer-secreted macrophage colony-stimulating fac-
tor (M-CSF) with downregulation of the transcription 
factor Pax5 via CSF1R signaling and eventually trans-dif-
ferentiated into TAM (pre-B generate macrophage-like 
cells, termed "B-MF”) in TME (Fig. 3). These cells express 
markers such as CD19, CD79a, and IgM. This pre-B cell 
transdifferentiation pathway is not unique to mice because 
B-MF-like cells and their transcriptional characteristics 
have also been detected in patients with cancer.

Consistent with significant upregulation of genes asso-
ciated with phagocytosis, M2-skewing, and immuno-
suppressive functions (PD-L2, B7-H3, Marco, TGF-β), 

B-MF negatively regulated antitumor IFNγ+CD4+ T 
cells. Compared to monocyte-derived macrophages, 
B-MFs more efficiently induced the generation of Tregs 
and increased cancer progression and metastasis. B-MFs 
showed unique metabolic and inflammatory functions 
and efficiently phagocytosed apoptotic cells. This sug-
gests that the cancer-induced pre-B cell transdifferentia-
tion pathway is biologically functional (Fig. 4).

Biphenotypic pre-B with macrophage differentiation 
potential is widely present in various tumors, which has 
significantly advanced our understanding of heteroge-
neity [11, 67]. The discovery of this origin provides new 
insights into the role of B cells in tumor progression. 
To date, B cells have not been classified as good or bad 
indicators of cancer. Even within the same tumor model, 
different types of B cells can show different abilities to 
promote or delay tumor escape. This subgroup, which 
can differentiate into TAMCs, may be an important 
component of the B cells that exert immunosuppressive 
activity.

Fig. 4 Functional characteristics of heterogeneous TAMCs. (1) Bone marrow and spleen derived TAM includes anti-tumor M1 and pro-tumor M2. 
(2) TAN includes anti-tumor N1 and pro-tumor N2. (3) TADC populations mainly composed of three major subgroups, including pDC, cDC and 
moDC. (4) Bone marrow and spleen derived MDSC can not only reduce the anti-tumor activity of T cells, but also inhibit the function of NK cells, 
macrophages and dendritic cells, as well as induce Tregs. (5) EDMC shows strong immunosuppressive function by producing ROS, IL-10, TGF-β and 
inhibiting T cell production of IFN-γ. (6) B-MF significantly inhibits  CD4+ T cells proliferation and IFN-γ production, phagocytizes apoptotic cells, and 
more effectively induces the production of Treg. (7) TRM induces Treg response, and also shows obvious pro-fibrotic transcriptional profile and has 
a causative role in tumor metastasis and spread. And there are spatial interactions of TRMs with tumor cells. An indication with an arrow indicates 
activation, induction, recruitment, apoptosisinhibition, cross-presentation, etc., while an indication without an arrow indicates inhibition, killing, etc.
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Embryo‑derived TAM
The aforementioned studies represent the main emerging 
findings in recent years regarding the non-classical origin 
of TAMCs. Notably, embryo-derived TAMs are the ear-
liest and most widely accepted specific origin and have 
been confirmed in many studies (Fig.  2). This finding 
reverses the traditional belief that all tissue macrophages 
are derived from HSPCs in the BM. Normally, tissue-
resident macrophages (TRMs) remain in situ and receive 
some degree of replenishment from circulating mono-
cytes throughout adulthood [68]. Studies have shown 
that they can be divided into two categories depending 
on when and how they are produced. The early wave of 
erythro-myeloid progenitor (EMPs) buds from the yolk 
sac endothelium between E7.0 and E8.25, differentiates 
into yolk sac macrophages in the absence of monocyte 
intermediates and colonizes the embryonic tissue. The 
latter wave of EMPs buds from the yolk sac endothe-
lium at E8.25 colonizes the liver after the establishment 
of embryo circulation, expands into monocytes, and dif-
ferentiates into macrophages in tissues [69]. In brief, it 
has been confirmed that both embryo- and periphery-
derived macrophages constitute the TAM pool in tumor 
tissues (Fig. 3).

Embryo-derived TAMs exhibit distinct phenotypes and 
divergent functions. For example, in a pancreatic ductal 
adenocarcinoma (PDAC) model, embryo-derived TAMs 
expressed significantly higher levels of CX3CR1 and lower 
levels of CD11a and CD49d. Moreover, self-renewing fetal-
derived TRMs, as more potent drivers of PDAC progres-
sion, exhibited a distinct pro-fibrotic transcriptional profile 
compared with monocyte-derived TAMs and expanded 
through in situ proliferation during tumor progression [70]. 
In the omentum, embryonic  CD163+Tim4+ TRMs exhibit 
a unique transcriptional profile and have been reported 
to play a causative role in ovarian cancer metastasis [9]. 
Besides, spatial interactions between TRMs and tumor cells 
promote tumor invasiveness and induce a potent Treg cell 
response for immune evasion [71] (Fig. 4). Studies have also 
confirmed that the depletion of TRMs significantly inhib-
its tumor progression [70]. Collectively, these data suggest 
that the embryonic origin of TAMs may differentially affect 
tumor progression.

Further studies are needed to determine the molecular 
markers of embryo-derived TAMs and their roles in tumor 
progression. A deeper understanding of embryo-derived 
TAMs will enable the identification of different targets for 
selective targeting to activate antitumor immunity.

Table 2 Technologies used for studying TAMCs

Ms4a3 is the specific gene expressed by GMPs

mNP murine neutrophil-specific peptide, PFC perfluorocarbon, Zbtb46 (zinc finger and BTB domain-containing protein 46) is a transcription factor found in cDC, GFP 
green fluorescent protein

TAMCs Contents Technologies

TAM Origin Ms4a3TdT,  Ms4a3Cre,  Ms4a3CreERT2 mouse models to specifically dissect monocyte-differentiation pathways

Biomarkers F4/80, CD11b, CD86, CD206, etc

Chemotaxis Anti-CCL2 antibody, CCL5-KO mouse, etc., used to block TAM recruitment

Regulation Anti-M-CSF antibody, anti-CSF-1R antibody, etc., used to interfere with TAM differentiation

Function Liposomal clodronate, CD11b-DTR mouse, etc., used to verify the effect of TAM clearance

MDSC Origin Splenectomy is performed to determine the origin of splenic MDSC

Biomarkers CD11b, CD14, CD15, CD66b, HLA-DR (human) and CD11b, Ly6G, Ly6C (mouse), etc

Chemotaxis CXCR2 blockade, CXCR4 blockade, etc., used to inhibit MDSC recruitment

Regulation GM-CSF overexpression cell line (e.g. B16-GM), anti-GM-CSF antibody, etc., used to explore the factors 
regulating MDSC differentiation

Function (a) Anti-Gr-1 antibody, etc., used to consume MDSC
(b) DR5 agonist, LXR agonist, etc., used to induce apoptosis of MDSC

TAN Origin Label by mNPPFC (mNP specifically bind to CD177) to follow TAN

Biomarkers CD15, CD16, CD66b, CD14, HLA-DR (human) and CD11b, Ly6G (mouse), etc

Chemotaxis CXCR2 blockade, etc., used to inhibit TAN recruitment

Regulation Anti-TGF-βantibody, anti-IFN-γantibody, etc., used to explore the regulation of TAN polarization

Function (a) Clear by anti-Ly6G antibody
(b) Induce by G-CSF

TADC Origin Zbtb46-GFP mouse to track TADC

Biomarkers BDCA-1, BDCA-2, BDCA-3, BDCA-4, CD141, CD1c, CD11c, IL-3Ra, CD45R, CD317, Siglec-H, etc

Chemotaxis Anti-CCL5 antibody, anti-CXCL12 antibody, etc., used to block TADC recruitment

Regulation Anti-TGF-β antibody, anti-TPO antibody, etc., used to explore the factors regulating TADC differentiation

Function CD11c-DTR mouse, Zbtb46-2A-CreERT2 mouse, etc., used to conditionally remove TADC
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Technologies used for studying heterogeneous 
TAMCs
The technologies used to study the origin, chemotaxis, 
regulation, and function of the heterogeneous TAMCs 
are shown in Table 2.

Therapeutic strategies based on TAMCs
Based on the diverse origins of TAMCs and their specific 
functional properties, several therapeutic strategies have 
been developed for antitumor immunotherapy. Herein, 
we propose four major therapeutic strategies (Fig. 5): (1) 
inhibiting tumor-promoting myelopoiesis, (2) blocking 
the expansion and recruitment of TAMCs, (3) mitigat-
ing immunosuppressive ability, and (4) depleting TAMCs 
directly. These strategies may provide feasible directions 
for targeting TAMCs of origin heterogeneity, and several 
preclinical studies and clinical trials have reported prom-
ising results.

