
Citation: Nip, C.; Wang, L.; Liu, C.

CD200/CD200R: Bidirectional Role in

Cancer Progression and

Immunotherapy. Biomedicines 2023, 11,

3326. https://doi.org/10.3390/

biomedicines11123326

Received: 3 November 2023

Revised: 1 December 2023

Accepted: 8 December 2023

Published: 16 December 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biomedicines

Review

CD200/CD200R: Bidirectional Role in Cancer Progression
and Immunotherapy
Christopher Nip 1,†, Leyi Wang 1,2,† and Chengfei Liu 1,2,3,*

1 Department of Urologic Surgery, University of California, Davis, CA 95817, USA; ccnip@ucdavis.edu (C.N.);
lcdwang@ucdavis.edu (L.W.)

2 Graduate Group in Integrative Pathobiology, University of California, Davis, CA 95817, USA
3 UC Davis Comprehensive Cancer Center, University of California, Davis, CA 95817, USA
* Correspondence: cffliu@ucdavis.edu
† These authors contributed equally to this work.

Abstract: As an immune checkpoint molecule, CD200 serves a foundational role in regulating im-
mune homeostasis and promoting self-tolerance. While CD200 expression occurs in various immune
cell subsets and normal tissues, its aberrant expression patterns in hematologic malignancies and solid
tumors have been linked to immune evasion and cancer progression under pathological conditions,
particularly through interactions with its cognate receptor, CD200R. Through this CD200/CD200R
signaling pathway, CD200 exerts its immunosuppressive effects by inhibiting natural killer (NK) cell
activation, cytotoxic T cell functions, and M1-polarized macrophage activity, while also facilitating
expansion of myeloid-derived suppressor cells (MDSCs) and Tregs. Moreover, CD200/CD200R
expression has been linked to epithelial-to-mesenchymal transition and distant metastasis, further
illustrating its role in cancer progression. Conversely, CD200 has also been shown to exert anti-tumor
effects in certain cancer types, such as breast carcinoma and melanoma, indicating that CD200 may
exert bidirectional effects on cancer progression depending on the specific tumor microenvironment
(TME). Regardless, modulating the CD200/CD200R axis has garnered clinical interest as a poten-
tial immunotherapeutic strategy for cancer therapy, as demonstrated by early-phase clinical trials.
However, further research is necessary to fully understand the complex interactions of CD200 in the
tumor microenvironment and to optimize its therapeutic potential in cancer immunotherapy.

Keywords: cancer; CD200; CD200R; immunosuppressive signaling; tumor immune microenvironment;
checkpoint; therapy

1. Introduction

Immune checkpoint molecules maintain immune homeostasis by orchestrating a
balance between stimulatory and inhibitory signals that are responsible for mounting
immune responses and preserving self-tolerance. These immune checkpoint molecules,
such as PD-1, LAG-3, CTLA-4, and CD200, are commonly expressed on activated T cells
and have been reported to modulate T cell activity and prevent autoimmunity [1,2]. There
are various innate and adaptive immune cells in tumors and their environments whose
signaling and metabolism significantly affect tumor progression. Previously, immune
checkpoint tumoral expression has been proven to suppress the immune response and
facilitate cancer progression [3].

The blockade of these immune checkpoint molecules has been theorized to abrogate T
cell immunosuppression and reactivate T cell responses, enhancing antitumor immunity.
This novel approach towards cancer therapy has been well studied using anti-PD-1/PD-L1
and anti-CTLA-4 inhibitors with durable response rates in patients with various cancer
types, and research has extended towards blockade of other tumor-associated immune
checkpoint molecules, such as CD200, involved in modulating the immune response, includ-
ing the combination of immune checkpoint blockade therapies with other treatments [4–7].
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CD200 is upregulated in various cancer types and associated with immunosuppression.
However, there is evidence suggesting that CD200 may also contain anti-tumor effects
based on its suppression of tumor-promoting inflammation, angiogenesis, expansion of
tumor-associated myeloid cells (TAMC), and improvement of the efficacy of anti-PD-1/PD-
L1 treatments [8–17]. This literature review will provide an overview of the mechanism
of the CD200/CD200R axis and highlight significant findings of its bidirectional role in
carcinogenesis, along with its clinical relevance in immunotherapy and targeted therapy.

