
Vol.:(0123456789)

Cancer Immunology, Immunotherapy           (2025) 74:40  
https://doi.org/10.1007/s00262-024-03856-6

REVIEW

Targeting immune checkpoints on myeloid cells: current status 
and future directions

Chuhan Ma1 · Yang Li1 · Min Li2 · Chao Lv1 · Yu Tian1

Received: 11 September 2024 / Accepted: 7 October 2024 
© The Author(s) 2024

Abstract
Myeloid cells accumulate extensively in most tumors and play a critical role in immunosuppression of the tumor microenvi-
ronment (TME). Like T cells, myeloid cells also express immune checkpoint molecules, which induce the immunosuppressive 
phenotype of these cells. In this review, we summarize the tumor-promoting function and immune checkpoint expression 
of four types of myeloid cells: macrophages, neutrophils, dendritic cells, and myeloid-derived suppressor cells, which are 
the main components of the TME. By summarizing the research status of myeloid checkpoints, we propose that blocking 
immune checkpoints on myeloid cells might be an effective strategy to reverse the immunosuppressive status of the TME. 
Moreover, combining nanotechnology, cellular therapy, and bispecific antibodies to achieve precise targeting of myeloid 
immune checkpoints can help to avoid the adverse effects of systemic administration, ultimately achieving a balance between 
efficacy and safety in cancer therapy.
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Abbreviations
ADCC	� Antibody-dependent cellular cytotoxicity
ADCP	� Antibody-dependent cellular phagocytosis
AML	� Acute myeloid leukemia
ANGPTL	� Angiopoietin-like protein
CAR-M	� Chimeric antigen receptor macrophage
CAR-T	� Chimeric antigen receptor T cell
CCL	� CC-chemokine ligand
cDC	� Classical dendritic cell
C/EBPα	� CCAAT/enhancer binding protein α
Clever-1	� Common lymphatic endothelial and vascu-

lar endothelial receptor-1
CRT​	� Calreticulin
CTC​	� Circulating tumor cell
CTL	� Cytotoxic T lymphocyte
DAMP	� Damage-associated molecular pattern
DAP	� DNAX activation protein
ECM	� Extracellular matrix

e-MDSC	� Early stage myeloid-derived suppressor 
cell

EMT	� Epithelial-to-mesenchymal transition
EV	� Extracellular vehicles
FasL	� Fas ligand
HIF	� Hypoxia-induced factor
ICB	� Immune checkpoint blockade
IDO	� Indoleamine 2,3-dioxygenase
IFN	� Interferon
IgSF	� Immunoglobulin superfamily
IL	� Interleukin
iNOS	� Inducible nitric oxide synthase
ITIM	� Immunoreceptor tyrosine-based inhibitory 

motif
LILRB	� Leukocyte immunoglobulin-like receptor 

B
mAb	� Monoclonal antibody
MDSC	� Myeloid-derived suppressor cell
MHC	� Major histocompatibility complex
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M-MDSC	� Monocytic myeloid-derived suppressor 
cell

MMP	� Metalloproteinases
MoDC	� Monocyte-derived dendritic cell
NET	� Neutrophil extracellular trap
NSCLC	� Non-small cell lung cancer
ORR	� Objective response rate
OS	� Overall survival
OVM	� Outer membrane vesicle
PAMP	� Pathogen-associated molecular pattern
pDC	� Plasmacytoid dendritic cell
PIR-B	� Paired Ig-like receptor B
PMN-MDSC	� Polymorphonuclear myeloid-derived sup-

pressor cell
RBC	� Red blood cell
ROS	� Reactive oxygen species
R/R NHL	� Relapsed or refractory non-Hodgkin 

lymphoma
SHP	� SH2-containing phosphatase
Siglec	� Sialic acid-binding immunoglobulin-like 

lectin
SLAMF7	� Signaling lymphocytic activation molecule 

family receptor 7
SIRP α	� Signal regulatory protein α
STAT​	� Signal transducer and activator of 

transcription
TAM	� Tumor-associated macrophage
TAN	� Tumor-associated neutrophil
TGF-β	� Transforming growth factor beta
Th	� T helper
TIDC	� Tumor-infiltrating dendritic cell
TLR	� Toll-like receptor
TME	� Tumor microenvironment
TRAIL	� TNF-related apoptosis-inducing ligand
Treg	� T regulatory cell
TREM2	� Triggering receptor expressed on myeloid 

cells 2
VEGF	� Vascular endothelial growth factor
WT	� Wild-type

Introduction

Immunotherapies including immune checkpoint blockade 
(ICB) and chimeric antigen receptor T cells (CAR-T) strat-
egies have revolutionized the cancer treatment landscape. 
However, the efficacy of anti-PD-1 and anti-CTLA-4 thera-
pies remains limited. In most cancers, only a small frac-
tion of patients benefit from long-term ICB treatment. This 
limitation is primarily due to intrinsic drug resistance within 
the tumor and the immunosuppressive nature of the tumor 
microenvironment (TME) [1]. While CAR-T cell therapy has 
achieved remarkable success in hematological malignancies, 

it faces numerous obstacles in solid tumor treatments. Physi-
cal barriers including abnormal vascularization and the 
extracellular matrix restrict their ability to navigate and 
penetrate the tumor site. Furthermore, when CAR-T cells 
manage to infiltrate into the tumor, they are compromised by 
the suppressive immune cells, immune checkpoint expres-
sion, and the conditions of hypoxia and nutrient scarcity 
within the TME. These factors cumulatively diminish the 
potency and viability of CAR-T cells, thereby reducing their 
therapeutic efficacy against solid tumors [2]. Myeloid cells, 
in contrast to T cells, exhibit extensive infiltration in the 
majority of tumors [3]. Besides, tumor-educated myeloid 
cells, including tumor-associated macrophages (TAMs), 
tumor-associated neutrophils (TANs), tumor-infiltrating 
dendritic cells (TIDCs), and myeloid-derived suppressor 
cells (MDSCs), significantly contribute to immunosuppres-
sion of the TME [3]. Therefore, targeting myeloid cells pre-
sents a promising approach to overcome these challenges 
and enhance anti-tumoral immunity (supplementary Fig. 1).

Like T cells, myeloid cells also express inhibitory mol-
ecules, known as immune checkpoints. These checkpoints 
can extensively influence various functions of myeloid cells, 
including proliferation, migration, differentiation, and cyto-
toxicity [4, 5]. Blocking myeloid immune checkpoints is an 
effective strategy to reverse the immunosuppressive pheno-
type of tumor-infiltrating myeloid cells, offering a promis-
ing target for cancer therapy [4, 5]. A variety of myeloid 
immune checkpoint blockade therapies has entered clinical 
trials. Magrolimab (anti-CD47 IgG4) is a pioneering drug 
for myeloid checkpoint blockade. However, recent clinical 
trials associated with magrolimab showed frustrating out-
comes, primarily due to the widespread expression of CD47 
leading to severe side effects, making it difficult to strike a 
balance between safety and efficacy [6]. Consequently, there 
is an urgent need for more precise interventions to modulate 
immune checkpoints of myeloid cells within the TME. This 
review highlights the impact of immune checkpoint mol-
ecules on different types of myeloid cells. By summarizing 
recent clinical trials, we project potential future trajectories 
of myeloid checkpoint therapy and anticipate the novel ther-
apeutic approaches that selectively target multiple immune 
checkpoint molecules on myeloid cells in the future.

