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Abstract: Cancer immunotherapy strategies are based on the utilization of immune checkpoint
inhibitors to instigate an antitumor immune response. The efficacy of immune checkpoint blockade,
directed at adaptive immune checkpoints, has been demonstrated in select cancer types. However,
only a limited subset of patients has exhibited definitive outcomes characterized by a sustained
response after discontinuation of therapy. Recent investigations have highlighted the significance
of immune checkpoint molecules that are overexpressed in cancer cells and inhibit myeloid lineage
immune cells within a tumor microenvironment. These checkpoints are identified as potential targets
for anticancer immune responses. Notably, the immune checkpoint molecules CD24 and CD200
have garnered attention owing to their involvement in tumor immune evasion. CD24 and CD200
are overexpressed across diverse cancer types and serve as signaling checkpoints by engaging their
respective receptors, Siglec-10 and CD200 receptor, which are expressed on tumor-associated myeloid
cells. In this review, we summarized and discussed the latest advancements and insights into CD24
and CD200 as emergent immune checkpoint moieties, further delving into their therapeutic potentials
for cancer treatment.
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1. Introduction

Cancer is a perpetually advancing disease characterized by the development of abnor-
mal cells that are uncontrollably divided [1]. Despite advancements in anticancer therapies,
cancer remains one of the leading causes of mortality [2]. The immune system substantially
affects the development of cancer cells and the pertinent treatment approaches. Cancer
immunotherapy involves multiple immunomodulatory strategies to control the progression
of malignant tumors. Recently, immunotherapy via immune checkpoint blockade has been
successfully used to treat several cancer types [3].

Immune checkpoints include costimulatory molecules, such as CD28, and co-inhibitory
signaling molecules, including cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and
programmed cell death protein 1 (PD-1), which are required for immune homeostasis [4].
These checkpoints influence the balance between costimulation and co-inhibition, facilitat-
ing self-tolerance under physiological conditions. However, tumor cells exploit immune
checkpoint pathways to evade immune surveillance, thereby suppressing antitumor im-
mune responses [5]. Immune checkpoint molecules, such as CTLA-4 and PD-1, disrupt
antitumor immunity by attenuating T-cell activation in the event of malignancy, leading to
a highly immunosuppressive tumor microenvironment [6]. Immune checkpoint inhibitors
(ICIs) targeting PD-1, such as nivolumab, cemiplimab, and pembrolizumab, and those
targeting CTLA-4, such as ipilimumab, have been clinically approved for the treatment of
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several cancer types [7]. While these immune checkpoint blockades have been shown to
augment host immune responses against cancer by targeting T-cell immune checkpoints,
they also directly or indirectly regulate innate immune cells [8]. The therapeutic efficacy of
the currently used immune checkpoints is restricted to relatively few patients with certain
types of cancer, and the majority still do not receive benefits [9]. Consequently, there has
been increasing interest in new ICIs that directly target innate immune checkpoints extend-
ing beyond those targeting adaptive immune checkpoints that generate T-cell activation
against cancer [10].

In cancer, antigen-presenting cells, such as macrophages and dendritic cells, phago-
cytose cancer cells and present cancer-specific antigens to T cells to prime them, thereby
generating cancer-specific T cells [11]. However, cancer cells avoid phagocytosis by upreg-
ulating “Don’t eat me” signaling molecules, and the interaction between the “Don’t eat
me” ligand and its counter receptor helps tumor cells to escape phagocytic uptake [12].
CD47, identified as a self-marker on RBCs to prevent their clearance by macrophages,
is overexpressed in most types of cancer cells and is considered a tumor phagocytosis
checkpoint molecule [13]. CD47 on cancer cells interacts with the inhibitory receptor signal
regulatory protein alpha (SIRP«), which is expressed in phagocytes. Targeting CD47-SIRPoc
can eliminate cancer cells through multiple mechanisms (Figure 1) [14,15]. Ongoing clinical
studies have been conducted to inhibit the CD47-SIRP«x axis using several antibodies or
fusion proteins targeting CD47 and SIRP« in some solid and hematologic cancers [16].
Increasing evidence has suggested that blocking CD47-SIRP« interaction promotes the
phagocytosis of cancer cells, resulting in the suppression of tumor growth and progression.
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Figure 1. Interaction of CD47 on cancer cells with SIRPx on phagocytes. Innate immune checkpoint
CD47-SIRP« axis can be targeted through multiple mechanisms (1-4) in the tumor microenviron-
ment. 1. CD47-SIRP« binding induces the phosphorylation of two immunoreceptor tyrosine-based
inhibition motifs (ITIMs) in the cytoplasmic tail of SIRPx. This leads to the recruitment and activation
of phosphatases, including SHP1 and SHP2, ultimately resulting in the inhibition of cancer cell
phagocytosis by macrophages. Anti-CD47 antibody or anti-SIRP« antibody induces the uptake of
tumor cells by macrophages via blocking the interaction between “Don’t eat me” signal (CD47) and
immune checkpoint receptor (SIRPw). 2. Anti-CD47 antibodies facilitate phagocytic absorption of
cancer cells by dendritic cells. This triggers an anticancer adaptive immune response. 3. Anti-CD47
antibodies eradicate cancer cells via natural killer antibody-dependent, cell-mediated cytotoxicity.
ADCC: antibody-dependent, cell-mediated cytotoxicity. 4. Anti-CD47 antibodies induce apoptosis in
cancer cells.
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To date, many immune checkpoint inhibitors (ICIs) have been successfully used to
treat various types of cancer. Although ICIs are clinically effective for particular cancer
types, the rapid development of resistance occurs in many patients [17]. Furthermore,
limited response to immunotherapy has been observed in various studies, resulting from
the complex redundant mechanisms of cancer-mediated immune repression [18]. Given
the dynamic complexity of the host-immune tumor interaction, there is a need for re-
search on a novel immune checkpoint signaling axis between tumor and immune cells for
more effective anticancer immunotherapy. Drawing from the multiple scientific studies
on cancer immunotherapy, we narrowed our focus to CD24 and CD200 as immune check-
point molecules that are overexpressed in cancer cells. After describing the association
between CD24 and CD200 expression and tumor progression, we conducted a detailed
exploration into the immunosuppressive effects of these molecules. Our emphasis was on
illustrating how CD24 and CD200 act as signaling checkpoints by engaging their respective
receptors, namely, Siglec-10 and CD200 receptor, which are expressed on tumor-associated
myeloid cells. In the present review, we summarize the recent progress and understanding
of CD24 and CD200 as emerging immune checkpoint signals in cancer as well as their
interaction with their cognate receptors, sialic acid-binding immunoglobulin (Ig)-like lectin
10 (Siglec-10) and CD200 receptor (CD200R). Furthermore, we discuss their potential as
immunotherapeutic targets for cancer treatment.