Inhibiting tumor‑promoting myelopoiesis
Anti‑G‑CSF and anti‑GM‑CSF antibody
G-CSF and GM-CSF are essential for various generations 
of TAMCs, contributing to the myeloid-biased differen-
tiation of BM and splenic HSPCs, trans-differentiation 
of erythroid precursors into myeloid cells, and induc-
tion of A2A receptor expression to promote TAM self-
proliferation. Many studies have shown that intervention 
strategies targeting GM-CSF can reverse the differen-
tiation direction and restore the antitumor function of 
TAMCs of diverse origins, which has great potential to 
enhance the efficacy of antitumor immunotherapy. For 
example, the combination of GM-CSF signaling block-
ade and gemcitabine suppressed MDSC generation and 
reversed T-cell inhibition in pancreatic cancer [72]. In 
addition, anti-GM-CSF antibodies can enhance the effi-
cacy of tumor-specific adoptive T-cell therapy as well as 
combination therapy with anti-PD-1 and anti-CTLA4 

Fig. 5 Potential therapeutic strategies for heterogeneous TAMCs. (1) Inhibiting tumor-promoting myelopoiesis. Intervention strategies aganist 
G-CSF and GM-CSF can reverse the direction of differentiation. Selectively eliminating tumor-promoting spleen EMH can inhibit the extramedullary 
TAMCs generation. The function of the EPO requires further discussion. (2) Blocking expansion and recruitment of TAMCs. Inhibition of CCL2/
CCR2, VEGF/VEGFR and CSF-1/CSF-1R signaling pathways, and S100A8/9 can prevent the recruitment and accumulation of TAMCs. (3) Mitigating 
the immunosuppressive ability of TAMCs. In addition to PD-L1 inhibitor, inhibition of several myeloid receptor tyrosine kinases, and CDDO-Me, 
celecoxib, etc., can also mitigate the immunosuppressive ability of TAMCs. TLR agonists, anti-CD40 mAb, Car-M, and several small molecules can 
promote the maturation of TAMs and MDSCs. (4) Depleting directly. Zoledronate, sunitinib and some chemotherapeutic drugs can directly deplete 
TAMCs. Targeting scavenging receptor CD163 and S100A family proteins can selectively deplete TAMCs
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antibodies [73]. Moreover, the crucial role of anti-G-CSF 
antibodies in promoting protective antitumor immu-
nity has been demonstrated. Therefore, the combination 
of anti-G-CSF antibodies has important prospects for 
improving immunotherapy [74].

Targeting EMH
Notably, splenic EMH is a common upstream link 
between splenic HSPCs accumulation and the mass pro-
duction of erythroid progenitor cells. Therefore, selective 
abrogation of tumor-promoting splenic EMH can inhibit 
EMH-triggered extramedullary myelopoiesis, which is 
particularly promising for restoring antitumor ability. For 
example, a low-dose c-Kit inhibitor can act on splenic 
HSPCs and reduce the expression of endogenous GM-
CSF, thereby synergistically enhancing ICB efficacy [54]. 
Moreover, the CCL2/CCR2 signaling pathway plays a key 
role in selectively recruiting splenic HSPCs and trigger-
ing EMH-mediated myelopoiesis. Targeting CCL2/CCR2 
may also be a powerful measure for inhibiting tumor-
promoting myelopoiesis [54]. Other studies have shown 
that icaritin decreases the tumor infiltration of MDSCs 
and their immunosuppressive activity by blocking tumor-
induced splenic myeloid-biased hematopoiesis in tumor-
bearing mice, resulting in reduced tumor progression 
[75]. Hou et al. [76] reported that both local tumor-ion-
izing radiation and anti-PD-L1 treatment significantly 
decreased tumor-induced EPC abundance in the mouse 
spleen in an interferon- and  CD8+ T cell-dependent 
manner.

EPO
Erythropoietin (EPO), an important indicator and trig-
ger of EMH, is commonly used to treat anemia. Although 
it promotes red blood cell growth and differentiation, it 
does not improve the survival of patients with cancer or 
anemia. Studies have reported that Recombinant EPO 
promotes resistance to radiotherapy and anti-PD-L1 
therapies by restoring the number of EPCs [76]. More 
importantly, EphB4, an EPO receptor, promotes tumor 
growth and progression [77]. Treatment with EPO-neu-
tralizing antibodies has been found to significantly reduce 
tumor growth in B16-F10-bearing mice [78]. Therefore, 
the functions of EPO require further investigation.

Blocking the expansion and recruitment of TAMCs
The CCL2/CCR2 signaling pathway contributes to 
tumor-promoting myelogenesis by enhancing splenic 
EMH and substantially promotes the migration and 
accumulation of MDSCs in tumor tissues. Studies have 
shown that immunosuppressive effects can be abrogated 
by anti-CCR2 antibody treatment to improve radiother-
apy [79]. A Phase Ib study (NCT01413022) reported that 

patients with pancreatic ductal adenocarcinoma treated 
with the CCR2 inhibitor PF-04136309 combined with 
the chemotherapeutic regimen FOLFIRINOX showed a 
favorable response (Table 3) [80]. Blocking this pathway 
in combination with ICB therapy has yielded encourag-
ing results. Compared to monotherapy, the CCR2 antag-
onist CCX872 in combination with anti-PD-1 therapy, 
can enhance the activation and reduce the exhaustion 
of intratumoral T cells, resulting in the slow progression 
of gliomas and a significant, durable survival advantage 
[81]. Moreover, the co-inhibition or dual blockade of 
CCL2 and PD-L1 can overcome the intrinsic resistance 
to PD-1/PD-L1 inhibition, which is of great significance 
for improving the clinical efficacy of ICB [82].

In addition to CCL2/CCR2, the VEGF/VEGFR signal-
ing pathways can be successfully targeted in cancer to 
prevent TAMCs recruitment and accumulation [83, 84]. 
More interestingly, targeting VEGF/VEGFR reduced the 
intratumoral infiltration of TAMCs and improved ICB’s 
efficacy (Table 3). For example, selective VEGFR-1 inhibi-
tion enhances the efficacy of anti-CTLA-4 and anti-PD-1 
mAbs [85]. The CSF-1/CSF-1R signaling pathway is also 
a primary target for inhibiting MDSC recruitment to 
tumor sites to constrain tumor progression. In preclini-
cal tumor models, improved effects were observed when 
CSF1/CSF-1R blockade was combined with irradiation, 
paclitaxel, anti-VEGFR antibody, and ICB [86, 87]. Addi-
tionally, CSF-1R inhibition and CXCR2 antagonism have 
been combined to reduce TAM and PMN-MDSC popu-
lations and improve anti-PD-1 efficacy [88].

Mitigating the immunosuppressive ability of TAMCs
Common approaches
A common approach to restoring antitumor immune 
function, regardless of TAMCs origin, is to mitigate 
their immunosuppressive ability. Recent studies have 
found that the nuclear factor erythroid 2-related factor 
2 (Nrf2) pathway activator CDDO-Me reduces intracel-
lular ROS production, decreasing tumor growth [89]. 
Moreover, the COX-2/PGE2/EP axis maintains suppres-
sive functions of myeloid cells, such as ARG-1 expression 
[20, 90, 91]. Therefore, therapies targeting COX-2, such 
as celecoxib, are of great interest, and the relevant clini-
cal trials are shown in Table 3 [92]. In preclinical mouse 
models, PDE-5 inhibitors, such as sildenafil and tadalafil, 
abrogate the immunosuppressive mechanisms of MDSCs 
by downregulating iNOS and ARG-1 activities [93–95]. 
Clinical trials have also shown promising antitumor 
effects in patients with head and neck squamous cell car-
cinoma and metastatic melanoma (Table 3) [96, 97].

However, reducing the inhibitory power of TAMC 
alone is unlikely to completely eliminate tumors, and 
its combination with ICB therapy is a promising cancer 
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treatment strategy. For example, the antitumor mecha-
nism of histamine dihydrochloride (HDC) involves a 
decrease in the ability of MDSC to inhibit  CD8+ T cell 
proliferation by reducing the formation of NOX2-derived 
ROS. HDC was particularly effective in combination with 
PD-1/PD-L1 inhibition compared to PD-1/PD-L1 inhibi-
tion alone [98]. In addition, olaparib at sub-IC50 concen-
trations can block the expression of ARG-1, iNOS, and 
COX-2 and reduce the inhibitory function of MDSC, 
which is more effective in blocking tumor progression 
when used in conjunction with anti-PD-1 [99]. Remark-
ably, several promising pharmacological targets exist, 
such as the myeloid receptor tyrosine kinases TYRO3, 
AXL, and MERTK. Studies have confirmed that inhibi-
tion of these targets can diminish the suppressive ability 
of MDSC, slow the growth of tumors, and increase the 
infiltration of  CD8+ T cells. In particular, the inhibition 
of these targets has been shown to augment the efficacy 
of anti-PD-1 immunotherapy, offering promising applica-
tions [100].

Regaining the antitumor ability of TAMCs is more 
radical than simply reducing their immunosuppressive 
ability. For example, TLR agonists efficiently skew TAM 
from an M2-like state to an M1-like state, which has been 
evaluated in many clinical trials (Table 3) [101, 102]. The 
TLR7/8 agonists 3M-052 and NKTR-262, in combination 
with PD-1 blockade, can prolong therapeutic efficacy 
and duration [103]. Anti-CD40 mAbs promote TAM 
transformation to the antitumor phenotype [104], and 
synergistic treatment with anti-CSF-1R antibodies stimu-
lates the antitumor activities of TAMs and assists tumor 
remission [105]. Additionally, several small molecules, 
such as ATRA, vitamin D3, and curcumin, can induce 
the differentiation of MDSCs and reestablish tumoricidal 
immunity [106–110]. Interestingly, studies have shown 
that the blockade of PD-1-mediated signals, as a repre-
sentative ICB therapy, can diminish the accumulation 
of immunosuppressive and tumor-promoting MDSCs, 
skewing the myeloid lineage fate to mature myeloid effec-
tor cells [111].