Myeloid cell function in the TME

Myeloid cells are involved in all the stages of cancer pro-
gression. Tumor cells release cytokines to recruit myeloid 
cells. In the early stage of tumorigenesis, these myeloid cells 
induce an inflammatory response to trigger myelopoiesis and 
recruit other immune cells, which play a role in immune 
surveillance against tumors. However, under the education 
of TME, they are gradually reprogrammed to facilitate tumor 
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progression. Persistent myelopoiesis also produces immu-
nosuppressive MDSCs [5, 7]. In the following text, we will 
discuss the origins and functions of myeloid cells (Fig. 1).

Neutrophil

At the early stages of carcinogenesis, neutrophils with anti-
tumor activity are recruited to the TME by cytokines pro-
duced by the tumor and surrounding cells [8, 9]. In contrast 
to neutrophils surrounding the tumor, intratumoral TANs 
demonstrate a higher propensity for promoting tumor growth 
and reduced mobility [10]. Similar to macrophages, neutro-
phils can be divided into N1 and N2 [10]. N2 is the predomi-
nant subtype of TANs in most malignancies and is correlated 
with an unfavorable prognosis in patients. Through the pro-
motion of epithelial genetic instability, tumor cell prolifera-
tion, angiogenesis, and tissue remodeling, TANs contribute 
to cancer progression [11]. Furthermore, TANs play piv-
otal roles in tumor metastasis. Within premetastatic niches, 
neutrophils secrete BV8 and metalloproteinases 9 (MMP9) 
to induce angiogenesis [12], and release proteases to medi-
ate the extracellular matrix (ECM) degradation, facilitating 
tumor extravasation and growth [13, 14]. Neutrophils can 
also entrap circulating tumor cells (CTCs) through direct 
ligation or release neutrophil extracellular traps (NET) to 
promote tumor metastasis [15, 16].

In contrast, intratumoral neutrophil infiltration is associ-
ated with improved overall survival (OS) in patients with 
colorectal cancer [17] and undifferentiated pleomorphic 
sarcoma [8]. Through the release of reactive oxygen spe-
cies (ROS), NO, TNF-related apoptosis-inducing ligand 

(TRAIL), and TNF, N1 mediates anti-tumor response 
[18–20] and depletion of neutrophils leads to increased 
metastatic lesions of breast cancer [21]. A recent study high-
lights the pivotal role of neutrophils in determining immu-
notherapy efficacy. Successful immunotherapies elicit the 
expansion of neutrophils with an interferon gene signature, 
which is required for tumor control [22], and interferon-
stimulated Ly6Ehi neutrophil is an accurate predictor of 
immunotherapy outcomes [23]. Besides, neutrophils can 
act as bystanders to eliminate tumor antigen escape variants 
during anti-tumor response mediated by T cells [24]. These 
results also underscore the immense potential of targeting 
neutrophils to impede tumor progression.

Macrophage

Macrophages are the most abundant immune cells in the 
TME. For a long time, it was thought that TAMs originated 
from bone marrow-derived monocytic precursors [25, 26]. 
However, tissue-resident macrophages (TRMs) also play an 
essential role in creating a supportive environment in the 
TME. While monocyte-derived macrophages are recruited 
later, TRMs participate in the formation of nurturing niches 
during carcinogenesis [25]. TAMs are sustained in the TME 
via TRM proliferation and monocyte differentiation [25].

Macrophages can induce antibody-dependent cellular 
cytotoxicity (ADCC), and phagocytosis (ADCP), and trigger 
adaptive immune responses against tumor cells [25]. Nev-
ertheless, components of the TME, including hypoxia and 
cytokines, reprogram macrophages into the immunosuppres-
sive M2 phenotype [25]. For example, tumor cells secrete 

Fig. 1   Myeloid cells recruited 
to the TME are polarized into 
a pro-tumor phenotype. Part 1: 
Myeloid cells are recruited from 
the circulation to participate in 
anti-tumor immune responses. 
Part 2: However, within the 
tumor microenvironment 
(TME), they are polarized 
toward a pro-tumorigenic phe-
notype, which generates cancer-
related inflammation driving 
pathological hematopoiesis, 
resulting in immunosuppressive 
myeloid-derived suppressor 
cells (MDSCs) production. Part 
3: Ultimately, these myeloid 
cells within the TME coexist 
with the tumor cells, contribut-
ing to their proliferation, metas-
tasis, and immune suppression. 
(By Figdraw)
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interleukin-4 (IL-4) and Hedgehog ligand to direct M2 
polarization [27]. Besides, hypoxia-induced factors (HIFs) 
in tumor cells boost the expression of checkpoint ligands, 
such as CD47 and HLA-G, which can bind with SIRPα 
and LILRB2 to hind the macrophage-mediated anti-tumor 
response [28, 29]. Most of the time, TAM infiltration corre-
lates with poor prognosis for patients. TAMs facilitate tumor 
growth by promoting tumor vascularization, epithelial-to-
mesenchymal transition (EMT), and ECM remodeling [30]. 
They also inhibit tumor cell clearance mediated by cyto-
toxic T lymphocytes (CTLs) via direct contact or secretion 
of soluble factors [30, 31] and recruit immunosuppressive 
T regulatory cells (Tregs) [30]. In addition, macrophages 
can facilitate lymphatic and hematogenous metastasis by 
interacting with cancer cells, the ECM, and other innate and 
adaptive immune cells [25].

DC

DCs can be divided into classical dendritic cells (cDCs), 
plasmacytoid dendritic cells (pDCs), and monocyte-derived 
dendritic cells (MoDCs) [32]. While cDCs excel in antigen 
presentation, pDCs are characterized by interferon secretion 
and MoDCs predominantly promote T cell differentiation 
in response to inflammation [32]. Specifically, this review 
focuses on cDCs, which possess the capacity to prime T cells 
and serve as a bridge between innate and adaptive immunity.

cDCs consist of two subtypes, namely, cDC1 and cDC2. 
In contrast to cDC2s, which lack cross-priming abilities 
and mainly elicit a CD4 + T cell response, cDC1s can pre-
sent both endogenous and exogenous antigens to prime 
CD8 + T cells [32, 33]. DCs can also enhance the T cell 
response through cytokine secretion and direct conjugation 
via costimulatory molecules [32]. However, the TME ham-
pers the recruitment of DCs and promotes the generation 
of tolerogenic DCs. Tumors expressing β-catenin reduce 
the presence of CC-chemokine ligand 4 (CCL4), leading 
to decreased infiltration of cDCs [34]. TME can also deac-
tivate tumor-infiltrating NK cells, which normally secrete 
FMS-related tyrosine kinase 3 ligand (FLT3L) to support 
DC development and proliferation [35]. Moreover, vascu-
lar endothelial growth factor (VEGF) and IL-6 impede DC 
differentiation in TME [36, 37]. Versican, a type of toll-like 
receptor 2 (TLR2) ligand in the TME, can promote DCs to 
release IL-6 and IL-10 and upregulate their receptors on the 
cell surface through hyperphosphorylation of signal trans-
ducer and activator of transcription 3 (STAT3), facilitating 
the immunosuppression within the TME [37]. Tolerogenic 
DCs express fewer costimulatory molecules but higher levels 
of coinhibitory molecules to restrict anti-tumor activity [32]. 
Upon engagement of CTLA-4 and CD80/CD86, tolerogenic 
DCs secrete indoleamine 2,3-dioxygenase 1 (IDO1), which 
inhibits the response of CD8+ T cells, NK cells, and plasma 

cells, while inducing the differentiation of Tregs [38, 39]. 
However, this tolerogenic phenotype is reversible [40], indi-
cating the potential for modulating DC function within the 
TME.

