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Immunotherapy
Junyue Fang1,2,3,a, Li Lin1,4,a, Yuan Cao1,2,a, Jiabao Tan1,2, Yixia Liang1,2, Xiaoyun Xiao1,2,5, Nengtai Ouyang1,2,3,*, 
Phei Er Saw1,2,* and Wei Yang6,*

Introduction

Cancer is a complex, variable cellular eco-
system in which malignant cells co-exist 
and interact with other host immune cells 
in their tumor microenvironment (TME) 
[1]. The TME plays a crucial role in cancer 
occurrence and development, and target-
ing TME remains a major aspect of can-
cer immunotherapy [2, 3]. Unlike direct 
targeted killing of tumor cells, cancer 
immunotherapy primarily recognizes and 
attacks cancer cells by activating the host’s 
immune system, regulating the TME, and 
enhancing host immunity, thus facilitating 
treatment of cancers. This tumor treatment 
strategy is clearly the most promising 
method currently available.

Tumor-associated macrophages (TAMs) 
are the most abundant innate immune infil-
trating cells in the TME [4]. In the past 
decade, with continued exploration of 
immune checkpoints, substantial progress 
has been made in the application of cancer 
immunotherapy (e.g., immune checkpoint 
blockade therapy). The best-described 
innate immune checkpoints associated 
with macrophages are the “don’t eat me” 

signals, including the CD47-SIRPα axis 
and CD24-Siglec10 axis. Cancer cells can 
evade macrophage clearance and achieve 
tumor immune escape by overexpress-
ing the “don’t eat me” signal (including 
CD47 and CD24) and binding anti-phago-
cytic surface proteins (including SIRPα 
and Siglec10) on macrophages [5, 6]. 
Therefore, blocking this signaling axis to 
restore the immune and phagocytic activity 
of natural immune cells against tumor cells 
is a key step in tumor immune blockade 
therapy.

CD24 was initially described as a pre-B 
lymphocyte marker [7]. Currently, CD24 
targeting is an emerging cancer therapy 
with great potential as a new-generation 
immune checkpoint for tumor immuno-
therapy. Compared with CD47, CD24 has 
a more limited distribution in healthy tis-
sues and higher expression in tumor tis-
sues. Notably, CD24 is not expressed on 
human red blood cells, thus decreasing the 
targeted anti-tumor toxicity of the CD24 
targeted therapy [6]. Therefore, target-
ing CD24 does not produce blood-related 
adverse effects similar to those with CD47 
targeting, and has a larger safety window. 
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Abstract

CD24, also known as heat-stable protein, is a highly glycosylated glycosylphosphatidylinositol junction 
membrane protein. CD24 specifically binds sialic-acid-binding Ig-like lectin 10 (Siglec10) on macrophages 
and serves as a “don’t eat me” signal, thus blocking the phagocytosis of tumor cells by macrophages and trig-
gering tumor immune escape. Blocking the CD24-Siglec10 axis to reprogram the tumor immune microen-
vironment is a current research hotspot in cancer immunotherapy. Targeting the CD24-Siglec10 axis has 
received widespread attention, because of the high expression of CD24 on a variety of tumor cells and 
absence of blood toxicity. Targeting the CD24-Siglec10 axis as a cancer immunotherapy has shown favora-
ble results and progress in preclinical studies. In this review, we summarize the discovery and functions 
of the CD24-Siglec10 axis, and review the roles and effects of this axis as a novel immune checkpoint in 
cancer immunotherapy. We also highlight recent advances in nanoparticle-mediated treatments targeting the 
CD24-Siglec10 axis for enhancing cancer immunotherapy.
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CD24 exhibits differential expression profiles with PD-L1 
in various tumors, thus supporting potential future clinical 
applications in combination with PD-1/L1 inhibitors [8, 9]. 
At present, in preclinical studies, CD24-Siglec10 axis target 
therapies have focused primarily on monoclonal antibodies 
(mAbs), antibody-drug conjugates, target gene silencing by 
RNA interference (RNAi) technology, and chimeric antigen 
receptor T-cell (CART) therapy [10, 11], which have shown 
favorable prospects in cancer immunotherapy. However, 
this highly promising targeted immune checkpoint therapy 
is accompanied by well-known adverse effects denoted 
immune-related adverse events [12]. Therefore, the devel-
opment and optimization of new effective therapeutic strat-
egies with minimal adverse effects are necessary to support 
cancer immunotherapy.

The development and application of immune check-
point inhibitors (ICBs) have ushered in a new era of cancer 
immunotherapy. However, the use of free protein/peptide or 
nucleic acid drugs for cancer immunotherapy is often ineffi-
cient, because drugs are easily metabolized or even degraded 
under physiological conditions. The emergence of nanomed-
icine has provided vast possibilities to overcome these short-
comings. Using nanoparticles (NPs) as carriers to deliver 
ICBs for cancer therapy has become a highly promising 
strategy [13–16]. Herein, we systematically review the ori-
gin and function of the CD24-Siglec10 axis, and discuss the 
effects of targeting this axis in cancer immunotherapy. We 
also highlight recent advances in NP-mediated treatments 
targeting the CD24-Siglec10 axis for collaborative cancer 
immunotherapy.