Chimeric antigen receptor macrophage (Car‑M)
Car-M therapy, in which macrophages are modified with 
a specific chimeric antigen receptor (CAR), converts the 
TAM from M2 to M1. With its antigen-specific phago-
cytosis and tumor clearance abilities, Car-M can easily 
invade the TME and enhance the antitumor activity of T 
cells. Therefore, compared with CAR-T therapy, which is 
difficult to use in the TME, CAR-M therapy has shown 
great potential for treating solid tumors such as ovarian 
cancer and has entered clinical evaluation [112]. How-
ever, CAR-M therapy has several limitations, including 
possible cytokine release syndrome and weak antitumor 

ability in  vivo. Therefore, further studies are needed to 
fully elucidate the structure of CAR and the mechanism 
of CAR-M therapy.

In addition, one of the serious obstacles to the clinical 
application of CAR-related therapies is their high manu-
facturing cost. In this context, the recently proposed uni-
versal CAR (UniCAR), which targets different epitopes in 
a modular design, can not only significantly reduce the 
cost of CAR-T therapy but also avoid antigen escape and 
use in relapsed or refractory cancers [113]. This research 
progress is of great value for the clinical application of 
Car-M therapy and may be a direction worth exploring 
in the future.

Direct depletion
Several targeting strategies have been developed based 
on TAMCs depletion to directly combat their negative 
effects. For instance, the tyrosine kinase inhibitor suni-
tinib has been successfully used to deplete MDSCs in 
patients with renal cell carcinoma by blocking VEGF and 
c-kit signaling, which are involved in the generation of 
MDSCs (Table  3) [36, 114, 115]. Moreover, chemother-
apy is effective in eliminating TAMCs. The antitumor 
activity of trabectedin relies on the depletion of TAMs 
via the induction of apoptosis [116]. In a clinical trial, 
gemcitabine treatment of patients with pancreatic cancer 
resulted in a dramatic decrease in PMN-MDSCs [117]. 
In addition, gemcitabine/5-FU can reduce immunosup-
pression by depleting MDSCs and increasing the intratu-
moral infiltration of  CD4+ and  CD8+ T cells [118]. One 
clinical trial (NCT03189719) reported that cisplatin/5-
FU combined with a PD-1 inhibitor showed promis-
ing efficacy (Table  3). Zoledronate has been shown to 
inhibit tumor progression by inducing TAM apoptosis 
and reducing TAM infiltration in different preclinical 
tumor models [119–122]. However, this strategy can lead 
to the loss of beneficial macrophages. Thus, more selec-
tive strategies are being developed, such as targeting the 
scavenging receptor CD163 to selectively deplete M2-like 
TAMs and targeting S100A family proteins to selectively 
deplete TAMCs [123, 124]. An important direction for 
future research on TAMCs of diverse origins is to iden-
tify additional biomarkers that can aid in developing spe-
cific intervention strategies for their elimination.

Conclusions
The limited effectiveness of clinical interventions target-
ing TAMCs in the field of cancer immunotherapy can 
be attributed to the incomplete understanding of the 
heterogeneity of TAMCs. In this review, we provide a 
comprehensive summary of the mainstream views of the 
heterogeneity of TAMCs. However, high-resolution ana-
lytical methods such as single-cell techniques continue 
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to improve our understanding of heterogeneity. For 
complex high-throughput data, some studies have con-
structed specific signaling maps of different cell types, 
such as macrophages, dendritic cells, and myeloid sup-
pressor cells, revealing anti- or pro-tumor subpopula-
tions, supporting TAMC functional data visualization 
[125]. Therefore, with continuous technological changes, 
the heterogeneity of TAMCs will develop toward func-
tionality and refinement. At present, the discussion of 
TAMCs heterogeneity still focuses on subgroups, such as 
M1 and M2, M-MDSCs and PMN-MDSCs, N1 and N2, 
pDC, cDC, and moDCs, while ignoring the origin as an 
important part of heterogeneity. Therefore, the current 
torsion strategy remains effective against classical BM-
derived TAMCs. In addition, the notion that TAMCs 
are solely classified into antitumor and pro-tumor types 
is insufficient to capture the extensive functional diver-
sity of TAMCs. Currently, research on EMH is still in its 
infancy, and improving tumor immunotherapy from the 
perspective of origin heterogeneity is a new topic.

Targeting TAMCs of heterogeneous origin to limit 
the tumor-promoting myeloid response is an attractive 
strategy, given that the origin may drive intrinsic phe-
notypic and functional differences in TAMC as well as 
varying effects on tumor progression. In addition to the 
classical origin of myeloid-biased differentiation in the 
BM, advances have shown that the origins of TAMCs 
include  the abnormal differentiation of splenic HSPCs, 
erythroid progenitor cells, and B precursor cells in the 
spleen and embryo-derived TAMCs in local tumors. 
More importantly, these non-classical TAMCs differ in 
their immunosuppressive function when educated and 
shaped in the TME, which greatly impacts ICB therapy’s 
antitumor efficacy. Therefore, targeting TAMCs should 
not be limited to classical TAMCs derived from the BM 
but must consider the complex regulatory mechanisms of 
origin and diverse phenotypic characteristics of TAMCs. 
Targeted intervention strategies for TAMCs of het-
erogeneous origin, such as inhibiting tumor-promoting 
myelopoiesis, blocking the expansion and recruitment 
of TAMCs, mitigating immunosuppressive ability, and 
depleting TAMCs directly, can overcome immunosup-
pression in the TME and enhance the antitumor effi-
cacy of ICB synergistic therapy, which has great clinical 
prospects.

Future perspectives
At present, the heterogeneous composition, and the reg-
ulatory mechanism of origin and function of TAMCs are 
not fully understood, the challenges in the future study 
of TAMCs are mainly as follows: (1) beyond the above, 
it is unclear whether TAMCs has other sources, and is 
an excellent entry point for expanding the heterogeneity 

of TAMCs in the future; (2) the functions of heterogene-
ous TAMCs are not fully understood, so it is necessary 
to reveal their independent effects and interactions with 
other immune cells; (3) the phenotypes of non-classical 
TAMCs are not well defined, and more biomarkers need 
to be identified to distinguish different types of TAMCs 
for better identification, tracking, and intervention; (4) 
the regulation mechanism of TAMCs needs to be further 
studied, and new molecules that promote the acquisi-
tion of inhibitory phenotypes of TAMCs may still remain 
unidentified; (5) optimizing TAMCs targeting strategies 
from the perspective of origin and combining with ICBs 
to obtain better efficacy are both important directions 
for the development of tumor immunotherapy, which 
are worthy of further exploration; and (6) the above stud-
ies were mostly confirmed in animals, and in the future, 
extensive human data are needed to demonstrate the 
clinical translational feasibility of studies on TAMCs.

In conclusion, TAMCs of heterogeneous origin show 
great promise for tumor immunotherapy. However, more 
in-depth investigations are required to remodel the TME 
by targeting TAMCs, thereby improving ICB efficacy.

Abbreviations
AMP   Adenosine monophosphate
ACEi   Angiotensin converting enzyme inhibitor
AGTR1   Angiotensin II type 1 receptor
BM   Bone marrow
Car-M   Chimeric antigen receptor macrophage
CAR    Chimeric antigen receptor
CLP   Common lymphoid progenitor
CMP   Common myeloid progenitor
COX2   Cyclooxygenase-2
CSF-1   Colony-stimulating factor 1
EDMCs   Erythroid-differentiated myeloid cells
EMH   Extramedullary hematopoiesis
EMPs   Erythro-myeloid progenitors
EPCs   Erythroid precursor cells
EPO   Erythropoietin
GMPs   Granulocyte–macrophage progenitors
GM-CSF   Granulocyte–macrophage colony-stimulating factor
G-CSF   Granulocyte colony stimulating factor
HCC   Hepatocellular carcinoma
HDAC-2   Histone deacetylase 2
HDC   Histamine dihydrochloride
HSPCs   Hematopoietic stem and progenitor cells
ICB   Immune checkpoint blockade
iNOS   inducible nitric oxide synthase
IDO   Indoleamine 2, 3-dioxygenase
MMP   Matrix metal protein
M-CSF   Macrophage colony-stimulating factor
MEPs   Megakaryocyte-erythroid progenitors
MDSC   Myeloid-derived suppressor cell
NK   Natural killer Tregs Regulatory T-cells
Nrf2   Nuclear factor erythroid 2-related factor 2
OS   Overall survival
PPARγ   Proliferator receptor gamma
Pre-B   B-cell precursors
PDAC   Pancreatic ductal adenocarcinoma
ROS   Reactive oxygen species
TAN   Tumor associated neutrophil
TAM   Tumor associated macrophage



Page 17 of 21Cheng et al. Journal of Hematology & Oncology           (2023) 16:71  

TADC   Tumor associated dendritic cell
TAMCs   Tumor-associated myeloid cells
TGF-β   Transforming growth factor-beta
TME   Tumor microenvironment
TNF-α   Tumor necrosis factor-alpha
TRMs   Tissue-resident macrophages
VEGF   Vascular endothelial growth factor

Acknowledgements
Not applicable. 

Author contributions
HL and BZ conceived the review. XC and HW wrote the manuscript and 
prepared the figures and tables in this manuscript. BZ, HL and ZW revised the 
manuscript. All authors approved this manuscript.

Funding
This work was supported by the National Natural Science Foundation of China 
(82150119 to HX.L.; 82230095 to B.Z.) and the National College Students’ inno-
vation and entrepreneurship training program (202290031033 to XY.C.).