MDSC

MDSCs are immature myeloid cells that arise from patho-
logical myelopoiesis and reprogramming of mature circu-
lating monocytes in peripheral tissues [41]. MDSCs can be 
categorized into monocytic myeloid-derived suppressor cells 
(M-MDSCs), polymorphonuclear myeloid-derived suppres-
sor cells (PMN-MDSCs), and a small proportion of early 
stage myeloid-derived suppressor cells (e-MDSCs) [42]. 
Cytokines in the TME can recruit MDSCs and facilitate their 
expansion [43]. MDSCs play a pivotal role in establishing 
an immunosuppressive milieu within the TME, primarily 
through the secretion of various factors such as arginase 1, 
transforming growth factor beta (TGF-β), IL-10, inducible 
nitric oxide synthase (iNOS), and IDO [44]. Furthermore, 
the metabolic pathways of MDSCs can be influenced by the 
TME, favoring fatty acid oxidation, which amplifies their 
immunosuppressive capabilities [45]. MDSCs are crucial 
components of premetastatic niches, where they contribute 
to angiogenesis and tumor stemness and facilitate EMT to 
support tumor metastasis [46]. As immature myeloid cells, 
MDSCs can differentiate into other immunosuppressive or 
immunostimulating cells. For example, HIF-1α can induce 
MDSCs to differentiate into M2 TAMs [47]. Conversely, 
myeloid checkpoint blockade can redirect MDSCs toward 
an anti-tumor phenotype, which is discussed in detail in the 
following section.

Immune checkpoints in myeloid cells 
of the TME

Myeloid cells express many immune checkpoints to prevent 
self-immunity. In the TME, myeloid checkpoints are upregu-
lated to restrict their anti-tumor roles. Blockade of myeloid 
immune checkpoints can induce the immunostimulating phe-
notype of myeloid cells and alleviate immunosuppression in 
the TME [5], which provides novel therapeutic approaches 
for cancer treatment (Fig. 2).

Co‑expressed immune checkpoints 
on myeloid cells

SIRPα: Signal regulatory protein α (SIRPα) is the first 
member identified in the signal regulatory protein family and 
is expressed across all kinds of myeloid cells [48]. SIRPα 
has three immunoglobulin superfamily (IgSF) domains in 
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the extracellular region for ligand binding and a cytosolic 
domain equipped with both an immunoreceptor tyrosine-
based inhibitory motif (ITIM), allowing signal transduction 
with SH2-containing phosphatase (SHP) [48]. CD47, the 
primary ligand of SIRPα, provides a "don’t eat me" sig-
nal to macrophages, preventing autologous phagocytosis 
in normal cells. For example, red blood cells (RBCs) from 
CD47−/− mice are rapidly cleared when transfused into 
wild-type (WT) recipients, and senescent erythrocytes with 
diminished CD47 levels are phagocytosed by splenic red 
pulp macrophages [49].

Tumor cells can upregulate CD47 to evade the mac-
rophage attack [28, 50, 51]. Disrupting the CD47-SIRPα 
interaction promotes macrophage-mediated phagocytosis 
and limits tumor growth in vivo [52]. Anti-CD47 treat-
ment also enhances the priming of T cell responses by 
macrophages [53]. The relationship between anti-CD47 
and macrophage phenotypes is complex. Compared with 
M2 macrophages, anti-CD47 can induce higher phagocy-
tosis rates in M1 macrophages [54]. However, M1 polari-
zation reduces the phagocytosis of A549 and MCF-7 cells 
in response to anti-CD47 [55]. Although anti-CD47 cannot 

induce the transformation between M1 and M2 in vitro, it 
increases the presence of mouse M1 macrophages in vivo 
[54], suggesting that the effect on macrophage phenotypes 
is not direct. These paradox outcomes might contribute to 
the resistance of anti-CD47 therapy, necessitating further 
research to reveal the underlying mechanisms.

Ring et al. designed the anti-SIRPα antibody KWAR23 to 
enhance antibody-dependent cellular phagocytosis (ADCP) 
when combined with monoclonal antibodies (mAbs) target-
ing tumor-specific antigens, such as rituximab, trastuzumab, 
and cetuximab [56]. Intriguingly, KWAR23 does not aug-
ment the phagocytosis of non-opsonized tumor cells [56]. 
In fact, CD47-SIRPα only critically regulates tumor cells 
when tumor cells are decorated by “eat me” signals. These 
activating signals include calreticulin (CRT) and opsonins, 
such as the Fc domain of antibodies and complements [57, 
58]. CRT, derived from macrophage secretions or endog-
enous pools, can interact with tumor cell-expressed epitopes 
and initiate phagocytosis via receptors like low-density lipo-
protein receptor-related protein 1 (LRP-1) and C1Q [59]. 
In addition, signaling lymphocytic activation molecule 
family receptor 7 (SLAMF7) on tumor cells may activate 

Fig. 2   The impact of immune checkpoint blockade on myeloid cells. 
Blocking immune checkpoints can enhance the tumor-killing ability 
of myeloid cells, including phagocytosis, ADCC (antibody-dependent 
cellular cytotoxicity), and the production of ROS (Reactive oxygen 
species), particularly in macrophages and neutrophils. Inhibition of 
myeloid immune checkpoints can also induce the anti-tumor pheno-
type of these cells. Myeloid checkpoint blockade can polarize M2 
macrophages into M1 and promote the differentiation of immature 
MDSCs (myeloid-derived suppressor cells) into DCs (Dendritic cells) 

and macrophages. In addition, myeloid immune checkpoint blockade 
(ICB) can also enhance the antigen presentation and cytokine secre-
tion of myeloid cells, thereby stimulating T cell activation. ACKR2, 
atypical chemokine receptor 2; Clever-1, common lymphatic endothe-
lial and vascular endothelial receptor-1; LILRB, Leukocyte immuno-
globulin-like receptor B; Mφ,  macrophage; Siglec, sialic acid-bind-
ing immunoglobulin-like lectin; SIRPα, Signal regulatory protein α; 
TREM2, Triggering receptor expressed on myeloid cells 2. (By Fig-
draw)
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phagocytosis by interacting with Mac1 on phagocytes. Some 
studies have suggested that SLAMF7 knockout impairs the 
phagocytic ability of macrophages targeting L1210 cells 
[60], whereas there is also a study reporting no correlation 
between SLAMF7 expression and phagocytosis induced by 
CD47 blockade [61]. A recent study revealed that SLAMF7, 
when interacting in cis with CD47 on the surface of tumor 
cells, effectively suppresses its potential to trigger phagocy-
tosis [62]. The combination of the SLAMF7 antibody and 
the SIRPα antibody exhibited potent efficacy against cancer 
cells in both in vitro tissue cultures and within tumor-bear-
ing mice. Given the low expression of SLAMF7 and SIRPα 
in RBCs, the combination might be a good strategy to avoid 
anemia induced by anti-CD47 [62] (supplementary Fig. 2). 
Besides, type I interferons (IFN) can reprogram tumor cell 
metabolism by activating oxidative phosphorylation, which 
is essential for CD47-SIRPα blockade efficacy [63].