2. CD24

CD24, first identified as a heat-stable antigen (HAS) because of its ability to resist heat,
is a sialic acid glycoprotein with multiple O- and N-glycosylation sites [19]. CD24 is a
cell-surface protein anchored to the plasma membrane via glycosyl-phosphatidyl-inositol
(GPI) [20]. CD24 is predominantly expressed on the surface of immune cells such as T
and B lymphocytes and granulocytes. It is also expressed in epithelial cells, neural cells,
muscle cells, and many types of cancer cells [19,21]. CD24 is highly expressed in stem-
like progenitor cells or metabolically active proliferative cells and may play a role in the
differentiation of various cell types [22-24]. CD24 overexpression in multiple cancer cell
types is associated with the development and progression of cancer, resulting in poor
prognosis [25,26]. Notably, the high expression of CD24 on the cancer cell surface acts as
an innate immune checkpoint molecule that inhibits phagocytosis during the interaction
between immune cells and cancer cells, leading to tumor-mediated immune escape [27].

2.1. CD24 Expression in Tumor Cells and Its Effects on Tumor Progression

CD24 expression is evident across various human tumor cells, and extensive studies
have highlighted the association between its overexpression with tumor formation and
progression [28]. Notably, CD24 expression correlated with poor prognosis in several
cancer types, including solid tumors and hematologic malignancies [29].

CD24 expression was detected in human breast cancer cell lines, and the potency of its
expression correlated with breast tumor grade [30]. CD24 expression is also closely associ-
ated with poor prognosis in patients with breast cancer [31,32]. Notably, human epidermal
growth factor receptor 2 (HER2)-positive breast cancer cells highly express CD24, and CD24
knockdown increases the susceptibility of these cells to lapatinib, a HER?2 inhibitor [33].
Some clinical studies have reported that CD24 expression is closely related to a worsening
prognosis in hormone receptor-positive breast cancer and that it could be involved in the
less advantageous response of ductal breast cancer to tamoxifen, a competitive estrogen
inhibitor [34,35]. CD24 is highly expressed in invasive ovarian cancers but not in normal
tissue or benign ovarian tumors, which is related to the reduced survival rate of patients
with ovarian cancer [36]. Nakamura et al. discovered that CD24 plays a role in metastatic
progression by inducing epithelial-mesenchymal transition in ovarian cancer. It is asso-
ciated with cisplatin resistance, thereby underscoring its potential as a therapeutic target
for advanced ovarian cancer [37]. In endometrial cancers, CD24-positive cells exhibited in-
creased resistance to chemotherapy [38]. CD24 overexpression is associated with advanced
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metastasis in other malignant cancer types, including cervical [39], esophageal [40], gas-
tric [41-43], colon [44], lung [45], hepatic [46], and pancreatic cancers [47,48]. Specifically, in
colorectal cancers, CD24 upregulation reportedly occurs at an early stage during colorectal
cancer progression [49,50].

CD24 has been described as a biomarker of B-cell development. Its expression levels
are low in the earliest stage, increase until the pre-B cell stage, and decrease in mature
B cells [22,51]. Typically, elevated CD24 expression is associated with cancer progression
and poor prognosis in hematologic cancers such as B cell-derived lymphoma and multiple
myeloma (MM) [52-54].

2.2. CD24 as “Don’t Eat Me” Signal and Interaction with Siglec-10

Cancer cells employ various immunosuppressive mechanisms to evade immune
surveillance [55], thereby facilitating tumor progression and expansion, providing resis-
tance to immune detection and elimination. CD24 has been highlighted as a novel “Don’t
eat me” signal that serves as an innate immune checkpoint. CD24 on the surface of cancer
cells binds to Siglec-10 on tumor-associated macrophages (TAMs) to prevent phagocyto-
sis [56]. This binding event initiates an inhibitory signaling pathway within TAMs through
the CD24-Siglec-10 axis, thereby aiding in immune evasion and promoting tumor growth.