Overview of the CD24-Siglec10 
axis

CD24 was discovered in 1978 and was initially referred to as 
a heat-stable antigen [17]. In 1990, the CD24 genes of mice 
and humans were successfully cloned [18, 19]. Comparison of 
CD24 antigens between mice and humans has indicated dif-
ferences in the expression profiles during B cell development 
[18]. CD24, a highly glycosylated adhesive molecule with 
a relative molecular weight of approximately 35–45  kDa, 
is connected to the cell membrane by glycosyl phosphati-
dylinositol [20]. As a membrane glycoprotein, CD24 has 
O-linked glycosylation sites located on the N-terminal side, 
and it forms dense dextran chains at the top of the molecule, 
thus enabling more glycosylation sites to be arranged on the 
membrane surface [18, 21]. These features provide the main 
structural basis for CD24’s roles in adhesion and metastasis. 
CD24 is also a signaling molecule that mediates signal trans-
duction by recruiting Src family protein tyrosine kinases, 
which in turn initiate the activation of downstream signaling 
cascades [22]. CD24 affects signal transducer and activator 
of transcription 3 (STAT3) phosphorylation and alters the 
expression of STAT3-reliant genes via Src activation [23]. 
CD24 interacts with the Wnt pathway by activating β-cat-
enin [24]. Lyn, a crucial member of the Src family kinases, 
is involved in CD24-induced ERK1/2 activation [25]. At the 
post-transcriptional level, microRNAs (miRNAs), including 

miR-146a [26], miR-125b [27], miR-34a [28], miR-1185-1 
[29], and miR-3064-5p [30], play crucial roles in modulating 
the expression of CD24 in cancer cells.

In 2001, a new member of the Siglec family of sialic-ac-
id-binding Ig-like lectins, called Siglec10, was first reported 
[31]. Siglec10 is a single-channel transmembrane protein 
with an extracellular structural domain containing one V-set 
Ig-like and three C2-set structural domains, and a cyto-
plasmic structural domain containing an immunoreceptor 
tyrosine-based inhibitor motif (ITIM) [32]. After tyros-
ine phosphorylation, the ITIM recruits SH2 family phos-
phatases, such as SHP-1 and PTPN6, thereby blocking signal 
transduction [33]. Siglec10 has an inhibitory motif based on 
immune receptor tyrosine in the cytoplasmic domain, and 
it also serves as a ligand for the mAb alemtuzumab target, 
CD52 [34]. Siglec10 is involved in the negative regula-
tion of B cell antigen receptor signaling. A recent study has 
indicated that the increase in CD19+ Siglec10+ B cells cor-
relates with the activity of SLE [35]. Thus, Siglec10 may 
play important roles in the pathogenesis and progression of 
SLE [35]. Increasing research is investigating the biological 
functions of CD24 and Siglec10. However, the interaction of 
CD24 with Siglec10 was not identified until 2009, in a study 
demonstrating that CD24 interacts with Siglec10 molecules 
on innate immune cells, transmits immunosuppressive sig-
nals, and inhibits inflammatory responses [36].

CD24 is extensively expressed by various human cells, 
including T cells, B cells, monocytes, macrophages, and 
keratinocytes [18, 37–40]. Similarly, Siglec10 is broadly 
expressed on dendritic cells, B cells, and macrophage sub-
sets [41]. In early research, CD24 was used primarily as a 
biomarker for immune characterization of the blood system. 
For example, loss of the CD24 anchor protein can be used to 
evaluate the occurrence of paroxysmal nocturnal hemoglobi-
nuria through cytofluorography [22]. Associations between 
CD24 and cancer were suggested by experts and researchers 
more than a decade after the discovery of the CD24. Most 
solid tumors, such as triple-negative breast cancer (TNBC) 
and ovarian cancer [6, 42, 43], have CD24 overexpression. 
CD24 expression is negatively correlated with the survival 
time of patients with cancer and can serve as a prognostic 
indicator for cancer treatment [27, 44, 45]. In 2019, a major 
study proposed that CD24 might serve as a new-generation 
immune checkpoint: CD24 binds Siglec10 on macrophages, 
activates SHP-1/SHP-2 mediated inhibitory signaling path-
ways, inhibits tumor cells from being engulfed by mac-
rophages, and thus exerts immune escape effects [6]. This 
research led to CD24’s becoming a major target after PD-1 
and CD47, and also started a new chapter regarding CD24 in 
cancer immunotherapy. With the rapid development of more 
powerful sequencing technologies (e.g., single-cell RNA 
sequencing), more signaling axes associated with immuno-
therapy are expected to be discovered. For example, a recent 
study using single-cell RNA sequencing has revealed that 
the intratumoral immunomodulatory effects of CD73 inhibi-
tion differ from those of PD-1 inhibition, and thus may serve 
as a new type of colorectal cancer anti-cancer immunother-
apy through synergistic effects with PD-1 blockers [46]. The 
history of research regarding the CD24-Siglec10 axis and 
related breakthrough studies are summarized in Figure 1.
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Pro-tumorigenic role of the 
CD24-Siglec10 axis

Malignant proliferation and metastasis of tumor cells 
are key features of cancers. The CD24-Siglec10 axis is 
involved in tumor proliferation and metastasis through var-
ious pathways (Figure 2). E-selectin and P-selectin play 
important roles in tumor metastasis. Binding of CD24 to 
E-selectin mediates rolling and extravasation of tumor cells 

on the endothelial surfaces of blood vessels, thus leading to 
tumor cell metastasis [47]. Similarly, tumor cells attach to 
P-selectin via CD24, thereby increasing tumor cells’ adhe-
sion to the vascular endothelium and platelets under static 
conditions and rolling downstream conditions, and conse-
quently enhancing their migratory and metastatic activity 
[48, 49]. In addition, CD24 promotes the binding of tumor 
cells to fibronectin and other extracellular matrix compo-
nents (e.g., collagens) through the activation of integrin 
subunits (primarily a3β1 and a4β1), thereby increasing 

Figure 1  Timeline of the history of CD24-Siglec10 axis research and related breakthrough studies.