As phagocytes, neutrophils also receive the “don’t eat 
me” signal mediated by CD47-SIRPα interactions [64]. Tro-
gocytosis is a specialized form of phagocytosis mediated 
by neutrophils, which can mechanically disrupt the plasma 
membranes of tumor cells. CD11b/CD18 integrin-mediated 
neutrophil-tumor cell conjugation, essential for trogocytosis, 
is inhibited by CD47-SIRPα interactions. The inhibition is 
kindlin3-dependent and can be reversed by blocking CD47-
SIRPα to activate integrins [65–67].

Anti-CD47 mAbs can improve T cell response to kill 
tumor cells, predominantly by promoting DC cross-priming 
[68]. ALX-148, a CD47 chimeric antibody composed of a 
modified SIRPα domain and an inactive human IgG1 Fc, 
modulates DC subsets, reducing CD8−DC while increas-
ing CD8+ DCs, which are vital for cytotoxic T lymphocyte 
(CTL) cross-priming. Both DC subtypes upregulate the 
activation marker CD86 under the influence of ALX-148. 
The effects on CD8+ DCs were augmented in combination 
with anti-PD-1 therapy [69]. Furthermore, CD47 knockout 
tumor cells stimulate the proliferation of CD11c+ DCs, and 
vaccines using these DCs with CD47-defective tumor cells 
show superior efficacy compared to those using wild-type 
cells. Notably, SIRPα+ DCs display superior antigen-pre-
senting ability compared to SIRPα−DCs, indicating poten-
tial targeting of the CD47-SIRPα axis to promote antigen 
presentation [70].

CD47 blockade increases phagocytosis of tumor DNA 
by CD103+ DCs, leading to increased secretion of CXCL9 
and IL-12 via the cGAS-STING signaling pathway. This 
promotes the recruitment of NK cells and enhances their 
tumor-killing activity. Hypoxic TME conditions that impair 
ICB efficacy actually facilitate phagocytosis by CD103+ 
DCs, suggesting anti-CD47 therapy as a valuable alterna-
tive for ICB-resistant patients [71].

CD47 expression correlates with MDSC accumulation 
in TME. In a preclinical model of head-and-neck squamous 

cell carcinoma, anti-CD47 treatment decreased MDSC infil-
tration into the primary tumor and tumor-draining lymph 
nodes [72, 73]. Anti-CD47 inhibits the immunosuppressive 
function of MDSCs [74, 75]. Blockade of the CD47-SIRPα 
axis induces MDSC differentiation, leading to overexpres-
sion of major histocompatibility complex (MHC) II, CD86, 
and chemokines including macrophage chemoattractant pro-
tein 1 (MCP-1) and microtubule-associated protein 2 (MAP-
2) [74]. Anti-SIRPα mAbs also reduce TGF-β and iNOS 
production by MDSCs [76]. Although chemotherapy can 
increase MDSC infiltration within the TME, dual anti-PD-
L1 and anti-CD47 treatment can counteract this accumula-
tion, especially in oxaliplatin (OXP) and FOLFOX regimens, 
thereby improving therapeutic outcomes [75].

LILRB: Leukocyte immunoglobulin-like receptor B 
(LILRB) is a member of the leukocyte immunoglobulin-like 
receptor family. The LILRB family consists of five mem-
bers: LILRB1-5. Each member is equipped with intracel-
lular ITIMs and external Ig-like domains for ligand bind-
ing. LILRB mainly interacts with MHC I, including classic 
MHC I(HLA-A, HLA-B, and HLA-C) and non-classic MHC 
I (HLA-E, HLA-F, and HLA-G) [77]. In addition, S100A8/
A9, some myelin-associated proteins, and angiopoietin-like 
proteins (ANGPTL) are also identified as LILRB ligands 
[78].

LILRB1 is enriched in TAMs where its engagement with 
MHC I on tumor cells can lead to resistance to phagocy-
tosis. Similar to SIRPα, LILRB1 also transmits a "do not 
eat me" signal to macrophages via ITIM/SHP signaling [5]. 
The recognition of MHC I by LILRB1 depends on the β2 
microglobulin subunit of the MHC I complex, in contrast 
to LILRB2, which does not exhibit this dependency [79]. 
The interaction of LILRB2 with MHC I drives macrophages 
toward an immunosuppressive state besides inhibition of 
phagocytosis. Research by Chen et al. has demonstrated that 
blocking LILRB2 can enhance the phagocytic capacity of 
TAMs and promote a shift toward a more inflammatory M1 
macrophage phenotype [80].

Upon stimulation, LILRB2 is upregulated on neutrophils 
to prevent excessive activation. Its interaction with HLA-G 
can inhibit neutrophil-mediated phagocytosis and the pro-
duction of ROS [81]. LILRB2 also modulates neutrophil 
migration. Paired Ig-like receptor B (PIR-B) is a murine 
homolog of the human LILRB2. Pirb− neutrophils exhibit a 
stronger response to chemokines and increased affinity for 
integrins [82]. Therefore, the downregulation of LILRB2 
expression augments the cytotoxic and migratory functions 
of neutrophils, potentially facilitating the TME infiltration 
of neutrophils to mediate anti-tumor response.

The upregulation of LILRB2 is also implicated in the 
induction of tolerogenic DCs [83]. LILRB2 promotes the 
secretion of IL-10 by DCs, which enhances HLA-G expres-
sion on T cells, amplifying the inhibitory effects mediated by 
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LILRB2 [84]. Interestingly, PIR-B can compete with CD8+ 
T cells for MHCI to inhibit their proliferation and activation 
[85]. Moreover, the knockdown of PIR-B in mice increases 
immature DCs that are more likely to induce a tumor-
promoting (helper) Th2 immune response [86]. However, 
binding ANGPTL2 to PIR-B can facilitate DC maturation 
and activation [87]. These seemingly contradictory findings 
underscore the complexity of PIR-B’s role and highlight the 
need for further investigation into its downstream signaling.

Despite its low abundance in peripheral blood, M-MDSCs 
demonstrate a significant correlation with survival, suggest-
ing their potent immunosuppressive role [88]. PIR-A, the 
murine ortholog of human LILR, influences the differen-
tiation of M-MDSCs into either M1 or M2 macrophages, 
depending on the balance of PIR-A and PIR-B signaling. 
The absence of PIR-B in MDSCs leads to increased PIR-A 
expression and a preference for M1 differentiation. Adoptive 
transfer of Pir-b− MDSCs reduces the activation of Tregs 
and angiogenesis, resulting in the inhibition of tumor growth 
and metastasis, and ultimately prolonging patient survival 
[89].