Siglecs are type I transmembrane receptors belonging to the immunoglobulin su-
perfamily. Many siglecs are inhibitory receptors containing immune receptor tyrosine
inhibitory motifs (ITIMs) or ITIM-like motifs in their cytoplasmic tail [57]. Siglec activation
by specific ligands induces the phosphorylation of ITIM or ITIM-like motif tyrosines by
Src family kinases and recruits protein tyrosine phosphatases such as the Src homology-2
domain (SH2)-containing SHP-1 and SHP-2. These phosphatases play downstream effec-
tor roles in transducing inhibitory signals (Figure 2) [58,59]. Siglecs interact with sialic
acid-containing ligands, such as sialylated pathogens, which contributes to the inhibition
of host innate immune cells for immune evasion [60]. Siglec-10 is a member of the Siglec
family, which is a group of structurally related cell-surface glycan-binding proteins [61,62].
CD24, a severely sialylated protein, is highly expressed in various cancer cells and is
recognized by Siglec-10 on immune cells such as macrophages [63]. Siglec-10 acts as an
antiphagocytic receptor by binding to CD24. CD24 modulates the immune response to
multiple tumor types by interacting with Siglec-10 [27,56]. CD24 overexpression in ovar-
ian and breast cancer cells acts as an antiphagocytic signal by interacting with Siglec-10.
Treatment with an anti-CD24 antibody was found to promote the phagocytic clearance of
cancer cells by macrophages by blocking CD24-Siglec-10 interaction [56]. CD24 antibody
treatment improved the phagocytosis of patient-derived mantle cell lymphoma (MCL)
cells by macrophages but was less effective in diffuse large B-cell lymphoma (DLBCL) [64].
Another study demonstrated that elevated CD24 expression in oral squamous cell carci-
noma (OSCC) was correlated with the quantity of TAMs [65]. CD24 blockade in squamous
cell-bearing mice has also been confirmed to reduce TAM and tumor growth in hemato-
logical malignancy [66]. In addition to CD24 blockade, the recombinant human Siglec-10
Fc chimera decreased anti-inflammatory molecules and considerably increased cytotoxic
CD8* cells by blocking Siglec-10 in hepatocellular carcinoma (HCC)-derived single cells.
Furthermore, treatment with pembrolizumab, an antibody targeting PD-1, synergistically
promoted apoptosis of tumor cells in HCC samples [67].
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Figure 2. Interaction between CD24 on cancer cells and Siglec-10 on immune macrophages. The
binding of CD24 to Siglec-10 induces Src kinases through ITIM and ITIM-like motifs, leading to the
phosphorylation of ITIM tyrosine and the recruitment of tyrosine phosphatases (SHP1 and SHP2).
These inhibitory signaling cascades block cytoskeletal rearrangement and inflammatory signaling.
Blocking the CD24-Siglec-10 axis using anti-CD24 or anti-Siglec-10 antibodies induces phagocytosis
and proinflammation in macrophages.

2.3. Immune-Therapeutics Targeting CD24 (CD24-Based Immunotherapy)

To date, many studies have shown that CD24 is abundantly expressed in various
human cancers and is correlated with a poor prognosis [28]. Therefore, CD24 inhibition is a
promising strategy for cancer therapy. Various anti-CD24-based cancer therapies have been
evaluated in preclinical models (Table 1).

Currently, monoclonal antibody-mediated therapy is widely used to directly target
unique or overexpressed antigens on various cancer cells [68]. Several monoclonal an-
tibodies targeting CD24 have been preclinically investigated in various tumor models.
CD24-antagonizing antibody SWA11 inhibits tumor growth in vivo in multiple human
cancer cell lines, including lung (A549), ovarian (SKOV3ip), pancreatic (BxPC3), and col-
orectal (HT29) cancer cell lines, in xenograft mouse models [69-71]. Furthermore, this
antibody blocked MM disease progression by inhibiting cell growth [72]. Anti-CD24 mAb
ALB9 reduced lung metastasis in the highly metastatic bladder and breast cancers and pro-
longed survival [73,74]. Another anti-CD24 antibody, clone SN3, inhibited tumor growth
by promoting the macrophage-based phagocytosis of ovarian and breast cancer cells and
increased the phagocytosis of mantle cell lymphoma cell lines by M2-like macrophages [56].
G7mADb also inhibited tumor growth by enhancing the anticancer effect of cetuximab in
nude mouse xenograft models of lung, liver, and colorectal cancers [75].

Various methods, including recombinant bispecific antibodies, chimeric antigen re-
ceptor T cells (CAR-T cells), and antibody-drug conjugates, have been developed to target
CD24. The bispecific antibody ¢cG7-MICA targets both the natural killer (NK) cell receptor
NK group 2, member D (NKG2D) ligand MHC class I-related chain A (MICA), and CD24,
which reduces tumor volume and improves survival rates in Huh-7-bearing nude mice [76].

CAR-T cell therapy has been actively investigated as cancer immunotherapy with
immune checkpoint blockade [77]. Engineered T cells specific for CD24 slow tumor growth
and prolong survival in SCID mice xenografted with human pancreatic carcinoma [78]. NK
cells were transduced with an anti-CD24 CAR containing a highly active single-chain vari-
able fragment (scFv) against CD24, which specifically killed patient-derived ovarian cancer
cells [79]. Preclinical studies have also demonstrated promising results using antibody—
drug conjugates. SWA11.dgA, a conjugate of the anti-CD24 monoclonal antibody SWA11
and deglycosylated ricin A-chain (dgA), improved the survival of SCID mice bearing BL-38
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Burkitt’s lymphoma cells [80]. The immunotoxin SWA11-ZZ-PE38, which contains a Pseu-
domonas exotoxin derivative (PE38), reduced HT-29 xenograft tumor volume in mice [81].
Conjugates of anti-CD24 antibody (G7mAb), nitric oxide (NO), or doxorubicin (DOX)
inhibit the growth of hepatocellular carcinoma tumors in mice [82,83]. The conjugates of
humanized G7 monoclonal antibody and monomethyl auristatin E (MMAE) also exhibited
antitumor activity in HCC-bearing mice [84].