Figure 2  Pro-tumorigenic role of the CD24-Siglec10 axis. Tumor cells attach to P-selectin and E-selectin via CD24, thereby increasing the 
adhesion of tumor cells to the vascular endothelium and platelets. CD24 promotes the binding of tumor cells to fibronectin and collagens 
through the activation of a3β1 and a4β1, thereby increasing tumor cell mobility and metastasis. CD24 induces activation of MAPK and ERK 
signals, which promote tumor cell proliferation both in vivo and in vitro. Siglec10 inhibits the proliferation and function of tumor-infiltrating CD8+ 
T cells through the Akt/P38/ERK signaling pathway. The blockade of Siglec10 promotes the function of CD8+ T cells.
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tumor cell mobility and metastasis [50]. CD24 induces acti-
vation of mitogen activated protein kinase (MAPK) and 
ERK signals, which in turn promote tumor cell proliferation 
both in vivo and in vitro [51]. Moreover, CD24 inhibits the 
internalization and degradation of epidermal growth factor 
receptor, thereby promoting the proliferation of tumor cells 
[52]. CD24 is a regulator of cell migration, invasion, and 
proliferation; its expression is associated with poor prog-
nosis, and it is also used as a cancer stemness marker [53]. 
In contrast, members of the Siglec family are involved in 
the regulation of immune cell activation, proliferation, 
and apoptosis, and play crucial roles in tumorigenesis and 
development. A recent study has found that Siglec10 inhib-
its the proliferation and function of tumor-infiltrating CD8+ 
T cells through the Akt/P38/ERK signaling pathway, and 
in vitro experiments have shown that blockade of Siglec10 
promotes CD8+ T cell function [54].

Effects of targeting the 
CD24-Siglec10 axis in cancer 
immunotherapy

Targeting CD24-Siglec10 axis has widespread effects in can-
cer immunotherapy, because CD24/Siglec10 is expressed 
not only on tumor cells but also on various immune cells. 

However, CD24 has completely opposite effects in physio-
logical and pathological states: in physiological states, CD24 
inhibits tissue growth, whereas CD24 promotes cell prolif-
eration in pathological conditions. Targeting the CD24-
Siglec10 axis for cancer immunotherapy can also cause 
multiple immune cell interactions in the TME, which play 
critical roles in enhancing tumor immune efficacy. First, 
blockade of the CD24-Siglec10 axis interaction and inhibi-
tion of SHP-1 activation enhance the activating phosphoryl-
ation of Src kinase, thus leading to macrophage phagocytosis 
[6]. Second, owing to the critical roles of CD24 in interact-
ing with various immune cells, blocking CD24-Siglec10 
axis interaction enhances CD4+ and CD8+ T cell responses 
and activates T-cell receptor (TCR)- and B-cell receptor 
(BCR)-related kinases, thus inhibiting tumor immune escape 
[55]. Third, blockade of the CD24-Siglec10 axis increases 
NK cell cytotoxicity, thus promoting direct killing of cancer 
cells [56].

Therapies targeting the CD24-Siglec10 axis are availa-
ble for the enhancement of phagocytosis of malignant cells 
by macrophages, which exert antitumor effect through a 
variety of mechanisms (Figure 3). Initially, research on 
the CD24-Siglec10 axis focused on anti-infection treat-
ments and graft-versus-host disease (GvHD). CD24 inter-
acts with Siglec10 on innate immune cells, thus inhibiting 
destructive inflammatory responses to infection, sepsis, 
liver injury, and GvHD [36, 57, 58]. The CD24-Siglec10 
axis interaction negatively regulates the activity of NF-κB 

Figure 3  Effects of targeting the CD24-Siglec10 axis in cancer immunotherapy. Highly expressed CD24 on tumor cells interacts with 
Siglec10 expressed by various immune cells (e.g., macrophages, T cells, B cells, and NK cells). Interaction of Siglec10 on macrophages with 
CD24 on tumor cells triggers SHP-1-mediated inhibitory signals, which prevent phagocytosis by macrophages. Siglec10 on T cell surfaces 
inhibits T cell activation and phosphorylation of Lck and ZAP-70. Siglec10 on B cell surfaces downregulates BCR mediated signal trans-
duction by cross-linking with CD24. NK cell receptor-mediated signal transduction is inhibited by the CD24-Siglec10 axis. Anti-CD24 mAbs 
or anti-Siglec10 mAbs block the CD24-Siglec10 axis, restore the anti-tumor function of immune cells, and enhance tumor immune efficacy.
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through the intracellular ITIM domain associated with 
SHP-1, thereby inhibiting the secretion of TNF-a, IL-1β, 
and IL-6 (major targets in autoimmune diseases and can-
cer) [59]. The interaction between the CD24-Siglec10 axis 
and various immune cells plays an important role in tumor 
immunotherapy. Siglec10 is expressed in T cells and acts 
as an inhibitory receptor by blocking TCR activation and 
inducing immunosuppression. Mechanistically, Siglec10 
achieves immunosuppressive effects by inhibiting the for-
mation of T cell MHC-I peptide complexes and the phos-
phorylation of T cell receptor-associated kinases (e.g., Lck 
and ZAP-70) [56, 60]. Targeting the CD24-Siglec10 axis 
promotes T cell activation mediated by TCR and inhib-
its tumor immune escape for cancer immunotherapy. B 
cells, such as B1 cells, also express the inhibitory recep-
tor Siglec10 on their cell surfaces [31]. However, the spe-
cific mechanism through which Siglec10 regulates the 
immune activity of B cells is currently unclear. Siglec10 is 
expressed not only in human B cells but also in mouse B 
cells (in which it is called SiglecG). Siglec10 and SiglecG 
are highly homologous, and both bind CD24, and conse-
quently hinder host inflammation and immune responses 
induced by danger- versus pathogen-associated molec-
ular patterns [36]. CD24 affects BCR signal transduc-
tion by cross-linking with BCR, thereby affecting B cell 
function. When CD24 is overexpressed, SiglecG inhibits 
BCR-mediated calcium ion channel signal transduction 
in B1 cells by recruiting growth factor receptor binding 
protein 2 (Grb2) and ITIM binding protein SHP-1 [41]. 
Simultaneously, CD24 cross-linking activates multiple 
signaling pathways (e.g., MAPK) that mediate intracellu-
lar signal transduction, thereby leading to B cell apoptosis 
[61]. Little is known regarding the roles and effects of NK 
cells in targeted CD24-Siglec10 axis tumor immunother-
apy. Siglec10 is expressed primarily on NK cells in liver 
tumor environments, and the abundance of Siglec10+ NK 
cells in tumor tissue is higher than that in adjacent non-tu-
mor tissues [56]. Notably, high expression of Siglec10 on 
NK cells can undermine NK cell function in hepatocellu-
lar carcinoma [56]. The binding between CD24 expressed 
on hepatocellular carcinoma cells and Siglec10 expressed 
on NK cells, similarly to that on macrophages, may be 
conducive to cancer escape from the killing effects of NK 
cells and may increase tumor immune escape. Therefore, 
blocking the CD24-Siglec10 axis may reactivate NK cell 
function and promote the killing of tumor cells.