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 16 May 2023   Accepted: 23 June 2023

References
 1. Siegel R, Naishadham D, Jemal A. Cancer statistics, 2012. CA-Cancer J 

Clin. 2012;62:10–29.
 2. Zhang QW, Liu L, Gong CY, Shi HS, Zeng YH, Wang XZ, Zhao YW, Wei 

YQ. Prognostic significance of tumor-associated macrophages in solid 
tumor: ameta-analysis of the literature. PLoS ONE. 2012;7: e50946.

 3. Hou A, Hou K, Huang Q, Lei Y, Chen W. Targeting myeloid-derived sup-
pressor cell, a promising strategy to overcomeresistance to immune 
checkpoint inhibitors. Front Immunol. 2020;11:783.

 4. O’Donnell JS, Teng M, Smyth MJ. Cancer immunoediting and resistance 
to T cell-based immunotherapy. Nat Rev Clin Oncol. 2019;16:151–67.

 5. Karakhanova S, Link J, Heinrich M, Shevchenko I, Yang Y, Hassenpflug M, 
Bunge H, von Ahn K, Brecht R, Mathes A, Maier C, Umansky V, Werner J, 
Bazhin AV. Characterization of myeloid leukocytes and soluble media-
tors in pancreaticcancer: importance of myeloid-derived suppressor 
cells. Oncoimmunology. 2015;4: e998519.

 6. Beatty GL, Winograd R, Evans RA, Long KB, Luque SL, Lee JW, Clendenin 
C, Gladney WL, Knoblock DM, Guirnalda PD, Vonderheide RH. Exclu-
sion of T cells from pancreatic carcinomas in mice is regulated by 
Ly6C(low)F4/80(+) extratumoral macrophages. Gastroenterology. 
2015;149:201–10.

 7. Timperi E, Gueguen P, Molgora M, Magagna I, Kieffer Y, Lopez-Lastra S, 
Sirven P, Baudrin LG, Baulande S, Nicolas A, Champenois G, Meseure D, 
Vincent-Salomon A, Tardivon A, Laas E, Soumelis V, Colonna M, Mechta-
Grigoriou F, Amigorena S, Romano E. Lipid-associated macrophages 
are induced by cancer-associated fibroblasts and mediate immune 
suppression in breast cancer. Cancer Res. 2022;82:3291–306.

 8. Loeuillard E, Yang J, Buckarma E, Wang J, Liu Y, Conboy C, Pavelko 
KD, Li Y, O’Brien D, Wang C, Graham RP, Smoot RL, Dong H, Ilyas S. 
Targeting tumor-associated macrophages and granulocytic myeloid-
derivedsuppressor cells augments PD-1 blockade in cholangiocarci-
noma. J Clin Investig. 2020;130:5380–96.

 9. Etzerodt A, Moulin M, Doktor TK, Delfini M, Mossadegh-Keller N, 
Bajenoff M, Sieweke MH, Moestrup SK, Auphan-Anezin N, Lawrence 
T. Tissue-resident macrophages in omentum promote metastatic 
spread of ovariancancer. J Exp Med. 2020;217:e20191869.

 10. Zilionis R, Engblom C, Pfirschke C, Savova V, Zemmour D, Saatcioglu 
HD, Krishnan I, Maroni G, Meyerovitz CV, Kerwin CM, Choi S, Richards 
WG, De Rienzo A, Tenen DG, Bueno R, Levantini E, Pittet MJ, Klein 
AM. Single-cell transcriptomics of human and mouse lung cancers 
reveals conserved myeloid populations across individuals and spe-
cies. Immunity. 2019;50:1317–34.

 11. Azizi E, Carr AJ, Plitas G, Cornish AE, Konopacki C, Prabhakaran S, 
Nainys J, Wu K, Kiseliovas V, Setty M, Choi K, Fromme RM, Dao P, 
McKenney PT, Wasti RC, Kadaveru K, Mazutis L, Rudensky AY, Pe’Er D. 
Single-cell map of diverse immune phenotypes in the breast tumor-
microenvironment. Cell. 2018;174:1293–308.

 12. Chevrier S, Levine JH, Zanotelli V, Silina K, Schulz D, Bacac M, Ries CH, 
Ailles L, Jewett M, Moch H, van den Broek M, Beisel C, Stadler MB, 
Gedye C, Reis B, Pe’Er D, Bodenmiller B. An immune atlas of clear cell 
renal cell carcinoma. Cell. 2017;169:736–49.

 13. Paul F, Arkin Y, Giladi A, Jaitin DA, Kenigsberg E, Keren-Shaul H, Winter 
D, Lara-Astiaso D, Gury M, Weiner A, David E, Cohen N, Lauridsen FK, 
Haas S, Schlitzer A, Mildner A, Ginhoux F, Jung S, Trumpp A, Porse BT, 
Tanay A, Amit I. Transcriptional heterogeneity and lineage commit-
ment in myeloid progenitors. Cell. 2015;163:1663–77.

 14. Wu WC, Sun HW, Chen HT, Liang J, Yu XJ, Wu C, Wang Z, Zheng L. Cir-
culating hematopoietic stem and progenitor cells are myeloid-biased 
in cancerpatients. Proc Natl Acad Sci USA. 2014;111:4221–6.

 15. Cortez-Retamozo V, Etzrodt M, Newton A, Rauch PJ, Chudnovskiy 
A, Berger C, Ryan RJ, Iwamoto Y, Marinelli B, Gorbatov R, Forghani R, 
Novobrantseva TI, Koteliansky V, Figueiredo JL, Chen JW, Anderson 
DG, Nahrendorf M, Swirski FK, Weissleder R, Pittet MJ. Origins of 
tumor-associated macrophages and neutrophils. Proc Natl Acad Sci 
USA. 2012;109:2491–6.

 16. Melani C, Chiodoni C, Forni G, Colombo MP. Myeloid cell expansion 
elicited by the progression of spontaneous mammarycarcinomas 
in c-erbB-2 transgenic BALB/c mice suppresses immune reactivity. 
Blood. 2003;102:2138–45.

 17. Condamine T, Gabrilovich DI. Molecular mechanisms regulating 
myeloid-derived suppressor cell differentiationand function. Trends 
Immunol. 2011;32:19–25.

 18. Casbon AJ, Reynaud D, Park C, Khuc E, Gan DD, Schepers K, Passegué 
E, Werb Z. Invasive breast cancer reprograms early myeloid dif-
ferentiation in the bonemarrow to generate immunosuppressive 
neutrophils. Proc Natl Acad Sci USA. 2015;112:E566–75.

 19. Pan PY, Wang GX, Yin B, Ozao J, Ku T, Divino CM, Chen SH. Rever-
sion of immune tolerance in advanced malignancy: modulation 
ofmyeloid-derived suppressor cell development by blockade of 
stem-cell factorfunction. Blood. 2008;111:219–28.

 20. Sinha P, Clements VK, Fulton AM, Ostrand-Rosenberg S. Prostaglandin 
E2 promotes tumor progression by inducing myeloid-derivedsup-
pressor cells. Cancer Res. 2007;67:4507–13.

 21. Serafini P, Carbley R, Noonan KA, Tan G, Bronte V, Borrello I. High-dose 
granulocyte-macrophage colony-stimulating factor-producing vacci-
nesimpair the immune response through the recruitment of myeloid 
suppressor cells. Cancer Res. 2004;64:6337–43.

 22. Bunt SK, Yang L, Sinha P, Clements VK, Leips J, Ostrand-Rosenberg S. 
Reduced inflammation in the tumor microenvironment delays the 
accumulation ofmyeloid-derived suppressor cells and limits tumor 
progression. Cancer Res. 2007;67:10019–26.

 23. Walsh SR, Cook EJ, Goulder F, Justin TA, Keeling NJ. Neutrophil-
lymphocyte ratio as a prognostic factor in colorectal cancer. J Surg 
Oncol. 2005;91:181–4.

 24. Gomez D, Farid S, Malik HZ, Young AL, Toogood GJ, Lodge JP, Prasad 
KR. Preoperative neutrophil-to-lymphocyte ratio as a prognostic 
predictor aftercurative resection for hepatocellular carcinoma. World 
J Surg. 2008;32:1757–62.

 25. Galipeau J. Macrophages at the nexus of mesenchymal stromal cell 
potency: the emerging roleof chemokine cooperativity. Stem Cells. 
2021;39:1145–54.

 26. Mia S, Warnecke A, Zhang XM, Malmström V, Harris RA. An optimized 
protocol for human M2 macrophages using M-CSF and IL-4/IL-10/



Page 18 of 21Cheng et al. Journal of Hematology & Oncology           (2023) 16:71 

TGF-βyields a dominant immunosuppressive phenotype. Scand J 
Immunol. 2014;79:305–14.

 27. Shapouri-Moghaddam A, Mohammadian S, Vazini H, Taghadosi M, 
Esmaeili SA, Mardani F, Seifi B, Mohammadi A, Afshari JT, Sahebkar A. 
Macrophage plasticity, polarization, and function in health and disease. 
J Cell Physiol. 2018;233:6425–40.