Targeting CD24 has been clinically accomplished in patients with cancer. Notably,
ALB9 (Immunotech), a monoclonal antibody specific to CD24, was administered together
with an anti-CD21 antibody in patients with B-cell lymphoproliferative disorders after
bone marrow or organ transplantation [85]. The participants tolerated the treatment
well; however, some experienced immune-related adverse events (irAEs) such as diarrhea
and thrombocytopenia [85]. Moreover, all patients exhibited transient neutropenia. This
treatment resulted in complete remission in 16 of 26 patients, as it controlled oligoclonal
B-cell proliferation. These findings confirmed that treatment with anti-CD24 and anti-
CD21 antibodies ensures long-term safety and efficacy in patients with aggressive post-
transplantation B-cell lymphoproliferation [86].

CD24 is abundantly expressed and is considered a putative cancer stem cell (CSC)
marker in human cancers [87]. Accumulating preclinical and clinical evidence indicates
that CD24 is a promising candidate for anticancer therapy. Recently, the interaction of CD24
and Siglec-10 was recognized to promote immune evasion of cancer cells, and anti-CD24
antibody inhibited tumor growth by substantially increasing the phagocytosis of cancer
cells by macrophages [56]. Therefore, CD24 should be considered when targeting the
CD24-Siglec-10 axis for cancer immunotherapy. Therefore, agents targeting CD24 must be
investigated in preclinical and clinical trials against advanced multiple cancers.

Table 1. CD24-targeted cancer therapy in preclinical and clinical models.

Format of Therapy Name Tumor Indications Effects Reference
Lung ?nCoIc]ieln; Ofljls; 4x9e$)ngra£ Retardation of the growth
adenocarcinoma, SKOV3i ovariai of lung and ovarian [69]
ovarian carcinoma canceg cells carcinoma xenografts
SCID mouse xenograft Prevention of tumor
Pancreatic cancer model of BxPC3 pancreatic rowth [70]
SWA11 cancer cells &
Nude mouse xenograft Reduction in tumor
Colorectal cancer model of HT29 colorectal owth rate [71]
cancer cells &
NOD-Rag1l mouse s .
Multiple myeloma xenograft model of ARP1 Inhibition of multlple [72]
MM cells myeloma progression
Nude mouse xenograft Reduction in lung
Monoclonal antibody Bladder cancer model of metastatic Lul-1 metastasis and increase in [73]
cells survival rate
SCID mouse xenograft Reduction in lung
ALB9 Breast cancer model of MDA-MB-231 metastasis and increase in [74]
cells survival rate
B- . . . .
. . Patients presenting with Complete remission in -
lyfirg;‘(gzrro(lgf;%l)v ¢ post-transplant BLPD 16 of the 26 patients [85,86]
Breast cancer NSG mouse xenograft Reduction in tumor 56]
model of MCF-7 cells growth .
Clone SN3 . -
Mantle cell Co-culture of Mino cells Increasls/[lirrll (I: ?:ﬁ:;};osm of
lymphoma and macrophages macrophages
Lune. liver. and Nude mouse xenograft
G7mAb & ’ model of A549, Huh-7, Inhibition of tumor growth [75]

colorectal cancer

and HT-29 cells
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Table 1. Cont.

Format of Therapy Name Tumor Indications Effects Reference
. Reduction in tumor
Recombinant . Nude mouse xenograft . .
bispecific antibody cG7-MICA Liver cancer model of Huh-7 cells volume ar'ld improving [76]
survival rate
SCID mouse xenograft
. model of human patient’s Slow tumor growth and
Pancreatic cancer . : [78]
pancreatic prolong survival
. adenocarcinoma (PAC)
CAR-T cell therapy Anti-CD24-CAR
. Patient-derived ovarian SpeC1f1c .kﬂhng Of.
Ovarian cancer patient-derived ovarian [79]
cancer cells
cancer cells
SWA11l-dgA Burkitt’s lymphoma SCID mouse xenograft Improvement of survival [80]

ADC (antibody—drug
conjugate)

model of BL-38 cells

SWA11-ZZ-PE38 Colon cancer

Athymic nude mouse
xenograft model of

Reduction in tumor
volume

[81]

colorectal cancer cells

HN-01
G7mAb-doxorubicin

Balb/c nude mouse
xenograft model of Huh7
or BEL-7402 cells

Liver cancer Inhibition of tumor growth [82,83]

hG7mAb-vceMMAE

Balb/c nude mouse
xenograft model of Huh?7
cells

Liver cancer Inhibition of tumor growth [84]