Therapeutic strategies 
targeting the CD24-Siglec10 
axis for cancer immunotherapy

The CD24-Siglec10 axis is a promising therapeutic target, 
because of its overexpression in many types of cancers and 
its close association with tumor progression. Inhibition of 
the CD24-Siglec10 axis with anti-CD24 or anti-Siglec10 
mAbs causes phagocytosis of cancer cells by macrophages. 
Multiple immunotherapies targeting the CD24-Siglec10 axis 

are under extensive exploration in diverse developmental 
phases.

Monoclonal-antibody-mediated 
cancer immunotherapy

Currently, a widely used strategy for targeting the CD24-
Siglec10 axis in cancer immunotherapy uses anti-CD24 
mAbs. Anti-CD24 mAbs reactivate macrophage phagocy-
tosis of tumor cells by blocking the CD24-Siglec10 axis. 
Antibody-drug conjugate (ADC) and CART immunotherapy 
are also important extensions of the CD24 mAbs. Because 
CD24 is expressed not only on tumor cells but also on vari-
ous immune cells, it may cause harmful adverse effects (e.g., 
off-target effects). However, many attempts have been made 
to evaluate the therapeutic efficacy of anti-CD24 mAbs 
against tumors. Studies have used anti-CD24 mAbs in the 
treatment of cancers including bladder cancer [62], breast 
cancer [63], lung cancer [23], and ovarian cancer [64], and 
have shown strong anti-tumor therapeutic effects in a time- 
and dose-dependent manner. A recent study has indicated 
that blocking CD24 with anti-CD24 mAbs promotes the 
anti-tumor immune effects of oral squamous cell carcinoma 
[65]. Early preclinical studies attempted to analyze the 
anti-tumor efficacy of anti-CD24 mAbs. One study has indi-
cated that anti-CD24 mAb (SWA11) targeting of tumor cells 
in a SCID mouse model successfully retards tumor growth 
[64]. ALB9 has been used to treat human bladder cancer 
cells, and found to decrease tumor growth and metastasis 
[62]. Anti-CD24-CAR has been used to enhance the kill-
ing ability of effector cells through targeting CD24+ ovarian 
cancer cells in vivo [66]. Anti-CD24-ADC (HN-01) exhibits 
effective internalization in vitro, significantly increases the 
release of NO in liver cancer cells, and effectively inhib-
its the growth of liver cancer [67]. Moreover, single-chain 
variable fragments, recombinant antibodies targeting CD24, 
have received U.S. Food and Drug Administration (FDA) 
approval for treating malignancies (e.g., blinatumomab for 
acute lymphoblastic leukemia) [68]. Similarly, blocking 
Siglec10 with mAbs or genetically knocking out Siglec10 
from macrophages also augments macrophages’ ability to 
engulf tumor cells [6]. A recent study has used Siglec10 
mAb to block Siglec10 in THP1 cells, and has observed 
the enhancement of phagocytosis of HepG2 cells by mac-
rophages [69]. Furthermore, high infiltration of Siglec10 hi 
TAMs is associated with impaired CD8+ T cell function in 
hepatocellular carcinoma (HCC) [70]. Notably, blockade of 
Siglec10 with the competitive binding antibody Siglec10 Fc 
decreases the expression of immunosuppressive molecules, 
increases the cytotoxicity of CD8+ T cells against HCC 
cells, and promotes the antitumor efficacy of PD-L1 inhib-
itors [70]. Many pharmaceutical companies have embarked 
on anti-CD24 mAbs research and development. However, 
to date, only a few types of drugs are in preclinical research 
or drug discovery stages, for example, engineered cancer 
specific anti-CD24 mAb (ONC-781), chimeric antigen 
receptor CART (ONC-782), T cell mediated bispecific 
antibody CD3xCD24 (ONC-783), antibody conjugates 
(ONC-784) (https://www.oncoc4.com), bispecific antibody 

BIOI  2024
R

eview

https://www.oncoc4.com/


6� J. Fang et al.: DOI: 10.15212/bioi-2023-0022

target CD24+SIRPα (IMM-4701), CD24 molecule inhibi-
tors (IMM-47), and bispecific antibody target CD24+PDL1 
(IMM-2547) (http://immuneonco.com/). Current new drug 
research and discovery targeting the CD24-Siglec10 axis is 
summarized in Table 1.