Galectin-8, identified as a novel ligand for LILRB4, 
has been found to induce M-MDSC-mediated promotion 
of tumor growth [90]. M-MDSCs constitutively express 
LILRB4. Blocking LILRB4 decreases inhibitory cytokine 
secretion and Treg activation induced by M-MDSCs [91]. 
Adoptive transfer of lilrb4−/− MDSCs suppresses tumor 
metastasis [92]. Furthermore, LILRB4 upregulates VEGF-
A to promote tumor cell motility and angiogenesis in non-
small cell lung cancer (NSCLC) [93]. The blockade of 
LILRB4 downregulates the VEGF-A and MMP9 produc-
tion in MDSCs of tumor-bearing animals [92]. Additionally, 
sunitinib, an anti-angiogenic multikinase inhibitor, depletes 
MDSCs in the tumors and the circulation of preclinical mod-
els [94]. These findings suggest that anti-LILRB4 therapy, in 
combination with anti-angiogenic drugs, may offer a promis-
ing approach to cancer treatment. Given the shared expres-
sion of LILRB4 and similar derivation and functional char-
acteristics between M-MDSCs and monocytic acute myeloid 
leukemia (AML) cells, targeting LILRB4 could emerge as a 
potential strategy for monocytic AML therapy [95].

Siglec: Sialic acid-binding immunoglobulin-like lectins 
(Siglecs) belong to IgSF characterized by 2 to 17 extracel-
lular immunoglobulin domains. Most Siglecs possess ITIMs 
within their cytosolic domains, which indicates they might 
play similar roles with SIRPα and LILRB [96].

Siglec-9 recognizes the cancer-associated sialyl T glyco-
form of Mucin (MUC)1. This interaction induces a unique 
TAM phenotype with poor phagocytic ability, which corre-
lates with poor prognosis in patients with breast cancer [97]. 
These TAMs can also suppress T cell responses and degrade 
the basement membrane, thereby facilitating tumor invasion 
[98]. Notably, the deletion of Siglec-9 in macrophages has 

been shown to enhance the recruitment and priming of T 
cells, which augments the efficacy of anti-PD-1 therapy [99]. 
Targeting Siglec-9 has shown promise in reducing the tumor 
burden in a humanized murine model [100]. Moreover, the 
combination between Siglec-9 and tumor-derived sialic 
acid is implicated in the differentiation of monocytes into 
immunosuppressive TAMs, a key factor contributing to poor 
prognosis in PDAC patients [101].

The interaction between Siglec-10 and CD24 has emerged 
as a potential therapeutic target. This ligation can activate 
SHP-1 and/or SHP-2 phosphatases associated with ITIMs, 
thereby mitigating TLR-mediated inflammation and reduc-
ing the phagocytic activity of macrophages [102]. Siglec-15 
is also recognized as a target for cancer therapy. In murine 
models, Siglec-15 on TAMs interacts with Siglyl-Tn on 
tumor cells, leading to the release of TGF-β. Anti-Siglec-15 
mAbs can promote T cell responses and M1 polarization, 
thereby limiting tumor growth in vivo and vitro [103]. 
IFN-γ upregulates PD-L1 and downregulates Siglec-15 in 
the TME, suggesting that Siglec-15 may serve as a potential 
target for cancer patients, especially those who are refractory 
to anti-PD-1/L1 therapy [104].

In neutrophils, Siglec-9 attenuates the production of ROS 
and NETs [105], [106]. The overexpression of sialic acid on 
tumor cells, via Siglec-9, inhibits ADCC of neutrophils [107, 
108]. Siglec-E, a murine homolog of Siglec-9, modulates 
neutrophil activation in an epitope-specific manner. Stud-
ies have demonstrated that Siglec-E− neutrophils produce 
higher levels of ROS and express greater amounts of TRAIL 
and FasL when co-cultured with tumor cells. Furthermore, 
Siglec-E has been implicated in skewing macrophages 
toward an M1 phenotype in 3-methylcholanthrene-induced 
sarcomas. However, most studies have exhibited opposite 
outcomes using tumor cells from patients or specific cell 
lines [98, 99, 109, 110], indicating variability in Siglec-E-
mediated immunosuppression. Considering that the immu-
nosuppressive effects of Siglec-E are epitope-dependent, 
tumor cells may alter the sialic acid components on the cell 
surface to reverse the anti-tumor activity of immune cells.

Based on the above theory, tumor progression might 
be a matter of kinetics: neutrophils are initially recruited 
to eliminate the tumor, whereas tumor cells upregulate the 
ligands of Siglec-E to compromise immunity. Subsequently, 
macrophages migrate to the tumor site to substitute neutro-
phils. Macrophages exhibit an M1 phenotype via Siglec-E 
at an early stage. As the tumor progresses, changes in sialic 
acid on tumor cells alter the signal transmitted by Siglec-E, 
which skews macrophages into the M2 phenotype, resulting 
in immune escape [111].

Siglec-E also impedes the maturation and activation 
of DCs, impairing their antigen-presenting capabilities. 
The knockout of Siglec-E in tumor-bearing mice results 
in the upregulation of maturation markers in cDCs. When 
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co-cultured with Siglec-E+ DCs, CD4+T cells showed 
reduced activation and proliferation. Siglec-10 can also 
reduce the immune response of DCs to damage-associated 
molecular patterns (DAMPs) [112]. Its homolog, Siglec-G, 
is found to be upregulated in tumors. The acidic environ-
ment within phagosomes can hinder the cross-presentation 
of exogenous antigens. NADPH oxidase 2 (NOX2), which 
promotes ROS production to alkalize phagosomes, is sup-
pressed by Siglec-G through SHP-1 to compromise the 
cross-presenting function of DCs [113]. These insights 
highlight the complex role of Siglecs in modulating immune 
responses within the TME and underscore the need for a 
nuanced approach to targeting these receptors in cancer 
therapy.

Immune checkpoints on specific myeloid 
cells

Macrophage

Scavenger receptors: Scavenger receptors can recognize 
ligands widely, including pathogen-associated molecular 
patterns (PAMPs) and DAMPs, and mediate the clearance of 
dying cells and bacteria through endocytosis. According to 
their structure, cell type-specific expression, and recognition 
of host-derived ligands, they are categorized into the A-L 
subtype [114]. Within the TME, certain scavenger recep-
tors enriched in TAMs have garnered attention as potential 
therapeutic targets [115]. One such receptor is the common 
lymphatic endothelial and vascular endothelial receptor-1 
(Clever-1), also known as stabilin-1 or FEEL1 [115]. Bex-
marilimab, a drug that targets Clever-1, has progressed to 
clinical trials (supplementary Table 1), and the impact of 
Clever-1 on macrophages will be discussed in further detail 
below.