3. CD200

CD200, initially known as OX-2, is a type I membrane glycoprotein [88] belonging
to the immunoglobulin superfamily (IgSF) of proteins [89]. IgSF proteins contain one
or more extracellular Ig-like domains that serve as cell-surface receptors that mediate
immune reaction [90]. CD200 consists of two extracellular Ig-like domains (an NHj-
terminal V-like domain and a smaller C2-like domain), a single transmembrane domain,
and a cytoplasmic region comprising 19 amino acids [91]. CD200 is expressed in a wide
range of normal cells, including myeloid cells, lymphoid cells, neurons, epithelial cells,
endothelial cells, cardiomyocytes, and various neoplastic cells [92-94]. It interacts with the
CD200 receptor (CD200R), which is mainly expressed in myeloid cells, such as macrophages,
neutrophils, and dendritic cells, and is also present in lymphoid cells such as NK cells and
T cells [95,96]. CD200 regulates myeloid function by recognizing and engaging CD200R,
which is expressed on myeloid cells and transmits inhibitory signals [93,97]. Therefore, the
CD200-CD200R axis primarily functions as an immunoregulatory signaling pathway with
a potential inhibitory signal.

3.1. CD200 Expression in Tumor Cells and Its Effects on Tumor Progression

Highly expressed CD200 plays pro-tumorigenic roles in various malignant tumors, in-
cluding hematopoietic and solid cancers [98,99]. Moreover, CD200 has been investigated as
a prognostic factor because of its notably increased expression in various cancers, including
hematopoietic and solid malignancies [100].

CD200 expression can be observed in various hematopoietic cancers, including acute
myeloid leukemia (AML), as well as in certain diseases derived from B lymphocytes, such
as chronic lymphocytic leukemia (CLL) and hairy cell leukemia (HCL) [101]. A cohort
study of patients with AML reported that CD200 expression was related to worse outcomes,
highlighting its role as a prognostic factor for AML [102]. Additionally, patients with AML
displayed elevated CD200 expression in leukemic cells, and CD200 overexpression was
strongly correlated with elevated Foxp3 regulatory T cells, leading to the generation of an
immunosuppressive environment [103]. Wong et al. reported that CD200 was expressed in
the cells of patients with CLL. Additionally, blocking CD200 increased the killing of CD200*
lymphoma cells and CLL patient cells by CD8" cytotoxic T lymphocytes in vitro [104].
Douds et al. and Alapat et al. observed CD200 positivity in approximately 70% of plasma
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cell myeloma (PCM) cases, suggesting the possibility of CD200 expression as a diagnostic
and prognostic factor for PCM [105,106]. Conticello et al. reported that CD200™ cells from
patients with MM have an active extracellular signal-regulated kinase (ERK) pathway,
which contributes to PCM pathogenesis [107]. CD200 is expressed along with PD-1 and
CXCL13 in follicular helper T cells (Tth) in T cell-derived neoplasm [108]. Pangault et al.
also reported enhanced CD200 expression in Tth and B cells from indolent non-Hodgkin’s B-
cell lymphoma, which sustains an immunosuppressive milieu by interacting with CD200R
in classical dendritic cells [109].

Numerous research groups have extensively investigated the effects of CD200 on
cancer development and aggressiveness in various types of solid cancers. CD200 mRNA
expression is reportedly higher in bone, lung, and liver metastatic tissues from patients
with aggressive breast cancer than in adjacent noncancerous breast tissues from those with
non-metastatic breast cancer [110]. CD200 is overexpressed in 29.7% of non-small-cell lung
cancer (NSCLC) patients and 33.3% of patients with lung large-cell neuroendocrine carci-
noma (LCNEC), exhibiting a moderate correlation with PD-L1 expression [111]. Tondell
et al. demonstrated that CD200 expression was higher in intratumoral CD4" T cells from
patients with NSCLC than that in CD4* T cells from normal lungs, and further elucidated
the relationship between elevated CD200 expression in lung cancer tissue and reduced
survival [112]. Compared with the substantially low CD200 expression level observed
in healthy controls, high CD200 expression was observed in peritumoral stroma from
patients with HCC [113]. Several studies have examined the effect of CD200 expression
on various types of skin cancer. CD200 expression reportedly plays a prometastatic role
in cutaneous squamous cell carcinoma (cSCC), and metastasis was induced through up-
regulation of the cysteine protease cathepsin K (Ctsk) in CD200-positive ¢SCC [114,115].
Merkel cell carcinoma (MCC), a rare and aggressive form of skin cancer, exhibits positive
CD200 expression in 95.5% of tumors [116]. CD200 is overexpressed in various subgroups
of human brain tumors, including glioblastoma, medulloblastoma, ependymoma, and
neuroblastoma [117,118]. This finding suggests that CD200 overexpression may be crucial
in CNS tumor-induced immunosuppression. Patients with poorly differentiated laryngeal
cancer, human pancreatic ductal adenocarcinoma (PDAC), and human clear cell renal cell
carcinoma (ccRCC) exhibit elevated CD200 expression, suggesting that it may promote
immunosuppression as an immune checkpoint [119-121].