RNA-interference-mediated cancer 
immunotherapy
RNAi has become a new strategy for tumor gene therapy, 
because of its unique advantages. siRNAs targeting specific 
target genes in tumor cells inhibit tumors, induce apoptosis, 
and enhance sensitivity to chemotherapy or radiotherapy, 
thereby exerting anti-cancer effects. Because of the inevi-
table immune response and high production cost of human-
ized antibodies, researchers have also attempted to knock 
down CD24 in tumor cells by using siRNAs or shRNAs 
targeting CD24, and have evaluated their anti-tumor effi-
cacy. CD24 siRNA transfection significantly inhibits inva-
sion and cell viability by knocking down the expression of 
CD24, thus suggesting that CD24 siRNA knockdown may 
serve as a potential for cancer therapy [74]. Wild-type or 
CD24 gene knockout (ΔCD24) cells have been cultured 
with macrophages expressing Siglec-10, and the latter have 
been found to be more easily engulfed and degraded by 
macrophages [6]. Moreover, Siglec10 knockout in donor-de-
rived macrophages markedly exacerbates the phagocytosis 
of wild-type MCF-7 cells [6]. Additionally, shRNA knock-
down of CD24 has shown anti-cancer efficacy in ovarian 
cancer and lung cancer bone metastasis models [75, 76]. 
Knockdown of Siglec10 to promote macrophage phagocy-
tosis appears to be a potential strategy. Although Siglec10 
knockdown can be easily achieved with a Siglec10 CRISPR 
plasmid, no reports or experiments have evaluated the spe-
cific anti-cancer effects of Siglec10 knockdown. Current 
research has focused on cells or mouse models, and no clin-
ical trials have examined CD24 or Siglec10 nucleic acid 
drugs. However, we believe that the application of RNAi 
technology still has great potential for targeting the CD24-
Siglec10 axis in cancer treatment.

ICB-mediated combination therapy

Immune checkpoints, a class of immunosuppressive 
molecules, are involved in many inhibitory pathways of 
the immune system that are crucial for maintaining self-
tolerance, and regulating the duration and magnitude of 
physiological immune responses in peripheral tissues, to 
minimize collateral tissue damage [77]. One promising 
way to activate therapeutic anti-tumor immunity is the 
blockade of immune checkpoints. Recent basic research 
evidence suggests that the clearance and detection of can-
cer cells by phagocytosis induced by innate immune check-
points play crucial roles in tumor-mediated immune escape 
[78]. The well-known and most clearly described innate 
immune checkpoint is the “don’t eat me” signal, including 
the MHC-I/LILRB1 axis, PD-1 /PD-L1 axis, CD47-SIRPα 
axis, and CD24/Siglec-10 axis.

Immunotherapy drugs represented by ICBs have achieved 
great success in the treatment of various tumors, thereby 
greatly increasing the survival rate and quality of life of 
some patients with tumors. However, the benefits of single 
ICB therapy for patients with cancer are limited. For exam-
ple, although PD-1/L1 mAb has been approved for more 
than 20 types of cancer treatments, only several tumor spe-
cies (such as classical Hodgkin lymphoma and melanoma) 
respond well [79, 80]. Recently, a global medical research 
service organization has released a report entitled “Global 
Oncology Trends 2023: Outlook to 2027” (https://www.
iqvia.com/), indicating that oncology research and devel-
opment are increasingly focusing on drugs targeting solid 
tumors. Notably, the report indicates that transcending the 
limitations of single-ICB methods will require the use of 
combination therapy. To date, the FDA has approved sev-
eral combination therapies for various types of cancer. The 
combination of first-line nivolumab and ipilimumab has 
been shown increase the overall survival rate in patients with 
advanced non-small cell lung cancer [81]. Cabozantinib plus 
nivolumab has significant benefits over sunitinib in terms 
of progression overall survival, free survival, and response 
probability of patients with advanced renal cell carcinoma 

Table 1  Current Drug Research and Discovery Targeting the CD24-Siglec10 Axis for Cancer Therapy

Drug name   Indication   Target   Mechanism   Status
ATG-031   Hematological 

malignancies, solid tumors
  CD24   Block CD24 [71]   Phase I clinical trial 

demonstrated by FDA

BCG-002   Solid tumors   CD24   Block CD24a   Preclinical

ONC-781   Neoplasms   CD24   Block CD24b   Preclinical

ONC-782   Neoplasms   CD24   Block CD24b   Preclinical

ONC-783   Neoplasms   CD24   Block CD24b   Preclinical

ONC-784   Neoplasms   CD24   Block CD24b   Drug discovery

IMM-47   Solid tumors   CD24   Block CD24 [72]   Preclinical

IMM-4701   Solid tumors   CD24,   Block CD24 and   Preclinical

    CD47   CD47c  

IMM-2547   Solid tumors   CD24,   Block CD24 and   Drug discovery

    PDL1   PDL1c  

rG7S-MICA   Colorectal carcinoma   CD24, NKG2D   Block CD24 [73]   Unknown

Note: aThe most recent research can be found at www.biocytogen.com.cn; bThe most recent research can be found at  
www.oncoc4.com; cThe most recent research can be found at immuneonco.com/.
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(NCT03141177) [82]. Blockade of CD47 increases the tumor 
infiltration of CD8+ T lymphocytes in human pancreatic 
ductal adenocarcinoma, and anti CD47 and anti PDL1 com-
bination therapy significantly inhibits the growth of pancre-
atic ductal adenocarcinoma (in the MPC-83 model) [83]. In a 
recent study, the combination of anti PD-1/anti CTLA-4 has 
achieved favorable response and survival rates for metastatic 
melanoma [84].