 28. Yunna C, Mengru H, Lei W, Weidong C. Macrophage M1/M2 polariza-
tion. Eur J Pharmacol. 2020;877: 173090.

 29. Sica A, Mantovani A. Macrophage plasticity and polarization: in vivo 
veritas. J Clin Investig. 2012;122:787–95.

 30. Xue J, Schmidt SV, Sander J, Draffehn A, Krebs W, Quester I, De Nardo D, 
Gohel TD, Emde M, Schmidleithner L, Ganesan H, Nino-Castro A, Mall-
mann MR, Labzin L, Theis H, Kraut M, Beyer M, Latz E, Freeman TC, Ulas T, 
Schultze JL. Transcriptome-based network analysis reveals a spectrum 
model of human macrophageactivation. Immunity. 2014;40:274–88.

 31. Li W, Wu F, Zhao S, Shi P, Wang S, Cui D. Correlation between PD-1/
PD-L1 expression and polarization in tumor-associatedmacrophages: 
a key player in tumor immunotherapy. Cytokine Growth Factor Rev. 
2022;67:49–57.

 32. Peng J, Sun BF, Chen CY, Zhou JY, Chen YS, Chen H, Liu L, Huang D, 
Jiang J, Cui GS, Yang Y, Wang W, Guo D, Dai M, Guo J, Zhang T, Liao Q, 
Liu Y, Zhao YL, Han DL, Zhao Y, Yang YG, Wu W. Single-cell RNA-seq 
highlights intra-tumoral heterogeneity and malignantprogression in 
pancreatic ductal adenocarcinoma. Cell Res. 2019;29:725–38.

 33. Franklin RA, Liao W, Sarkar A, Kim MV, Bivona MR, Liu K, Pamer EG, Li MO. 
The cellular and molecular origin of tumor-associated macrophages. 
Science. 2014;344:921–5.

 34. Wang J, Wang Y, Chu Y, Li Z, Yu X, Huang Z, Xu J, Zheng L. Tumor-
derived adenosine promotes macrophage proliferation in human 
hepatocellular carcinoma. J Hepatol. 2021;74:627–37.

 35. Liao J, Zeng DN, Li JZ, Hua QM, Xiao Z, He C, Mao K, Zhu LY, Chu Y, Wen 
WP, Zheng L, Wu Y. Targeting adenosinergic pathway enhances the anti-
tumor efficacy of sorafenib inhepatocellular carcinoma. Hepatol Int. 
2020;14:80–95.

 36. Fleming V, Hu X, Weber R, Nagibin V, Groth C, Altevogt P, Utikal J, Uman-
sky V. Targeting myeloid-derived suppressor cells to bypass tumor-
inducedimmunosuppression. Front Immunol. 2018;9:398.

 37. Gabrilovich DI, Ostrand-Rosenberg S, Bronte V. Coordinated regulation 
of myeloid cells by tumours. Nat Rev Immunol. 2012;12:253–68.

 38. Ozga AJ, Chow MT, Luster AD. Chemokines and the immune response 
to cancer. Immunity. 2021;54:859–74.

 39. Youn JI, Kumar V, Collazo M, Nefedova Y, Condamine T, Cheng P, Villagra 
A, Antonia S, McCaffrey JC, Fishman M, Sarnaik A, Horna P, Sotomayor E, 
Gabrilovich DI. Epigenetic silencing of retinoblastoma gene regulates 
pathologic differentiationof myeloid cells in cancer. Nat Immunol. 
2013;14:211–20.

 40. Gabrilovich DI. Myeloid-derived suppressor cells. Cancer Immunol Res. 
2017;5:3–8.

 41. Chesney JA, Mitchell RA, Yaddanapudi K. Myeloid-derived suppressor 
cells-a new therapeutic target to overcome resistanceto cancer immu-
notherapy. J Leukocyte Biol. 2017;102:727–40.

 42. Fridlender ZG, Sun J, Kim S, Kapoor V, Cheng G, Ling L, Worthen GS, 
Albelda SM. Polarization of tumor-associated neutrophil phenotype by 
TGF-beta: “N1” versus"N2" TAN. Cancer Cell. 2009;16:183–94.

 43. Andzinski L, Kasnitz N, Stahnke S, Wu CF, Gereke M, von Köckritz-Blick-
wede M, Schilling B, Brandau S, Weiss S, Jablonska J. Type I IFNs induce 
anti-tumor polarization of tumor associated neutrophils inmice and 
human. Int J Cancer. 2016;138:1982–93.

 44. Fridlender ZG, Albelda SM. Tumor-associated neutrophils: friend or foe? 
Carcinogenesis. 2012;33:949–55.

 45. Shrestha S, Noh JM, Kim SY, Ham HY, Kim YJ, Yun YJ, Kim MJ, Kwon MS, 
Song DK, Hong CW. Angiotensin converting enzyme inhibitors and 
angiotensin II receptor antagonistattenuate tumor growth via polariza-
tion of neutrophils toward an antitumorphenotype. Oncoimmunology. 
2016;5: e1067744.

 46. Li K, Tandurella JA, Gai J, Zhu Q, Lim SJ, Thomas DN, Xia T, Mo G, Mitchell 
JT, Montagne J, Lyman M, Danilova LV, Zimmerman JW, Kinny-Köster B, 
Zhang T, Chen L, Blair AB, Heumann T, Parkinson R, Durham JN, Narang 
AK, Anders RA, Wolfgang CL, Laheru DA, He J, Osipov A, Thompson ED, 
Wang H, Fertig EJ, Jaffee EM, Zheng L. Multi-omic analyses of changes 

in the tumor microenvironment of pancreaticadenocarcinoma fol-
lowing neoadjuvant treatment with anti-PD-1 therapy. Cancer Cell. 
2022;40:1374–91.

 47. Zheng W, Wu J, Peng Y, Sun J, Cheng P, Huang Q. Tumor-associated 
neutrophils in colorectal cancer development, progression and immu-
notherapy. Cancers. 2022;14:4755.

 48. Collin M, Bigley V. Human dendritic cell subsets: an update. Immunol-
ogy. 2018;154:3–20.

 49. Verneau J, Sautés-Fridman C, Sun CM. Dendritic cells in the tumor 
microenvironment: prognostic and theranostic impact. Semin Immu-
nol. 2020;48: 101410.

 50. Mayoux M, Roller A, Pulko V, Sammicheli S, Chen S, Sum E, Jost C, 
Fransen MF, Buser RB, Kowanetz M, Rommel K, Matos I, Colombetti 
S, Belousov A, Karanikas V, Ossendorp F, Hegde PS, Chen DS, Umana 
P, Perro M, Klein C, Xu W. Dendritic cells dictate responses to PD-L1 
blockade cancer immunotherapy. Sci Transl Med. 2020;12:eaav7431.

 51. Lee AH, Sun L, Mochizuki AY, Reynoso JG, Orpilla J, Chow F, Kienzler JC, 
Everson RG, Nathanson DA, Bensinger SJ, Liau LM, Cloughesy T, Hugo 
W, Prins RM. Neoadjuvant PD-1 blockade induces T cell and cDC1 acti-
vation but fails toovercome the immunosuppressive tumor associated 
macrophages in recurrentglioblastoma. Nat Commun. 2021;12:6938.

 52. Condamine T, Kumar V, Ramachandran IR, Youn JI, Celis E, Finnberg N, 
El-Deiry WS, Winograd R, Vonderheide RH, English NR, Knight SC, Yagita 
H, McCaffrey JC, Antonia S, Hockstein N, Witt R, Masters G, Bauer T, 
Gabrilovich DI. ER stress regulates myeloid-derived suppressor cell fate 
through TRAIL-R-mediatedapoptosis. J Clin Investig. 2014;124:2626–39.

 53. Ugel S, Peranzoni E, Desantis G, Chioda M, Walter S, Weinschenk T, 
Ochando JC, Cabrelle A, Mandruzzato S, Bronte V. Immune tolerance to 
tumor antigens occurs in a specialized environment of thespleen. Cell 
Rep. 2012;2:628–39.

 54. Wu C, Ning H, Liu M, Lin J, Luo S, Zhu W, Xu J, Wu WC, Liang J, Shao 
CK, Ren J, Wei B, Cui J, Chen MS, Zheng L. Spleen mediates a distinct 
hematopoietic progenitor response supportingtumor-promoting 
myelopoiesis. J Clin Investig. 2018;128:3425–38.

 55. Cortez-Retamozo V, Etzrodt M, Newton A, Ryan R, Pucci F, Sio SW, 
Kuswanto W, Rauch PJ, Chudnovskiy A, Iwamoto Y, Kohler R, Marinelli 
B, Gorbatov R, Wojtkiewicz G, Panizzi P, Mino-Kenudson M, Forghani R, 
Figueiredo JL, Chen JW, Xavier R, Swirski FK, Nahrendorf M, Weissleder 
R, Pittet MJ. Angiotensin II drives the production of tumor-promoting 
macrophages. Immunity. 2013;38:296–308.

 56. Elahi S, Ertelt JM, Kinder JM, Jiang TT, Zhang X, Xin L, Chaturvedi V, 
Strong BS, Qualls JE, Steinbrecher KA, Kalfa TA, Shaaban AF, Way SS. 
Immunosuppressive CD71+ erythroid cells compromise neonatal host 
defence againstinfection. Nature. 2013;504:158–62.

 57. Namdar A, Koleva P, Shahbaz S, Strom S, Gerdts V, Elahi S. CD71(+) 
erythroid suppressor cells impair adaptive immunity against Bordetella 
pertussis. Sci Rep-UK. 2017;7:7728.