3.2. Interaction between CD200 and Its Receptor, CD200R, in the Tumor Microenvironment

The CD200 receptor (CD200R) has been identified as a novel cognate receptor of
CD200 on macrophages, which plays a role in modulating myeloid function [93]. CD200R
is a member of the immunoglobulin superfamily (IgSF) of proteins that contains two Ig-
like domains [91]. CD200R interacts with the NH2-terminal domain CD200 through its
NH2-terminal domain. CD200R possesses a tyrosine motif in its cytoplasmic tail that is
phosphorylated when CD200 binds to it. Consequently, the adaptor proteins tyrosine
kinase 1 (DOK-1) and tyrosine kinase 2 (DOK-2) are phosphorylated, which consequently
results in the binding of SH2-containing inositol phosphatase (SHIP) to DOK-2 and recruits
Ras GTPase-activating protein (RasGAP), resulting in the inhibition of the MAPK signaling
pathway (Figure 3) [122-124]. These processes ultimately lead to the suppression of proin-
flammatory cytokine release and immune cell activation [122,125]. Downstream signaling
of CD200R helps distinguishing it from most other inhibitory receptors that possess an
ITIM motif, thereby facilitating inhibition through the engagement of phosphatases [126].
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Figure 3. The interaction of CD200 in cancer cells and CD200 receptor in immune cells. CD200 prelim-
inary engages with its CD200 receptor (CD200R), leading to the suppression of immune cell function
and activation by inhibiting RAS signaling. CD200-CD200R binding induces phosphorylation of the
tyrosine motif in the cytoplasmic tail of CD200R. The adaptor protein tyrosine kinase 2 (DOK-2) is
then phosphorylated as a result. Subsequently, this leads to the binding of SH2-containing inositol
phosphatase (SHIP) to DOK-2 and the recruitment of Ras GTPase-activating protein (RasGAP). Ras-
GAP inhibits the Ras-MAPK pathway by facilitating GTP hydrolysis from RasGTP to Ras GDP. The
RAS signaling pathway further induces the transcription of proinflammatory cytokines. Anti-CD200
antibody or anti-CD200R antibody induces proinflammation by immune cells.

CD200R was predominantly observed in cells originating from the myeloid lineage,
including macrophages, neutrophils, and dendritic cells. CD200R is also expressed in
lymphoid cells, including T, B, and NK cells [93,127]. The interaction between highly
expressed CD200 on cancer cells and CD200R on immune cells protects tumor cells by
inhibiting myeloid cells [102,128]. CD200R mRNA is highly expressed in infiltrating T
cells, including T helper (Th) and regulatory T (Treg) cells, in classical Hodgkin lymphoma
(cHL) [129]. Additionally, the treatment of anti-CD200R resulted in an increase in IL-2 and
TNF-o-positive T cells, providing evidence that the CD200-CD200R axis suppresses T-cell
activity in cHL. Vathiotis et al. conducted a study on human lung cancer and observed
that among 455 patients with NSCLC, 25% exhibited CD200R overexpression, particularly
in the stromal regions of patients with squamous differentiation [111]. This suggests that
the CD200-CD200R axis plays a role as an immune checkpoint for patients with NSCLC.
Furthermore, CD200R is reportedly overexpressed and co-expressed with multiple immune
checkpoints, including PD-1, CTLA-4, and TIM-3, in tumor-infiltrating T cells in NSCLC
tumor tissues [130]. These findings suggest that CD200R could function as a biomarker for
T-cell phenotypic alterations as well as a potential target for immune therapy.

In patients with HCC, CD200R was predominantly expressed in infiltrating macrophages,
along with CD200 expression in the intratumoral region [113]. This combination contributes
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to a severe malignant condition that leads to lower overall and recurrence-free survival rates
compared with that in patients with low CD200R expression. Investigation of the CD200-
CD200R interaction in a murine breast cancer model revealed that deficiency of CD200R
expression resulted in a reduction in tumor-infiltrating cytotoxic T cells and an increase in
the release of inflammatory cytokines, including TNF-oc and IL-6 [131]. According to the
findings of Owens et al., the interaction between CD200 on SCC keratinocytes and CD200R on
myeloid-derived suppressor cells promotes the metastasis of SCC [114,115]. In addition, Liao
et al. demonstrated that tumor growth may depend on the relative affinities of the interaction
between CD200 and CD200R on M2-type macrophages compared with those on M1-type
macrophages [132].

CD200 and CD200R are highly expressed in CD83* monocyte-derived dendritic cells
(Mo-DCs) stimulated with autologous cancer cell lysates from patients with laryngeal
cancer compared with unstimulated Mo-DCs [133]. The proportion of T lymphocytes
expressing CD200 is higher in patients with gastric cancer than that in healthy controls.
Conversely, the proportion of T lymphocytes expressing CD200R was lower than that of
the control group [134]. These findings highlight the potential regulatory influence of the
CD200-CD200R axis on the T lymphocyte-dependent immune response in gastric cancer.

CD200-CD200R interaction shares some similarities with the CD47-SIRP« interac-
tion. When CD47 binds to SIRP, it acts as a signaling mechanism that inhibits myeloid
phagocytosis of the “self”, consequently impeding the elimination of cancer cells by phago-
cytes [135]. CD200, similar to CD47, is a broadly expressed glycoprotein of the immunoglob-
ulin superfamily in various cell types [92]. In contrast, CD200R expression is restricted
to immune cells, particularly myeloid cells [127]. CD200 regulates tumor immunity by
interacting with the inhibitory receptor CD200R within the tumor microenvironment. Col-
lectively, the CD200-CD200 axis may possess immunotherapeutic potential and is emerging
as an innate immune checkpoint in cancer.

3.3. CD200-CD200R Pathway as an Immune-Therapeutic Target in Cancers

The CD200-CD200R pathway has gained considerable attention as a crucial target for
cancer immunotherapy, primarily because the interaction between CD200 and CD200R
assists cancer immune evasion by suppressing immune activity against cancer. The CD200-
CD200R axis can be targeted as an immunoregulatory protein in cancer therapy. The
interaction between CD200 and CD200R can reportedly be modulated by blocking these
interactions using monoclonal antibodies and fusion proteins (Table 2). This targeted
approach was aimed at enhancing the immune response in tumor models.