The CD24-Siglec10 axis, a “do not eat me” signal axis 
discovered in recent years, provides a crucial promising 
direction for ICB therapy in tumor treatment. CD24 is 
functionally complementary to CD47 and PD-L1; conse-
quently, dual treatment with CD24 and CD47 antibodies 
might increase phagocytosis and thus enhance antitumor 
effects [6]. However, patients exhibit varying responses to 
anti-PD-L1/PD-1 immunotherapies, and CD24 blockade 
might be used as an alternative strategy [6]. CD47/CD24 
bispecific antibodies have been found to effectively acti-
vate the medullary immune system in the brain, decrease 
the occurrence of immune related adverse reactions, and 
have synergistic anti-tumor effects [85]. In contrast, the 
function of the PD-1/L1 axis, a classical T cell immune 
checkpoint, has been well elucidated in T cells and found 
to play a critical role in anti-tumor therapy. However, a 
recent study has shown that the PD-1/L1 axis also func-
tions in the regulation of the phagocytosis by TAMs [86]. 
PD-1 on macrophages may also activate immunosuppres-
sive signals that hinder phagocytic activity by macrophages 
[87]. This finding also suggests that combination therapies 
reversing the phagocytic activity of macrophages through 
PD1 inhibitors combined with anti-CD24 or CD47 mAbs 
blocking the “don’t eat me” signal axis may greatly benefit 
patients with cancer. Multiple immune checkpoint blocking 
therapies remain a novel and strategy worthy of explora-
tion. For example, IMM-4701, an inhibitor simultaneously 
targeting CD24 and CD47, is currently in preclinical stages 
of application to solid tumors. IMM-2547 simultaneously 
targets CD24 and PDL1, and is currently in the drug discov-
ery stage (Table 1). ICB-mediated combination therapy will 
be a future trend in tumor immunotherapy. The introduction 
of small-molecule drugs, dual antibodies, CART, and other 
emerging immunotherapy approaches, as well as the launch 
of multiple immune combination regimens, will bring hope 
in patient treatment.

Clinical trials targeting the CD24-
Siglec10 axis
Although many clinical studies have shown that targeting 
the CD24-Siglec10 axis for tumor immunotherapy can have 
good anti-tumor effects, few clinical trials have targeted the 
CD24-Siglec10 axis to date. In 1991, the first anti-CD24 
mAb (ALB9) was used in a clinical trial for the treatment 
of invasive B lymphoproliferative syndrome [88]. Overall, 
the clinical trial indicated good tolerability and favorable 
survival rates. However, treatment efficacy in the central 
nervous system is very limited, and further follow-up and 
research have not been conducted. Given the important roles 
of CD24 in autoimmune diseases, subsequent clinical trials 

on CD24 targets have focused on anti-inflammatory effects 
and GvHD, particularly the development and testing of sol-
uble CD24 (CD24-Fc). Several clinical trials examining 
CD24-Fc in immune diseases including GvHD and multi-
ple sclerosis are in progress (http://www.oncoimmune.com). 
Recently, AI-071, an agonist targeting Siglecs, passed phase 
I clinical trials (ACTRN12622000643774). However, AI-071 
is focused on infectious diseases or other respiratory disor-
ders/diseases rather than cancer. Interestingly, a new clinical 
trial (NCT04317040) has shown that CD24-Fc significantly 
decreases systemic inflammation and restores immune bal-
ance in SARS-CoV-2-infected individuals [89]. Additionally, 
CD24-Fc is being explored for therapy targeting the CD24 
immune checkpoint in melanoma or advanced solid tumors 
(NCT04060407, NCT04552704). However, these two clin-
ical trials have not achieved the expected results: one was 
terminated, and the other was withdrawn. The most recent 
(June 2023) recorded clinical trial is currently in recruit-
ment stage (NCT05888701), and is aimed at improving 
anti-cancer immunity in anti-CD24 mAb treatment of man-
tle-cell lymphoma and B cell chronic lymphocytic leukemia. 
Unexpectedly, in May 2023, the phase I clinical trial appli-
cation (IND) for anti-CD24 mAb (ATG-031) for the treat-
ment of advanced solid tumors and B cell non-Hodgkin’s 
lymphoma was approved by the FDA. ATG-031 is the first 
anti-CD24 mAb to enter the clinical development stage in 
the field of tumor therapy worldwide. Sufficient preclinical 
data have shown that ATG-031 blocks the CD24-Siglec10 
axis in the TME [71]. The specially designed ATG-031 
enhances the phagocytosis of tumor cells by macrophages, 
and promotes the infiltration of CD8+ T cells in the TME 
via blocking the interaction between CD24 and Siglec10. 
Clinical trials of agents targeting the CD24-Siglec10 axis are 
summarized in Table 2.

Nanoparticle-mediated 
targeting of the CD24-Siglec10 
axis

Treatments targeting the cancer immune system are now 
a clinical reality and have achieved substantial success. 
The most notable examples are ICB and CART therapy. 
However, the development of new immunotherapies or 
combination therapies to improve patient treatment bene-
fits continues to encounter major challenges. The adverse 
effects triggered by “off-target” effects after systemic 
administration remain hurdles in cancer immunotherapy. 
Targeted delivery of tumor immunotherapeutic drugs may 
be a potential solution, which not only maximizes treatment 
effectiveness but also minimizes adverse effects. In the past 
two decades, NP-mediated drug delivery platforms have 
been increasingly used for cancer immunotherapy. These 
platforms can (i) improve drug stability (ii) improve the 
enrichment of drugs at tumor sites, and (iii) decrease “off 
target” effects and toxic adverse effects. Because of these 
advantages, many NPs have been designed and developed 
to provide multiple types of therapeutic drugs for tumor 
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immunotherapy. Regarding the strategy of targeting the 
CD24-Siglec10 axis by using NPs for cancer immunother-
apy, preclinical studies are currently focused on the CD24 
target rather than Siglec10.