 58. Dunsmore G, Bozorgmehr N, Delyea C, Koleva P, Namdar A, Elahi S. 
Erythroid suppressor cells compromise neonatal immune response 
against Bordetella pertussis. J Immunol. 2017;199:2081–95.

 59. Xu C, He J, Wang H, Zhang Y, Wu J, Zhao L, Li Y, Gao J, Geng G, Wang 
B, Chen X, Zheng Z, Shen B, Zeng Y, Bai Z, Yang H, Shi S, Dong F, Ma S, 
Jiang E, Cheng T, Lan Y, Zhou J, Liu B, Shi L. Single-cell transcriptomic 
analysis identifies an immune-prone population inerythroid precursors 
during human ontogenesis. Nat Immunol. 2022;23:1109–20.

 60. Han Y, Liu Q, Hou J, Gu Y, Zhang Y, Chen Z, Fan J, Zhou W, Qiu S, Zhang Y, 
Dong T, Li N, Jiang Z, Zhu H, Zhang Q, Ma Y, Zhang L, Wang Q, Yu Y, Li N, 
Cao X. Tumor-induced generation of splenic erythroblast-like ter-cells 
promotes tumorprogression. Cell. 2018;173:634–48.

 61. Zhao L, He R, Long H, Guo B, Jia Q, Qin D, Liu SQ, Wang Z, Xiang T, 
Zhang J, Tan Y, Huang J, Chen J, Wang F, Xiao M, Gao J, Yang X, Zeng H, 
Wang X, Hu C, Alexander PB, Symonds A, Yu J, Wan Y, Li QJ, Ye L, Zhu B. 
Late-stage tumors induce anemia and immunosuppressive extramed-
ullary erythroidprogenitor cells. Nat Med. 2018;24:1536–44.

 62. Long H, Jia Q, Wang L, Fang W, Wang Z, Jiang T, Zhou F, Jin Z, Huang 
J, Zhou L, Hu C, Wang X, Zhang J, Ba Y, Gong Y, Zeng X, Zeng D, Su X, 
Alexander PB, Wang L, Wang L, Wan YY, Wang XF, Zhang L, Li QJ, Zhu B. 
Tumor-induced erythroid precursor-differentiated myeloid cells medi-
ateimmunosuppression and curtail anti-PD-1/PD-L1 treatment efficacy. 
Cancer Cell. 2022;40:674–93.



Page 19 of 21Cheng et al. Journal of Hematology & Oncology           (2023) 16:71  

 63. Chen J, Qiao YD, Li X, Xu JL, Ye QJ, Jiang N, Zhang H, Wu XY. Intratu-
moral CD45(+)CD71(+) erythroid cells induce immune tolerance and 
predicttumor recurrence in hepatocellular carcinoma. Cancer Lett. 
2021;499:85–98.

 64. Audzevich T, Bashford-Rogers R, Mabbott NA, Frampton D, Freeman TC, 
Potocnik A, Kellam P, Gilroy DW. Pre/pro-B cells generate macrophage 
populations during homeostasis andinflammation. Proc Natl Acad Sci 
USA. 2017;114:E3954–63.

 65. Moreau JM, Mielnik M, Berger A, Furlonger C, Paige CJ. Tumor-secreted 
products repress B-cell lymphopoiesis in a murine model of breastcan-
cer. Eur J Immunol. 2016;46:2835–41.

 66. Chen C, Park B, Ragonnaud E, Bodogai M, Wang X, Zong L, Lee JM, Beer-
man I, Biragyn A. Cancer co-opts differentiation of B-cell precursors into 
macrophage-like cells. Nat Commun. 2022;13:5376.

 67. Izar B, Tirosh I, Stover EH, Wakiro I, Cuoco MS, Alter I, Rodman C, Leeson 
R, Su MJ, Shah P, Iwanicki M, Walker SR, Kanodia A, Melms JC, Mei S, Lin 
JR, Porter C, Slyper M, Waldman J, Jerby-Arnon L, Ashenberg O, Brinker 
TJ, Mills C, Rogava M, Vigneau S, Sorger PK, Garraway LA, Konstantinop-
oulos PA, Liu JF, Matulonis U, Johnson BE, Rozenblatt-Rosen O, Rotem A, 
Regev A. A single-cell landscape of high-grade serous ovarian cancer. 
Nat Med. 2020;26:1271–9.

 68. Ginhoux F, Guilliams M. Tissue-resident macrophage ontogeny and 
homeostasis. Immunity. 2016;44:439–49.

 69. Hoeffel G, Chen J, Lavin Y, Low D, Almeida FF, See P, Beaudin AE, Lum 
J, Low I, Forsberg EC, Poidinger M, Zolezzi F, Larbi A, Ng LG, Chan JK, 
Greter M, Becher B, Samokhvalov IM, Merad M, Ginhoux F. C-Myb(+) 
erythro-myeloid progenitor-derived fetal monocytes give rise to 
adulttissue-resident macrophages. Immunity. 2015;42:665–78.

 70. Zhu Y, Herndon JM, Sojka DK, Kim KW, Knolhoff BL, Zuo C, Cullinan DR, 
Luo J, Bearden AR, Lavine KJ, Yokoyama WM, Hawkins WG, Fields RC, 
Randolph GJ, DeNardo DG. Tissue-resident macrophages in pancreatic 
ductal adenocarcinoma originate fromembryonic hematopoiesis and 
promote tumor progression. Immunity. 2017;47:597.

 71. Casanova-Acebes M, Dalla E, Leader AM, LeBerichel J, Nikolic J, Morales 
BM, Brown M, Chang C, Troncoso L, Chen ST, Sastre-Perona A, Park MD, 
Tabachnikova A, Dhainaut M, Hamon P, Maier B, Sawai CM, Agulló-
Pascual E, Schober M, Brown BD, Reizis B, Marron T, Kenigsberg E, 
Moussion C, Benaroch P, Aguirre-Ghiso JA, Merad M. Tissue-resident 
macrophages provide a pro-tumorigenic niche to early NSCLC cells. 
Nature. 2021;595:578–84.

 72. Gargett T, Christo SN, Hercus TR, Abbas N, Singhal N, Lopez AF, Brown 
MP. GM-CSF signalling blockade and chemotherapeutic agents act 
in concert to inhibitthe function of myeloid-derived suppressor cells 
in vitro. Clin Transl Immunol. 2016;5: e119.

 73. Su X, Xu Y, Fox GC, Xiang J, Kwakwa KA, Davis JL, Belle JI, Lee WC, Wong 
WH, Fontana F, Hernandez-Aya LF, Kobayashi T, Tomasson HM, Su J, 
Bakewell SJ, Stewart SA, Egbulefu C, Karmakar P, Meyer MA, Veis DJ, 
DeNardo DG, Lanza GM, Achilefu S, Weilbaecher KN. Breast cancer-
derived GM-CSF regulates arginase 1 in myeloid cells to promote anim-
munosuppressive microenvironment. J Clin Investig. 2021;131:e145296.

 74. Morris KT, Castillo EF, Ray AL, Weston LL, Nofchissey RA, Hanson JA, 
Samedi VG, Pinchuk IV, Hudson LG, Beswick EJ. Anti-G-CSF treatment 
induces protective tumor immunity in mouse colon cancer bypromot-
ing protective NK cell, macrophage and T cell responses. Oncotarget. 
2015;6:22338–47.

 75. Tao H, Liu M, Wang Y, Luo S, Xu Y, Ye B, Zheng L, Meng K, Li L. Icaritin 
induces anti-tumor immune responses in hepatocellular carcinoma 
byinhibiting splenic myeloid-derived suppressor cell generation. Front 
Immunol. 2021;12: 609295.

 76. Hou Y, Liang HL, Yu X, Liu Z, Cao X, Rao E, Huang X, Wang L, Li L, Bugno 
J, Fu Y, Chmura SJ, Wu W, Luo SZ, Zheng W, Arina A, Jutzy J, McCall 
AR, Vokes EE, Pitroda SP, Fu YX, Weichselbaum RR. Radiotherapy and 
immunotherapy converge on elimination of tumor-promotingeryth-
roid progenitor cells through adaptive immunity. Sci Transl Med. 
2021;13:eabb0130.

 77. Pradeep S, Huang J, Mora EM, Nick AM, Cho MS, Wu SY, Noh K, Pecot CV, 
Rupaimoole R, Stein MA, Brock S, Wen Y, Xiong C, Gharpure K, Hansen 
JM, Nagaraja AS, Previs RA, Vivas-Mejia P, Han HD, Hu W, Mangala 
LS, Zand B, Stagg LJ, Ladbury JE, Ozpolat B, Alpay SN, Nishimura M, 

Stone RL, Matsuo K, Armaiz-Peña GN, Dalton HJ, Danes C, Goodman B, 
Rodriguez-Aguayo C, Kruger C, Schneider A, Haghpeykar S, Jaladurgam 
P, Hung MC, Coleman RL, Liu J, Li C, Urbauer D, Lopez-Berestein G, Jack-
son DB, Sood AK. Erythropoietin stimulates tumor growth via EphB4. 
Cancer Cell. 2015;28:610–22.

 78. Sano Y, Yoshida T, Choo MK, Jiménez-Andrade Y, Hill KR, Georgopoulos 
K, Park JM. Multiorgan signaling mobilizes tumor-associated erythroid 
cells expressing immunecheckpoint molecules. Mol Cancer Res. 
2021;19:507–15.