Clever-1 has been identified as a distinctive marker for 
immunosuppressive monocytes and macrophages [116]. 
A retrospective analysis identified Clever-1+ TAMs as a 
separate prognostic marker for poor OS in bladder urothe-
lial carcinoma [117]. Notably, Clever-1hi monocytes can 
inhibit the Th1 response, whereas the blockade of Clever-1 
enhances the production of pro-inflammatory cytokines 
and antigen presentation, thereby stimulating the activa-
tion of CD8+ T cells [118]. Clever-1 expression on TAMs 
also contributes to the clearance of certain tumor-inhibit-
ing factors. For instance, secreted protein acidic and rich 
in cysteine (SPARC) inhibits tumor growth, angiogenesis, 
and invasion, and blockade of Clever-1-mediated SPARC 
clearance increases the sensitivity of the tumor to nab-
paclitaxel [119]. Additionally, Stabilin-1-interacting chi-
tinase-like protein (SI-CLP) is implicated in TAM recruit-
ment and modulation of cell composition in the TME, 

thereby restricting tumor growth. However, its expression 
is downregulated and even absent in breast cancer [120], 
and the blockade of Clever-1 could serve as a strategy 
to reverse the situation [121]. Interestingly, Clever-1 is 
also known to induce an immune switch in TAMs, with 
macrophages in Clever-1-deficient mice demonstrating 
enhanced immunostimulatory activity. This is associated 
with a metabolic shift from oxidative phosphorylation to 
glycolysis, triggered by mTOR signaling [122]. These find-
ings collectively suggest that Clever-1 plays an active role 
in fostering an immunosuppressive state within the TME, 
potentially contributing to resistance to immunotherapy. 
Supporting this notion, data from The Cancer Genome 
Atlas (TCGA) database have revealed significantly higher 
Clever-1 expression in non-responsive patients undergoing 
anti-CTLA-4 or anti-PD-1 therapy [116]. These insights 
highlight the potential of Clever-1 as a biomarker for pre-
dicting the efficacy of immunotherapy and underscore the 
need to explore combination therapies that include anti-
Clever-1 agents alongside existing immune checkpoint 
blockers for cancer therapy.

TREM2: Triggering receptor expressed on myeloid 
cells 2 (TREM2) is a member of the IgSF family with 
a single extracellular  V-type immunoglobulin domain 
and a short cytoplasmic domain lacking obvious signal-
ing motifs. It connects with the DNAX activation protein 
(DAP)12 and DAP10 to conduct signals [123]. In both 
primary and metastatic tumors, TREM2 is enriched in 
monocyte-derived TAMs with an immunosuppressive phe-
notype [124, 125]. Compared to TREM2+ macrophages, 
TREM2− macrophages exhibited increased phagocytic 
activity and cytotoxic effects on human glioblastoma cells. 
TREM2 inhibition increases the presence of PD-1+ CD8+ 
T cells within the TME, suggesting a potential strategy 
for enhancing anti-tumor immunity [126, 127]. Recent 
research by Park et  al. has illuminated that TREM2-
expressing monocyte-derived macrophages may attenu-
ate the recruitment and activation of NK cells within the 
tumor [128]. Furthermore, TREM2+ TAMs have been 
found to stimulate the proliferation of tumor cells in an 
immunosuppression-independent manner, underscoring 
a multifaceted role in tumor progression [129]. While 
elevated TREM2 expression is often correlated with a 
poor prognosis in a spectrum of cancers, it is crucial to 
note the heterogeneity in TREM2's role. For instance, one 
study has indicated that TREM2 may exert a protective 
influence in a diethylnitrosamine (DEN)-induced hepato-
cellular carcinoma model, and no significant difference 
in TREM2 expression was observed among patients with 
varying prognosis following targeted therapy [130]. These 
nuanced findings highlight the complexity of contextual 
background on TREM2's function in TAMs.



	 Cancer Immunology, Immunotherapy           (2025) 74:40    40   Page 10 of 18

Neutrophil

ACKR2: Chemokines play an important role in sustain-
ing inflammation and tumor development within the TME. 
Atypical chemokine receptor 2 (ACKR2) functions as a 
decoy and scavenger receptor for most chemokines. Studies 
have indicated that the depletion of ACKR2 is associated 
with primary tumor growth [131, 132]. However, neutrophils 
in Ackr−/− tumor-bearing mice upregulate the transcription 
of CCR1, CCR2, and CCR5, which increases the recruit-
ment and tumor-killing activity of neutrophils in the meta-
static niche, leading to a reduction of the metastatic lesions 
in preclinical models [133]. Additionally, CXCL14 promotes 
tumor metastasis by interacting with ACKR2 in tumor cells 
and cancer-associated fibroblasts (CAFs) [134, 135]. These 
findings collectively suggest that ACKR2 represents a prom-
ising therapeutic target for countering cancer metastasis.

MDSC

c-Rel: c-Rel, a member of the NF-κB family, is expressed 
in myeloid and lymphoid cells. Deletion of c-Rel in mye-
loid cells restricts tumor growth in murine models and 
decreases the proportion and immunosuppressive functions 
of MDSCs. c-Rel plays a critical role in regulating MDSC 
development and metabolism. MDSCs lacking c-Rel upregu-
late genes enriched in inflammatory response and cell cycle 
checkpoints, while downregulating genes enriched in glu-
cose, amino acid, and lipid metabolism. Cytokines in the 
TME activate c-Rel, STAT3, and CCAAT/enhancer bind-
ing protein α (C/EBPα). These transcription factors enter 
the nucleus and interact with the enhancers or promoters of 
MDSC signature genes, which initiates the differentiation 
of MDSCs. Notably, the complex binds to the CCR2 and 
IL-1β genes, resulting in the production of CCR​+Arg−IL-
1βhi M-MDSCs (rMo), which exhibit a higher immuno-
suppressive activity. Interestingly, global deletion of c-Rel 
results in lower MDSC frequencies than myeloid-specific 
deletion in tumor-bearing mice, indicating that c-Rel in other 
cell types, besides myeloid cells, might affect MDSC migra-
tion. The blockade of c-Rel does not influence the frequency 
of myeloid and lymphoid cells in non-tumor-bearing naïve 
mice, suggesting that targeting c-Rel could be a promising 
approach to inhibit MDSCs specifically in the TME [136, 
137].

S100A8/A9: S100A8 (MRP-8 or calgranulin-A) and 
S100A9 (MRP14 or calgranulin B) are members of the 
S100 protein family. In humans, S100A8 and S100A9 bind 
to each other to form polymers, particularly in the presence 
of Ca2+[138]. Within the TME, secretion of CCL2 by can-
cer cells and macrophages recruits MDSCs and initiates 
S100A8/A9 release via the CCL2-CCR2 axis [139–141]. 
The STAT3 signaling plays a pivotal role in the proliferation 

and activation of MDSCs, with phosphorylated STAT3 
enhancing the expression of S100A9 [142, 143]. Elevated 
levels of S100A9 subsequently suppress the activation of 
BAX and caspase3, while upregulating the expression of 
Bcl-2, thereby attenuating the apoptosis of MDSCs [143]. 
S100A9 can disrupt the differentiation of myeloid cells, 
promoting their transformation into immunosuppressive 
MDSCs [144, 145]. S100A8/A9 can also act as a chemokine 
to recruit MDSCs [146–148]. Therefore, S100A8/A9 estab-
lishes an autocrine feedback loop that perpetuates the accu-
mulation of MDSCs within the TME. The levels of S100A8/
A9 in tumor tissues and patient serum can serve as biomark-
ers for MDSC-mediated immunosuppression [149, 150]. 
Additionally, S100A8 and S100A9 can bind to receptors 
on cancer cells, including advanced glycation end products 
(RAGE) and TLR4, which can promote tumor development 
and metastasis [151]. These results suggest their potential 
as therapeutic targets. However, their established roles in 
anti-infection response and maintaining immune homeosta-
sis require careful consideration to minimize the potential 
side effects of targeting these proteins [151].