NP-mediated delivery of 
monoclonal antibodies (for 
targeting) for cancer therapy

NP-mediated drug delivery can facilitate long-term drug 
retention in the bloodstream, primarily through the enhanced 
permeability and retention effect of accumulation in vas-
cularly affected and leaky pathological sites (infarction 
sites, inflammation, and tumors) [90]. Among the vari-
ous approaches to specifically target drug carrier systems 
to desired lesion sites in vivo, active and passive targeting 
are the two most widely studied and effective approaches 
(Figure 4). However, the ability to design and control passive 
targeting are relatively low. Relying on the attachment of spe-
cific ligands to the surface of nanocarriers to recognize and 
bind diseased cells is more promising than the passive accu-
mulation of NPs at lesion sites with damaged blood vessels. 
Research has focused on using active targeting molecules 
to improve tumor specificity [91]. Active targeting involves 
chemically or biologically modifying the surfaces of NPs to 
specifically bind receptors or other cytokines that are highly 
expressed in target organs or tumor tissues [92]. Indeed, add-
ing targeted components (such as antibodies) and/or imag-
ing probes (such as fluorescent dyes) to these NPs further 
enhances the accumulation of drugs at tumor sites, while 
enabling real-time monitoring of biological distribution. As 
a membrane protein highly expressed in numerous types of 
cancers, CD24 is an excellent choice for targeted modifica-
tion of nanocarriers (Figure 5A). A previous study has syn-
thesized a delivery vehicle targeting CD24 antibody while 
carrying docetaxel for prostate cancer treatment in mice; 
the group treated with docetaxel-loaded PLGA-PEG NPs 
conjugated with anti-CD24 showed 10-fold greater accu-
mulation in prostate tumors than observed in the non-target 
group [93]. A recent study has constructed a highly accurate 
targeted therapy NP delivery system for TNBC by coupling 
CD24 aptamer on the NP surface, thus enabling effective tar-
geting of CD24-high cells in TNBC [94]. Simultaneously, 
the NP delivery system encapsulates ferroptosis agonists, 
and inhibits the NF2-YAP signal axis through FSP1 and 
CD24, thus enhancing ferroptosis and macrophage phagocy-
tosis, and ultimately promoting cell death and inhibiting the 
growth of TNBC tumors [94]. Preclinical studies on CD24 
targeting have provided a solid foundation for future clinical 
translation, particularly for ADC drugs used in tumor immu-
notherapy. Currently, the target antigens of approved ADC 
drugs tend to be specific proteins overexpressed by cancer 
cells, including targets HER2, Trop2, Nectin4, and EGFR in 
solid tumors, as well as CD19, CD22, CD33, CD30, BCMA, 
and CD79b in hematological malignancies [95]. CD24, a 
“don’t eat me” signal highly expressed in many tumor cells, 
has great potential for the preparation of CD24-ADC drugs 
for clinical translation.Ta
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NP-mediated delivery of 
monoclonal antibodies (for 
blockade) in cancer therapy

The use of mAbs is an important component of tumor tar-
geted therapy. mAbs enhance complement activity and 
innate immune effector functions primarily through bind-
ing the Fc receptor on target cells, and serve as targeted 

therapeutic options for transplant rejection, malignancies, 
autoimmune and infectious diseases, and a range of new 
indications. However, the use of mAbs poses a risk of 
immune reactions, such as serum sickness, acute allergic 
reactions, and the development of anti-antibodies [96]. 
Because of the instability of mAbs in vivo, efficient and 
highly stable drug delivery is another challenge. To over-
come these limitations, and achieve more efficient in vivo 
delivery of antibodies, NP-mediated delivery systems 

Figure 4  Two major modes of NP-mediated drug delivery systems for cancer therapy. A, Passive targeting: non-targeted NPs aggregate at 
tumor sites through the enhanced permeability and retention effect. B, Active targeting: NPs with targeted components and/or imaging probes 
further enhance the accumulation of drugs at tumor sites.

Figure 5  Main strategy in NP-mediated CD24-Siglec10 axis targeted therapy. A. Encapsulation of anti-CD24 mAb in NPs for CD24-Siglec10 
axis blockade. B. Biomimetic NPs with surface-modified anti-CD24 mAbs for CD24-Siglec10 axis blockade. C. Integration of siCD24 in NPs 
to knock down CD24 to block the CD24-Siglec10 axis.
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for carrying biopharmaceuticals have been developed 
[97–99]. Regarding NP-mediated delivery of CD24 mAbs, 
some preclinical studies and potential strategies have 
been examined in recent years and achieved good results 
(Figure 5B). Ming’s team has designed engineered NPs 
(P-aCD24/CEL+P/shMFN1) to deliver anti-CD24 mAb 
(aCD24) for synergistic cancer cell-targeted therapy and 
TAM-targeted immunomodulation [100]. On the basis of 
the dual response of the vector to pH and MMP2 in the 
TME, P-aCD24/CEL achieves release of aCD24, reacti-
vates macrophage phagocytosis of tumor cells, and ulti-
mately improves macrophage-based immunotherapy [100]. 
This combined immunotherapy strategy shows great poten-
tial in the treatment of TNBC. Recently, a novel study has 
successfully coupled purified high-concentration CD24 
antibody to nanospheres (nanosphere anti-CD24) through 
cross-linking; these particles can be selectively internal-
ized by HCC cells with high expression of CD24; subse-
quently, the CD24 protein on the cell membrane is trans-
ported to lysosomes for degradation. The degradation of 
CD24 weakens macrophage immune suppression, as reg-
ulated by the CD24-Siglec10 axis signaling pathway. This 
novel platform not only inhibits tumor growth in xenograft 
mouse models but also has no detectable toxicity to normal 
tissues [69]. Interestingly, a recent study has indicated that 
substantia nigra lectin, a sialic acid binding lectin, blocks 
the terminal sialic acid of CD24, thereby inhibiting the 
interaction between CD24 and Siglec10. Simultaneously, 
introduction of lectin coupled with photothermal NPs to 
block CD24 significantly enhances tumor cell phagocyto-
sis by macrophages[101].