 79. Liang H, Deng L, Hou Y, Meng X, Huang X, Rao E, Zheng W, Mauceri 
H, Mack M, Xu M, Fu YX, Weichselbaum RR. Host STING-dependent 
MDSC mobilization drives extrinsic radiation resistance. Nat Commun. 
2017;8:1736.

 80. Nywening TM, Wang-Gillam A, Sanford DE, Belt BA, Panni RZ, Cusworth 
BM, Toriola AT, Nieman RK, Worley LA, Yano M, Fowler KJ, Lockhart AC, 
Suresh R, Tan BR, Lim KH, Fields RC, Strasberg SM, Hawkins WG, DeNa-
rdo DG, Goedegebuure SP, Linehan DC. Targeting tumour-associated 
macrophages with CCR2 inhibition in combination with FOLFIRINOX in 
patients with borderline resectable and locally advanced pancreatic-
cancer: a single-centre, open-label, dose-finding, non-randomised, 
phase 1btrial. Lancet Oncol. 2016;17:651–62.

 81. Flores-Toro JA, Luo D, Gopinath A, Sarkisian MR, Campbell JJ, Charo 
IF, Singh R, Schall TJ, Datta M, Jain RK, Mitchell DA, Harrison JK. CCR2 
inhibition reduces tumor myeloid cells and unmasks a checkpoint 
inhibitoreffect to slow progression of resistant murine gliomas. Proc 
Natl Acad Sci USA. 2020;117:1129–38.

 82. Choi J, Lee HJ, Yoon S, Ryu HM, Lee E, Jo Y, Seo S, Kim D, Lee CH, Kim 
W, Ha JY, Kim SY, Gong G, Jung KH, Park SR, Kim SW, Park KS, Lee DH. 
Blockade of CCL2 expression overcomes intrinsic PD-1/PD-L1 inhibitor-
resistancein transglutaminase 2-induced PD-L1 positive triple negative 
breast cancer. Am J Cancer Res. 2020;10:2878–94.

 83. Yang J, Yan J, Liu B. Targeting VEGF/VEGFR to modulate antitumor 
immunity. Front Immunol. 2018;9:978.

 84. Zhu Z, Hou Q, Guo H. NT5DC2 knockdown inhibits colorectal carci-
noma progression by repressingmetastasis, angiogenesis and tumor-
associated macrophage recruitment: a mechanism involving VEGF 
signaling. Exp Cell Res. 2020;397: 112311.

 85. Lacal PM, Atzori MG, Ruffini F, Scimeca M, Bonanno E, Cicconi R, Mattei 
M, Bernardini R, D’Atri S, Tentori L, Graziani G. Targeting the vascular 
endothelial growth factor receptor-1 by the monoclonalantibody 
D16F7 to increase the activity of immune checkpoint inhibitors against-
cutaneous melanoma. Pharmacol Res. 2020;159: 104957.

 86. Zhu Y, Knolhoff BL, Meyer MA, Nywening TM, West BL, Luo J, Wang-
Gillam A, Goedegebuure SP, Linehan DC, DeNardo DG. CSF1/CSF1R 
blockade reprograms tumor-infiltrating macrophages and improves-
response to T-cell checkpoint immunotherapy in pancreatic cancer 
models. Cancer Res. 2014;74:5057–69.

 87. Priceman SJ, Sung JL, Shaposhnik Z, Burton JB, Torres-Collado AX, 
Moughon DL, Johnson M, Lusis AJ, Cohen DA, Iruela-Arispe ML, Wu L. 
Targeting distinct tumor-infiltrating myeloid cells by inhibiting CSF-1 
receptor: combating tumor evasion of antiangiogenic therapy. Blood. 
2010;115:1461–71.

 88. Kumar V, Donthireddy L, Marvel D, Condamine T, Wang F, Lavilla-Alonso 
S, Hashimoto A, Vonteddu P, Behera R, Goins MA, Mulligan C, Nam B, 
Hockstein N, Denstman F, Shakamuri S, Speicher DW, Weeraratna AT, 
Chao T, Vonderheide RH, Languino LR, Ordentlich P, Liu Q, Xu X, Lo 
A, Puré E, Zhang C, Loboda A, Sepulveda MA, Snyder LA, Gabrilovich 
DI. Cancer-associated fibroblasts neutralize the anti-tumor effect of 
CSF1 receptor blockade by inducing PMN-MDSC infiltration of tumors. 
Cancer Cell. 2017;32:654–68.

 89. Nagaraj S, Youn JI, Weber H, Iclozan C, Lu L, Cotter MJ, Meyer C, 
Becerra CR, Fishman M, Antonia S, Sporn MB, Liby KT, Rawal B, Lee JH, 
Gabrilovich DI. Anti-inflammatory triterpenoid blocks immune suppres-
sive function of MDSCs andimproves immune response in cancer. Clin 
Cancer Res. 2010;16:1812–23.

 90. Eruslanov E, Daurkin I, Ortiz J, Vieweg J, Kusmartsev S. Pivotal Advance: 
Tumor-mediated induction of myeloid-derived suppressor cells andM2-
polarized macrophages by altering intracellular  PGE2 catabolism in 
myeloidcells. J Leukocyte Biol. 2010;88:839–48.



Page 20 of 21Cheng et al. Journal of Hematology & Oncology           (2023) 16:71 

 91. Ochoa AC, Zea AH, Hernandez C, Rodriguez PC. Arginase, prostaglan-
dins, and myeloid-derived suppressor cells in renal cellcarcinoma. Clin 
Cancer Res. 2007;13:721s–6s.

 92. Veltman JD, Lambers ME, van Nimwegen M, Hendriks RW, Hoogsteden 
HC, Aerts JG, Hegmans JP. COX-2 inhibition improves immunotherapy 
and is associated with decreased numbersof myeloid-derived suppres-
sor cells in mesothelioma. Celecoxib influences MDSC function. BMC 
Cancer. 2010;10:464.

 93. Serafini P, Meckel K, Kelso M, Noonan K, Califano J, Koch W, Dolcetti L, 
Bronte V, Borrello I. Phosphodiesterase-5 inhibition augments endog-
enous antitumor immunity by reducingmyeloid-derived suppressor 
cell function. J Exp Med. 2006;203:2691–702.

 94. Meyer C, Sevko A, Ramacher M, Bazhin AV, Falk CS, Osen W, Borrello I, 
Kato M, Schadendorf D, Baniyash M, Umansky V. Chronic inflammation 
promotes myeloid-derived suppressor cell activation blocking antitu-
mor immunity in transgenic mouse melanoma model. Proc Natl Acad 
Sci USA. 2011;108:17111–6.

 95. Lin S, Wang J, Wang L, Wen J, Guo Y, Qiao W, Zhou J, Xu G, Zhi F. Phos-
phodiesterase-5 inhibition suppresses colonic inflammation-induced-
tumorigenesis via blocking the recruitment of MDSC. Am J Cancer Res. 
2017;7:41–52.

 96. Califano JA, Khan Z, Noonan KA, Rudraraju L, Zhang Z, Wang H, Good-
man S, Gourin CG, Ha PK, Fakhry C, Saunders J, Levine M, Tang M, 
Neuner G, Richmon JD, Blanco R, Agrawal N, Koch WM, Marur S, Weed 
DT, Serafini P, Borrello I. Tadalafil augments tumor specific immunity in 
patients with head and necksquamous cell carcinoma. Clin Cancer Res. 
2015;21:30–8.

 97. Hassel JC, Jiang H, Bender C, Winkler J, Sevko A, Shevchenko I, Halama 
N, Dimitrakopoulou-Strauss A, Haefeli WE, Jäger D, Enk A, Utikal J, 
Umansky V. Tadalafil has biologic activity in human melanoma. Results 
of a pilot trial with Tadalafil in patients with metastatic Melanoma 
(TaMe). Oncoimmunology. 2017;6:e1326440.

 98. Grauers WH, Nilsson MS, Kiffin R, Sander FE, Lenox B, Rydström A, 
Hellstrand K, Martner A. Histamine targets myeloid-derived suppressor 
cells and improves the anti-tumorefficacy of PD-1/PD-L1 checkpoint 
blockade. Cancer Immunol Immun. 2019;68:163–74.

 99. Ghonim MA, Ibba SV, Tarhuni AF, Errami Y, Luu HH, Dean MJ, El-Bahrawy 
AH, Wyczechowska D, Benslimane IA, Del VL, Al-Khami AA, Ochoa AC, 
Boulares AH. Targeting PARP-1 with metronomic therapy modulates 
MDSC suppressive function andenhances anti-PD-1 immunotherapy in 
colon cancer. J Immunother Cancer. 2021;9:e001643.

 100. Holtzhausen A, Harris W, Ubil E, Hunter DM, Zhao J, Zhang Y, Zhang D, 
Liu Q, Wang X, Graham DK, Frye SV, Earp HS. TAM family receptor kinase 
inhibition reverses MDSC-mediated suppression and augments anti-
PD-1 therapy in melanoma. Cancer Immunol Res. 2019;7:1672–86.

 101. Wang D, Jiang W, Zhu F, Mao X, Agrawal S. Modulation of the 
tumor microenvironment by intratumoral administration ofIMO-
2125, a novel TLR9 agonist, for cancer immunotherapy. Int J Oncol. 
2018;53:1193–203.

 102. Cassetta L, Pollard JW. Targeting macrophages: therapeutic approaches 
in cancer. Nat Rev Drug Discov. 2018;17:887–904.