Targeting myeloid checkpoints for cancer 
therapy

Recently, many drugs that target myeloid checkpoints have 
been developed (Supplementary Table). CD47 has emerged 
as a particularly compelling target, given its pervasive 
expression across cancer cells and its role in emitting the 
"don't eat me" signal, which is pivotal in tumor immune 
evasion. However, the widespread expression of CD47 in 
healthy tissues, including erythrocytes and platelets, poses 
a hematotoxicity risk following anti-CD47 interventions 
[6]. Most anti-CD47 mAbs in clinical trials are IgG4 sub-
types with low Fc activity. This attribute, while beneficial 
in mitigating side effects, concurrently presents a challenge 
in maximizing therapeutic efficacy. Magrolimab (GS-
4721, Hu5F9-G4), an anti-CD47 IgG4 mAb, was a pioneer 
that advanced to clinical trials. However, its journey was 
not without setbacks. Magrolimab studies in hematologic 
tumors were discontinued due to futility and increased risk 
of death. Global enrollment for magrolimab's solid tumor 
studies has also been paused to reassess the risk–benefit pro-
file across ongoing trials. Evorpacept (ALX-148), a fusion 
protein comprising an inert human IgG1 Fc fragment and a 
modified SIRPα D1 domain, stands out for its high-affinity 
binding to CD47. It inhibits the binding of wild-type SIRPα, 
thereby enhancing the phagocytosis of tumor cells while 
sparing normal RBCs, translating to improved patient toler-
ability [152]. However, history seems to repeat itself. The 
ASPEN-02 trial, which evaluated evorpacept in tandem with 
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azacitidine for myelodysplastic neoplasm (MDS), was also 
terminated.

However, evorpacept's application in HER2-positive 
gastric cancer has shown promising results. An interim 
analysis from the phase 2 ASPEN-06 clinical trial indicated 
that the combination of evorpacept with trastuzumab and 
ramucirumab achieved an impressive objective response rate 
(ORR) of 52% in patients with advanced HER2-positive gas-
tric cancer, eclipsing the standard therapy's 22% ORR. Fur-
thermore, the 2024 AACR annual meeting highlighted the 
combination of evorpacept with R2 therapy (lenalidomide 
and rituximab), demonstrating robust anti-tumor efficacy 
and comparable toxicity to R2 therapy alone in a phase II 
single-arm trial for relapsed or refractory (R/R) non-Hodg-
kin lymphoma (NHL) patients.

MK4830, an anti-LILRB2 IgG4, has shown a favorable 
safety profile in a clinical trial involving 84 patients, with 
a notable synergistic effect when combined with anti-PD-1 
therapy. The combination of MK4830 and pembrolizumab 
resulted in a 45% response rate among patients previously 
unresponsive to anti-PD-1 or other combination therapies 
[153].  The CD24-Siglec-10 axis, which also transmits 
a "don't eat me" signal, offers a distinct advantage over anti-
CD47 approaches, as the absence of CD24 on normal red 
blood cells and thrombocytes lessen the risk of anemia and 
thrombocytopenia. Despite this, drug development target-
ing CD24 faces significant challenges due to its limited 
immunogenicity, leaving most candidates in the preclini-
cal stages. Siglec-15 has emerged as a promising target, 
given its mutually exclusive expression with PD-L1 and 
significant differential expression between tumor and nor-
mal cells. A phase I clinical trial demonstrated the safety of 
anti-Siglec-15 NC318, with the primary side effects being 
diarrhea and asymptomatic increases in amylase and lipase 
levels [154]. In a phase II clinical trial for NSCLC patients 
using a combination of NC318 and pembrolizumab, two 
patients achieved partial response (PR), and two patients 
achieved stable disease (SD) out of 18 patients, resulting 
in an ORR of 11%. Targeting immune checkpoint mol-
ecules that repolarize TAMs is also a promising strategy 
for cancer therapy. Bexmarilimab (FP-1305), a humanized 
IgG4 anti-Clever-1 antibody, can reprogram macrophages 
toward a pro-inflammatory state, thereby inducing CD8 + T 
cell-mediated anti-tumor responses [155, 156]. A phase I/II 
first-in-human clinical trial (MATINS; NCT03733990) has 
demonstrated the good safety and tolerability of Bexmarili-
mab [155]. In addition, PY314, a humanized mAb to deplete 
TREM2+TAMs, is also well tolerated in patients with renal 
cell carcinoma (RCC). However, the efficacy of bexmarili-
mab and PY314 still needs further research. Tasquinimod is 
an orally administered drug that disrupts the combination of 
S100A9 with RAGE and TLR4, demonstrating good toler-
ability in humans [157, 158]. In a phase III clinical trial, 

treatment with tasquinimod increased radiologic progres-
sion-free survival (PFS) in patients with metastatic castra-
tion-resistant prostate cancer (mCRPC). However, no impact 
on OS was observed [159]. Another phase II clinical trial 
also failed to detect the therapeutic benefits of tasquinimod 
in the treatment of advanced hepatocellular, gastric, ovar-
ian, and renal cell carcinomas [160]. Recently, the role of 
Tasquinimod in myeloproliferative neoplasms (MPNs) has 
garnered attention, and corresponding clinical trials are cur-
rently recruiting participants (Supplementary Table 1).

We anticipate elucidating the future directions and effi-
cacy of myeloid checkpoint blockade by analyzing preclini-
cal and clinical data on CD47, a widely researched myeloid 
checkpoint with clinical potential. The clinical experiments 
of anti-CD47 demonstrated that achieving the balance 
between safety and therapeutic efficacy is challenging for 
myeloid checkpoint blockade with monotherapy. There-
fore, combination therapy has attracted widespread atten-
tion. Despite suggestions of potential synergies between 
myeloid and T checkpoint blockades [25, 161, 162], the 
discontinuation of many clinical trials combining anti-
CD47 and anti-PD-1 therapies indicates the complexity of 
this approach (Supplementary Table). Considering mac-
rophage-mediated clearance of transferred T cells [163], 
the T cell toxicity of anti-CD47 might be the obstacle to the 
combination potential between myeloid and T checkpoint 
blockade. Chemotherapy and radiotherapy can induce the 
expression of pro-phagocytic signals such as CRT on the 
tumor cell membrane to enhance the efficacy of anti-CD47 
therapy [164]. The combination of radiotherapy with CD47 
blockade also induces the macrophage-mediated abscopal 
effect [165]. However, chemotherapy can inhibit the mye-
lopoiesis of patients and the combination of magrolimab 
and azacitidine failed to obtain good clinical results. As for 
radiotherapy, more clinical trials are required to study its 
combinatory potential with myeloid checkpoint blockade. 
Recent studies have emphasized the importance of the Fc 
region of anti-CD47 antibodies for their anti-tumor activity 
[58]. Considering that tumor-specific mAbs can also provide 
Fc regions for the “eat me” signal, CD47/tumor-associated 
antigens (TAA) bispecific antibodies might be a more pre-
cise and effective strategy for cancer therapy.