Notably, in recent years, exosomes have attracted atten-
tion as a natural NP drug delivery carrier, which can be used 
to deliver nucleic acids, proteins, and small-molecule drugs 
[102]. The combination of the CD24 target and exosomes 
for disease treatment is highly innovative. EXO-CD24, 
comprising CD24 protein bound to extracellular vesicles, 
regulates cytokine storms by delivering CD24 drugs in vivo 
through the secretion of vesicles. EXO-CD24 was originally 
a targeted anti-cancer drug but is currently used primarily 
in patients with severe pneumonia (e.g., in COVID-19) and 
has shown substantial clinical effects [103, 104]. Approved 
clinical trials are currently underway (Table 2). However, 
even if EXO-CD24 has good effects against severe infection 
and infection-associated chronic fibrosis, its adverse effects 
in patients with tumor or autoimmunity disease must be 
evaluated. The risks and benefits should be comprehensively 
considered through case-summary analysis. Simultaneously, 
we expect EXO-CD24 to play a critical role in tumor 
immunotherapy.

NP-mediated delivery of nucleic 
acid drugs (siRNA) for cancer 
therapy

Current nucleic acid drugs primarily include siRNA, 
miRNA, mRNA, and DNA. In the past decade, nucleic 

acid drugs have shown great potential in tumor immuno-
therapy, owing to their ability to specifically target genes 
[105–107]. Because naked siRNAs are readily degraded 
by nucleases and are easily captured by the reticuloen-
dothelial system in the bloodstream, they tend not to bind 
target sequences effectively [108]. Determining how to 
safely and effectively deliver therapeutic siRNA to target 
cells will be key to the successful use of siRNA nucleic 
acid drugs for disease treatment. A very promising siRNA 
delivery strategy uses NP-mediated delivery systems to 
protect siRNA from degradation and promote intracellu-
lar uptake. For example, a previous study has indicated 
that dual silencing with co-delivered CD47 siRNA and 
PD-L1 siRNA via EpCAM-targeted cationic liposomes is 
a platform with low toxicity and significantly enhanced 
in anti-tumor activity [109]. Zhang’s team has delivered 
both CD47 siRNA and mitoxantrone hydrochloride via 
PLGA NPs [110]. The CD47 gene was silenced to suppress 
“self” signaling, whereas MTO induced calreticulin sur-
face exposure to provide an “eat-me” signal. This strategy 
has been found to synergistically increase phagocytosis 
of tumor cells by macrophages and significantly increase 
antitumor activity in two animal models of aggressive tum-
ors: melanoma and colon cancer [110]. Similarly, a recent 
study has encapsulated R848 and siCD47 in amphiphilic 
PEG-PLGA NPs to safely and effectively deliver siCD47 
and R848 to tumor tissues; this treatment (CD47 blockade) 
activated dendritic cells to kill effector T-cells, enhanced 
antigen presentation, regulated the TME, and ultimately  
resulted in anti-tumor immunotherapy [111]. NPs are 
critical delivery vehicles for the systemic delivery of rel-
evant immune checkpoint small-nucleic-acid drugs (e.g., 
siRNA). However, more preclinical studies on the CD24-
Siglec10 axis have focused on the delivery of the CD24 
or Siglec10 siRNA by lentivirus or plasmids transfection 
to achieve knockdown [6, 74, 76, 112–114], whereas the 
use of novel nanocarriers for CD24 or Siglec10 siRNA 
delivery has not been extensively reported. With newer 
iterations of nanomaterials, we believe that NP-mediated 
CD24 nucleic acid drug therapy will be a promising deliv-
ery strategy in the future (Figure 5C).

Conclusion and outlook

On the basis of numerous preclinical and clinical studies, 
the CD24-Siglec10 axis has attracted substantial atten-
tion as a common marker of cancer or cancer stem cells. 
However, the signaling mechanisms upstream and down-
stream of the CD24-Siglec10 axis are not fully understood. 
Studies are necessary to investigate the structure and func-
tion of the CD24-Siglec10 axis, and to elucidate its roles in 
different tumor signaling pathways, anti-tumor immunity, 
and the TME. Given that the CD24-Siglec10 signaling 
axis enables cancer cells to avoid macrophage-mediated 
phagocytosis, targeting the CD24-Siglec10 axis for cancer 
immunotherapy may be a very promising therapeutic strat-
egy. Multiple CD24-targeting drugs have entered clinical 
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trials, and targeting the CD24-Siglec10 axis is likely to 
be the most promising ICB therapy after PD1/PDL1 and 
CD47. However, this therapeutic approach is associated 
with varying degrees of adverse effects and biosafety 
issues, such as “off-target” effects. The rapid development 
of nanomedicine has opened new pathways for cancer 
immunotherapy. NP-mediated drug delivery systems are 
a powerful and beneficial tool to optimize the delivery of 
anti-CD24 drugs. Despite progress in targeted delivery of 
CD24 drugs, several challenges—such as the toxicity of 
the NPs themselves, and the controlled and reproducible 
synthesis of nanomedicines—must be addressed to accel-
erate clinical translation. In conclusion, we believe that, 
through the continuing research efforts, antitumor ther-
apeutic research targeting the CD24-Siglec10 axis will 
become the most promising research area in future cancer 
immunotherapy.
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