 103. Mullins SR, Vasilakos JP, Deschler K, Grigsby I, Gillis P, John J, Elder MJ, 
Swales J, Timosenko E, Cooper Z, Dovedi SJ, Leishman AJ, Luheshi 
N, Elvecrog J, Tilahun A, Goodwin R, Herbst R, Tomai MA, Wilkinson 
RW. Intratumoral immunotherapy with TLR7/8 agonist MEDI9197 
modulates the tumormicroenvironment leading to enhanced activity 
when combined with otherimmunotherapies. J Immunother Cancer. 
2019;7:244.

 104. Lum HD, Buhtoiarov IN, Schmidt BE, Berke G, Paulnock DM, Sondel 
PM, Rakhmilevich AL. Tumoristatic effects of anti-CD40 mAb-activated 
macrophages involve nitric oxideand tumour necrosis factor-alpha. 
Immunology. 2006;118:261–70.

 105. Wiehagen KR, Girgis NM, Yamada DH, Smith AA, Chan SR, Grewal IS, 
Quigley M, Verona RI. Combination of CD40 agonism and CSF-1R block-
ade reconditions tumor-associated macrophages and drives potent 
antitumor immunity. Cancer Immunol Res. 2017;5:1109–21.

 106. Kusmartsev S, Su Z, Heiser A, Dannull J, Eruslanov E, Kübler H, Yancey D, 
Dahm P, Vieweg J. Reversal of myeloid cell-mediated immunosuppres-
sion in patients with metastaticrenal cell carcinoma. Clin Cancer Res. 
2008;14:8270–8.

 107. Fleet JC, Burcham GN, Calvert RD, Elzey BD, Ratliff TL. 1α, 25 Dihydroxy-
vitamin D (1,25(OH)(2)D) inhibits the T cell suppressive functionof 
myeloid derived suppressor cells (MDSC). J Steroid Biochem. 2020;198: 
105557.

 108. Lathers DM, Clark JI, Achille NJ, Young MR. Phase 1B study to improve 
immune responses in head and neck cancer patients usingesca-
lating doses of 25-hydroxyvitamin D3. Cancer Immunol Immun. 
2004;53:422–30.

 109. Zhou J, Donatelli SS, Gilvary DL, Tejera MM, Eksioglu EA, Chen X, 
Coppola D, Wei S, Djeu JY. Therapeutic targeting of myeloid-derived 
suppressor cells involves a novelmechanism mediated by clusterin. Sci 
Rep-UK. 2016;6:29521.

 110. Tu SP, Jin H, Shi JD, Zhu LM, Suo Y, Lu G, Liu A, Wang TC, Yang CS. 
Curcumin induces the differentiation of myeloid-derived suppressor 
cells and inhibits their interaction with cancer cells and related tumor 
growth. Cancer Prev Res. 2012;5:205–15.

 111. Strauss L, Mahmoud M, Weaver JD, Tijaro-Ovalle NM, Christofides A, 
Wang Q, Pal R, Yuan M, Asara J, Patsoukis N, Boussiotis VA. Targeted dele-
tion of PD-1 in myeloid cells induces antitumor immunity. Sci Immunol. 
2020;5:63.

 112. Klichinsky M, Ruella M, Shestova O, Lu XM, Best A, Zeeman M, Schmierer 
M, Gabrusiewicz K, Anderson NR, Petty NE, Cummins KD, Shen F, Shan 
X, Veliz K, Blouch K, Yashiro-Ohtani Y, Kenderian SS, Kim MY, O’Connor 
RS, Wallace SR, Kozlowski MS, Marchione DM, Shestov M, Garcia BA, 
June CH, Gill S. Human chimeric antigen receptor macrophages for 
cancer immunotherapy. Nat Biotechnol. 2020;38:947–53.

 113. Liu D, Zhao J, Song Y. Engineering switchable and programmable 
universal CARs for CAR T therapy. J Hematol Oncol. 2019;12:69.

 114. Kodera Y, Katanasaka Y, Kitamura Y, Tsuda H, Nishio K, Tamura T, Koizumi 
F. Sunitinib inhibits lymphatic endothelial cell functions and lymph 
node metastasisin a breast cancer model through inhibition of vascular 
endothelial growth factorreceptor 3. Breast Cancer Res. 2011;13:R66.

 115. Ko JS, Zea AH, Rini BI, Ireland JL, Elson P, Cohen P, Golshayan A, Rayman 
PA, Wood L, Garcia J, Dreicer R, Bukowski R, Finke JH. Sunitinib mediates 
reversal of myeloid-derived suppressor cell accumulation inrenal cell 
carcinoma patients. Clin Cancer Res. 2009;15:2148–57.

 116. Germano G, Frapolli R, Belgiovine C, Anselmo A, Pesce S, Liguori M, Erba 
E, Uboldi S, Zucchetti M, Pasqualini F, Nebuloni M, van Rooijen N, Mor-
tarini R, Beltrame L, Marchini S, Fuso NI, Sanfilippo R, Casali PG, Pilotti S, 
Galmarini CM, Anichini A, Mantovani A, D’Incalci M, Allavena P. Role of 
macrophage targeting in the antitumor activity of trabectedin. Cancer 
Cell. 2013;23:249–62.

 117. Eriksson E, Wenthe J, Irenaeus S, Loskog A, Ullenhag G. Gemcitabine 
reduces MDSCs, tregs and TGFβ-1 while restoring the teff/treg ratioin 
patients with pancreatic cancer. J Transl Med. 2016;14:282.

 118. Huang S, Wang Z, Zhou J, Huang J, Zhou L, Luo J, Wan YY, Long H, 
Zhu B. EZH2 inhibitor GSK126 suppresses antitumor immunity by 
driving production of myeloid-derived suppressor cells. Cancer Res. 
2019;79:2009–20.

 119. Giraudo E, Inoue M, Hanahan D. An amino-bisphosphonate targets 
MMP-9-expressing macrophages and angiogenesis toimpair cervical 
carcinogenesis. J Clin Investig. 2004;114:623–33.

 120. Zhang W, Zhu XD, Sun HC, Xiong YQ, Zhuang PY, Xu HX, Kong LQ, 
Wang L, Wu WZ, Tang ZY. Depletion of tumor-associated macrophages 
enhances the effect of sorafenib in metastatic liver cancer mod-
els by antimetastatic and antiangiogenic effects. Clin Cancer Res. 
2010;16:3420–30.

 121. Zhou DY, Qin J, Huang J, Wang F, Xu GP, Lv YT, Zhang JB, Shen LM. 
Zoledronic acid inhibits infiltration of tumor-associated macrophages 
andangiogenesis following transcatheter arterial chemoembolization 
in rathepatocellular carcinoma models. Oncol Lett. 2017;14:4078–84.

 122. Martin CK, Werbeck JL, Thudi NK, Lanigan LG, Wolfe TD, Toribio RE, 
Rosol TJ. Zoledronic acid reduces bone loss and tumor growth in an 
orthotopic xenograftmodel of osteolytic oral squamous cell carcinoma. 
Cancer Res. 2010;70:8607–16.

 123. Etzerodt A, Tsalkitzi K, Maniecki M, Damsky W, Delfini M, Baudoin E, 
Moulin M, Bosenberg M, Graversen JH, Auphan-Anezin N, Moestrup SK, 
Lawrence T. Specific targeting of CD163(+) TAMs mobilizes inflamma-
tory monocytes and promotesT cell-mediated tumor regression. J Exp 
Med. 2019;216:2394–411.



Page 21 of 21Cheng et al. Journal of Hematology & Oncology           (2023) 16:71  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 124. Qin H, Lerman B, Sakamaki I, Wei G, Cha SC, Rao SS, Qian J, Hailemichael 
Y, Nurieva R, Dwyer KC, Roth J, Yi Q, Overwijk WW, Kwak LW. Generation 
of a new therapeutic peptide that depletes myeloid-derived suppres-
sorcells in tumor-bearing mice. Nat Med. 2014;20:676–81.

 125. Kondratova M, Czerwinska U, Sompairac N, Amigorena SD, Soumelis 
V, Barillot E, Zinovyev A, Kuperstein I. A multiscale signalling network 
map of innate immune response in cancer revealscell heterogeneity 
signatures. Nat Commun. 2019;10:4808.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Tumor-associated myeloid cells in cancer immunotherapy
	Abstract 
	Introduction
	Origin of classical TAMCs
	Tumor-trained myeloid-biased differentiation in BM
	Tumor-associated macrophage (TAM)
	M1-TAM and M2-TAM
	Proliferating TAM in local tumors

	MDSC
	Tumor-associated neutrophil (TAN)
	Tumor-associated dendritic cell (TADC)

	Splenic HSPCs mediated tumor-promoting myelopoiesis
	Tumor-induced erythroid precursor-differentiated myeloid cells
	Tumor-induced B precursor cells differentiated macrophage-like cells
	Embryo-derived TAM
	Technologies used for studying heterogeneous TAMCs
	Therapeutic strategies based on TAMCs
	Inhibiting tumor-promoting myelopoiesis
	Anti-G-CSF and anti-GM-CSF antibody
	Targeting EMH
	EPO

	Blocking the expansion and recruitment of TAMCs
	Mitigating the immunosuppressive ability of TAMCs
	Common approaches
	Chimeric antigen receptor macrophage (Car-M)

	Direct depletion

	Conclusions
	Future perspectives
	Acknowledgements
	References