Nanotherapy and cellular therapy have emerged as inno-
vative approaches to realize in situ tumor delivery, thereby 
circumventing the adverse effects due to the wide expression 
of myeloid checkpoints or their ligands. Gao and colleagues 
developed a pH-responsive nanocarrier that releases CD47 
inhibitor (RRX-001) in the acidic tumor microenvironment, 
minimizing the impact on normal cells. This nanocarrier 
also delivers a T-type calcium channel inhibitor (TTA-Q6), 
which upregulates CRT on the tumor cell surface, presenting 
an "eat me" signal for phagocytosis [166]. A pH-respon-
sive nanoparticle also delivers an anti-CD47 drug and a 
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senescence inducer to combat liver cancer. In this nanosys-
tem, nanotechnology was used to coload lipid-soluble and 
water-soluble drugs to increase drug accumulation within 
the tumor and minimize systemic toxicity [167].

Bacterial outer membrane vesicles (OMVs) with high 
biocompatibility have emerged as a prevalent delivery plat-
form in tumor immunotherapy. PEG/Se@OMV-CD47 nano-
body (nb) is created by the fusion of CD47nb to ClyA on 
the surface of OMVs with the outer surface coated with a 
polyethylene glycol (PEG) layer containing diselenide bonds 
(PEG/Se). This coating shields the immunogenicity of PEG/
Se@OMV-CD47nb in the systemic circulation, mitigating 
the risk of systemic immune activation from intravenous 
injection. Targeted radiation at the tumor site disrupts the 
PEG/Se layer, enabling controlled release of OMV-CD47nb 
within the TME, thereby enhancing local concentration and 
reducing systemic impact [168]. M1-derived extracellular 
vehicles (EVs) have an innate propensity to migrate toward 
the TME [169]. By decorating these EVs with an anti-tumor 
peptide RS17 that specifically binds to CD47 on cancer cells, 
the researchers achieved active targeting and enhanced local 
phagocytosis without affecting normal cells [169]. Peng’s 
team has designed a surface-engineered extracellular vesi-
cles (SE-EVs) that display nanobodies against CDH17 on 
gastric cancer cells and load RRX-001, achieving a precise 
blockade of the CD47-SIRPα axis [170]. The combination 
of chimeric antigen receptor macrophages (CAR-M) and 
anti-CD47 has also shown promising efficacy. Researchers 
designed a cavity-injectable nanoporter-hydrogel superstruc-
ture to introduce glioma stem cell-targeted CAR genes into 
macrophages, increasing efficacy to prevent the relapse of 
glioblastoma after surgery [171].

Cancer vaccines stimulate tumor-specific immune 
responses, potentially synergizing with myeloid check-
point inhibitors. This strategic combination may enhance 
anti-tumor immunity while minimizing the risk of autoim-
mune reactions. Yang and colleagues demonstrated that the 
removal of CD47 from tumor cells can significantly enhance 
the immunogenicity of tumor vaccines, thereby inducing a 
robust anti-tumor immune response in mouse models [70]. 
DCP-001 is a whole tumor cell vaccine derived from the 
myeloid leukemia cell line. After pre-incubation with DCP-
001 and an anti-CD47 antibody, DCs increased the uptake 
of the tumor vaccine. DCP-001 can activate T cell response 
through intradermal injection, suggesting less hematotoxic-
ity than systemic administration [172]. OVM can effectively 
activate DC vaccines and reactivate tumor-suppressed DCs 
by downregulating both SIRPa and CD47. Furthermore, 
the combination of PD-L1 blockade with the OVM further 
enhanced anti-tumor efficacy [173]. The innovative thera-
pies, though not yet approved for clinical trials, represent a 
hopeful frontier in myeloid checkpoint blockade, particularly 
highlighting the potential of anti-CD47 interventions.

Perspective

In the complex dynamics between the immune system and 
cancer, myeloid cells have been recognized as the main com-
ponents and pivotal modulators within the TME. Target-
ing the immune checkpoints on these cells holds promise 
to polarize them from pro-tumorigenic to anti-tumorigenic 
phenotype for reshaping the suppressive TME, thus poten-
tiating the impact of cancer immunotherapy [25, 161, 162].

CD47 is the most extensively studied myeloid immune 
checkpoint, with its antagonist magrolimab advancing to 
phase III clinical trials. Despite this progress, the results 
have been frustrating. The expression of CD47 on RBCs 
constrains the potency of therapeutic interventions, compli-
cating the balance between safety and efficacy. Therefore, 
the challenge of selectively targeting CD47 on tumor cells 
without impacting normal cells is a critical area of current 
investigation. Considering similar expression patterns and 
shared signaling pathways via ITIMs of SIRPα, LILRB2, 
and Siglecs, how to target tumor cells precisely but spare 
normal cells might be a common challenge of myeloid 
checkpoint blockade in the future. Nanotherapies, cell thera-
pies, and bispecific antibodies provide a promising solution 
for this problem. Nanotherapies and cell therapies primarily 
act locally at the tumor site, while bispecific antibodies pre-
vent on-target off-tumor binding. Some bispecific antibodies 
have already entered clinical trials (Supplementary Table), 
and the future of nanotherapies and cell therapies remains 
promising.

Previous reviews focus on the dissection biological roles 
of myeloid checkpoints. However, the expression of these 
molecules in various myeloid cells and their functions across 
different cell types is confusing. This is especially challeng-
ing for scientists with a strong focus on material develop-
ment but limited biological expertise. Our article catego-
rizes these molecules based on four types of myeloid cells, 
including macrophages, neutrophils, DCs, and MDSCs. We 
hope our review can help them to elucidate this problem and 
catalyze the development of precisely targeted therapies to 
combat cancer.

In addition to widely expressed checkpoints like SIRPα, 
LILRB2, and Siglecs, there is growing interest in immune 
checkpoints expressed on specific subsets of myeloid cells. 
For instance, ACKR2 has become a significant checkpoint 
in tumor metastasis. The unique roles of these checkpoints 
emphasize the need for a nuanced understanding of their 
functions and the development of targeted therapies.

It is also important to acknowledge that some immune 
checkpoints, such as PD-1 and VISTA, were not discussed 
in this review. Our review mainly focuses on the check-
points with specific expression on myeloid cells. While 
these molecules also modulate myeloid cells, they primar-
ily regulate anti-tumor response mediated by T cells. The 
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multifaceted nature of these checkpoints and their impact 
on various immune cell types highlight the complexity of 
the immune system's regulatory mechanisms.

In summary, targeting myeloid immune checkpoints 
represents an important frontier in cancer immunother-
apy. By elucidating the mechanisms of these checkpoints, 
we aim to catalyze the development of precisely targeted 
therapies to combat cancer. The future of this field prom-
ises an integration of innovative approaches, including 
nanotechnology, cell therapy, and bispecific antibodies, 
all aimed at enhancing the precision and effectiveness of 
immunotherapies while minimizing adverse effects. This 
advancement brings great hope to patients, offering the 
potential for more effective and safer cancer treatments.
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