A growing body of evidence indicates that the therapeutic application of anti-CD200
treatment could potentially provide benefits in CD200-overexpressing malignancies en-
compassing hematopoietic tumors, such as chronic lymphocytic leukemia (CLL), as well
as multiple solid tumors. A study conducted in the early 2000s demonstrated that CD200
is associated with immune rejection of leukemic tumor cells [136]. CD200Fc, which links
the extracellular domain of CD200 with the murine IgG2a Fc region, effectively inhibits
resistance to tumor growth in CD80-transfected EL4 or C1498 leukemia tumor cell allograft
mice. Mice immunized with leukemic tumor cells that overexpress CD80, a costimulatory
molecule that plays a role in T-cell activation, exhibit resistance to tumor growth [137].
Additionally, the coinfusion of CD200Fc with CD200R* macrophages further augmented
tumor growth suppression. Kretz-Rommel et al. reported that an anti-CD200 antibody
inhibits tumor growth in mice bearing CD200-expressing human B-CLL tumors [128]. Oda
et al. engineered CD200R immunomodulatory fusion proteins (IFPs) to target CD200
in leukemia [138]. This fusion protein was engineered by replacing the cytoplasmic tail
of CD200R with the signaling domain of the costimulatory receptor CD28. Mice with
leukemia injected with CD200* FBL (B6 Friend virus-induced erythroleukemia) cells ex-
hibited improved survival when treated with T cells transduced with the CD200R-CD28
fusion protein. The survival rate was higher in mice treated with these modified T cells
than that in mice treated with control T cells.
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Samalizumab (Alexion), a recombinant humanized monoclonal antibody that specifi-
cally binds to CD200, has been investigated clinically for patients with CLL and MM, and
it resulted in a decreased tumor burden in 60% of patients with CLL [139]. Among the
26 study participants, 2 experienced treatment-emergent serious adverse events related to
the drug, but these events did not lead to treatment discontinuation [139]. Additionally,
certain participants encountered irAEs such as a skin rash and diarrhea; however, these
were not clinically significant, indicating a favorable safety profile. These findings support
the promotion of antitumor activity through the blockade of the immune checkpoint ligand
CD200, resulting in a dose-dependent decrease in CD200 overexpression in CLL cells owing
to the binding of samalizumab to CD200.

The synthesized CD200R antagonist peptide (A26059) inhibited the expansion of
myeloid-derived suppressor cells (MDSCs), contributing to immune suppression via
the CD200-CD200R pathway. The survival of GL261 glioma tumor-bearing mice in-
creased [117], suggesting that disrupting the binding between CD200 and its receptor,
CD200R, can potentially enhance the efficacy of an immune-mediated antitumor approach
for brain tumors. Another study investigated the effect of CD200 on tumor progression
using a metastasis model in rats transplanted with glioma cells. Wistar rats transplanted
with C6 glioma cells expressing truncated CD200, which lacks the sequence for CD200R
binding, revealed lung metastasis in 44% of the total individuals, whereas rats trans-
planted with C6 cells expressing full-length CD200 progressed to lung metastasis in all
cases [140]. CD200-overexpressing transgenic mice (CD200'% mice) exhibit accelerated
tumor growth following injection of EMT6 breast tumor cell lines compared with that in
control mice [141]. Blockade of CD200 expression by an anti-CD200 monoclonal antibody
attenuated tumor volume in mice injected with EMT6 breast tumors and decreased tumor
metastasis [141,142]. Furthermore, the metastasis of EMT6 cells was inhibited in both
CD200KO and CD200R1KO mice [143]. Gorczynski et al. reported that administration of
an anti-CD200R1 antibody resulted in no EMT6 tumor metastasis in mice that underwent
surgical resection of tumors and were subsequently immunized with EMT6 cells [144].
Anti-CD200R1 monoclonal Ab inhibits tumor volume in mice inoculated with murine
Hepal-6 cells, suggesting that the CD200-CD200R pathway is involved in HCC tumor
growth [145]. Recently, mice transplanted with head and neck squamous cell carcinoma
(HNSCC) cells overexpressing CD200 exhibited attenuated tumor growth when treated
with adenovirus-expressing soluble CD200R-Ig [146]. In addition, adenovirus-expressing
soluble CD200R-Ig eliminated the pro-tumor effects of CD200, including the induction of
M2-like polarization, increased recruitment of regulatory T cells, and decreased the number
of CD8" T cells. Accumulating preclinical and clinical studies have shown that targeting
the CD200-CD200R axis could effectively enhance antitumor immune responses.

Table 2. Cancer therapy targeting CD200-CD200R axis in preclinical and clinical model.

Format of Therapy Name Tumors Indications Effects Reference
CD80-transfected EL4 or Inhibition of tumor
CD200Fc Leukemic tumor C1498 leukemia tumor rowth protection [136]
cell allograft mice 8ro protectio
B-cell chronic Mice bearing Inhibition of tumor
Anti-CD200 Ab lymphocytic CD200-expressing th [128]
Antibody leukemia Namalwa tumor cells grow
Samalizumab Chronic lvmphocyti 23 patients with
(recombinant oruc fymphocytic advanced CLL and 3 .
. leukemia (CLL) and . . Decrease in tumor
humanized . patients with MM . . [139]
. multiple myeloma burden in 14 CLL patients
monoclonal antibody (MM) (Phase I study:
that targets CD200) NCT00648739)




Int. J. Mol. Sci. 2023, 24, 15072 12 0of 19
Table 2. Cont.
Format of Therapy Name Tumors Indications Effects Reference
Inhibition of tumor
growth and metastasis in
EMTG6 tumor cells tumor-bearing mice by
Rat anti-mouse injected into CD200'8, . ) )
CD200 Ab Breast tumor CD200KC, and . ar}t{—.CDZOO Ab; [141-143]
CD200R1C mice inhibition of tumor
metastasis in CD200KO
and CD200R1KO mice
Antibody Mice that underwent No EMT6 tumor
Rabbit Fab Breast tumor surgical resection of the metastasis in mice [144]
anti-CD200R1 Ab u tumors were immunized immunized with EMT6
with EMT6 tumor cells tumor cells
Murine hepatoma cell Inhlblzfxt(ﬁfi?mor
Anti-CD200R1 mAb Liver cancer line, Hepal-6 cells, 8™ . [145]
inoculated mice Hepal-6-inoculated mice
by anti-CD200R1 mAb
Adenovirus-
expressing s
SCD200R1-Ig (fusion Inhibition of tumor
Lo . growth in mice injected
of the soluble Mice injected with .
. Head and neck . with
extracellular domain cancer CD200-overexpressing CD200-0verexpressin [146]
of CD200R1 and Fc HNSCC cells Hoomg
domain of mouse HNSCC cells by
Ad5sCD200R1
IgG2a)
(Ad5sCD200R1)
Inhibition of tumor
A26059 Glioma tumor GL.261 glioma . gr(?wth and 1ncrease$1 [117]
tumor-implanted mice survival in tumor-bearing
mice
CD200R antagonist Truncated CD200 (lack of .
peptide CD200R binding part) or Inhibition of lung
Truncated CD200 full-len %hp metastasis in rats
that lacks the part for Glioma tumor s transplanted with C6 [140]
L CD200-expressing C6 .
CD200R binding - cells expressing truncated
glioma cell-transplanted
. CD200
Wistar rats
Enhancement of survival
Immur}omodul.atory CD200R-CD28 TFP Murine leukemia FBL mouse model of. of murine legk?m1a [138]
fusion protein disseminated leukemia mouse model injected

with CD200* FBL cells

4. Conclusions and Perspectives

The effective outcomes observed in clinical trials of immune checkpoint inhibitors
emphasize the vital role of the immune system in cancer management. Immune checkpoint
inhibitors have emerged as the standard treatment for several malignancies because they
can restore and strengthen the anticancer immune response. While certain tumor types
have exhibited impressive effectiveness with certain immune checkpoint inhibitors, most
patients still demonstrate resistance [17]. Currently, the efficacy of immune checkpoint ther-
apies is unsatisfactory. Extensive explorations have been conducted to identify predictors
and biomarkers of cancer immunotherapy employing ICIs [147,148]. The efficacy of ICIs
has been comprehensively evaluated through the identification of multiple biomarkers,
incorporating recent data on the tumor genome and neoantigen biomarkers, the immune
microenvironment phenotype of the tumor, host-related factors, and markers obtained
through liquid biopsies. Importantly, the investigation of additional molecules involved
in immune checkpoint regulation has garnered attention. Notably, the overexpression
of immune checkpoint molecules in cancer cells, along with their corresponding recep-
tors on myeloid lineage cells, such as macrophages and dendritic cells, has underscored
the significance of innate immune checkpoints in harnessing the antitumor immune re-
sponse. The CD47-SIRP« signaling axis is a well-known innate immune checkpoint, and
blocking this interaction serves as a critical regulator of macrophage phagocytosis and
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activation [135]. In the present review, we propose that the CD24-Siglec-10 and CD200-
CD200R axes are emerging immune checkpoints. Recently, increasing evidence has proven
that CD24, highly expressed in multiple cancer cells, serves as a “Don’t eat me” signal and
modulates macrophage activity in concert with Siglec-10. Therefore, blocking the interac-
tion between CD24 and Siglec-10 may improve the host immune response against cancer
cells by targeting phagocytic checkpoints in cancer immunotherapy. CD200 is an immune
checkpoint molecule that suppresses innate immune cell activation by interacting with
CD200R. CD200 is highly expressed in various malignant tumor cells and has a pro-tumor
effect [98]. The receptor for CD200, CD200R, is predominantly expressed in myeloid cells,
including macrophages [127]. The impact of the CD200-CD200R axis on tumor growth and
progression has been confirmed in various tumor microenvironments.

Collectively, several preclinical and clinical studies have demonstrated the significance
of the CD24-Siglec-10 and CD200-CD200R axes as targets for immune checkpoint blockade.
Although no drugs have entered the clinical stages, the effectiveness of targeting these two
immune checkpoint axes needs to be investigated in further clinical studies across multiple
cancer types and combinatorial studies with other chemotherapy and diverse immunother-
apy approaches in the near future. Blocking other immune checkpoint molecules, such
as PD-1 and CTLA-4, along with CD24 or CD200, may synergistically enhance antitumor
immunity. Based on the current knowledge of CD24 and CD200, further research suggests
that CD24- and CD200-targeted treatments are potential immunotherapeutic drugs for
patients with cancer.
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