2. Biology of the CD200/CD200R Axis, Expression Patterns, and Signaling in Cancer

CD200, alternatively known as OX-2, is a single-pass, type I membrane glycoprotein
that belongs to the immunoglobulin superfamily (IgSF) of proteins. It contains two ex-
tracellular immunoglobulin-like domains, a transmembrane domain, and a cytoplasmic
19 amino-acid “tail” [18]. CD200 expression has been detected in a wide array of immune
cells and normal tissues, including human thymocytes, neurons, activated T cells, B cells,
dendritic cells, vascular endothelial cells, kidney glomeruli, epithelial keratinocytes, and
syncytiotrophoblasts. Recent studies have also reported CD200 expression across hemato-
logic malignancies, solid tumors, and skin cancers. CD200 binds to its cognate receptor,
CD200R, which is highly expressed in the tumor microenvironment (TME) on TAMCs,
including tumor-associated macrophages (TAMs), myeloid-derived suppressor cells (MD-
SCs), and tumor-associated dendritic cells (TADCs) [8]. CD200R expression also occurs in
monocytes, macrophages, neutrophils, dendritic cells, mast cells, B lymphocytes, and a sub-
set of T lymphocytes. CD200R is also an IgSF protein and contains two extracellular Ig-like
domains. However, its cytoplasmic 67 amino acid “tail” possesses three phosphorylatable
tyrosine residues that participate in intracellular signaling.

CD200 exerts its effects primarily through engagement with CD200R, often referred
to as its “canonical” action as an immune checkpoint molecule (Figure 1). Upon CD200/
CD200R interaction, the third tyrosine residue, located within the NPXY motif, becomes
phosphorylated and recruits the adaptor proteins, Dok-1 and Dok-2. These proteins sub-
sequently become phosphorylated and bind SH2-domain-containing proteins, including
Ras GTPase activating protein (RasGAP) [19]. This Dok-2/RasGAP complex inhibits
the activation of Ras. Dok-1 also interacts with and recruits tyrosine-phosphorylated
SHIP—though Dok-1/SHIP activity has no significance in mediating downstream CD200R
effects, as demonstrated through knockdown experiments by Mihrshahi et al. [20]. Col-
lectively, these effects culminate in the downregulation of the Ras/MAPK pathway and
reduced activation of ERK, JNK, and p38 MAPKs in mast cells [19]. This downstream
signaling activity impairs cytokine production and mast cell degranulation, illustrating
how CD200/CD200R signaling exerts an inhibitory effect on myeloid cell function.

Recently, a “non-canonical” role for CD200 has also been reported where it triggers
an intracellular signaling pathway that functions independently of CD200R (Figure 1). In
this pathway, γ-secretase induces cleavage of the CD200 cytoplasmic domain, which was
previously believed to be signaling-inert. This cleaved CD200 cytoplasmic domain can
subsequently bind β-catenin and translocate into the nucleus where it directly enhances
the expression of transcription factors known to be associated with cell proliferation and
cancer progression [21–23].
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Figure 1. CD200/CD200R signaling: “Canonical” and “Non-Canonical” pathways. Through its 
“Canonical” pathway, CD200 exerts its downstream immunosuppressive effects after interacting 
with its cognate receptor, CD200R. This causes the recruitment of adaptor proteins—Dok1, Dok2, 
SHIP, and RasGAP—and inhibits Ras/MAPK signaling. CD200 also participates in a “non-canoni-
cal” intracellular pathway that promotes a pro-tumor phenotype, independently of signaling 
through CD200R. “https://www.biorender.com/ (accessed on 27 November 2023)”. 

3. Bidirectional Role of CD200/CD200R Signaling 
The CD200/CD200R axis serves a pivotal role in maintaining immune tolerance and 

protecting healthy tissues from needless immune damage. It is believed to modulate levels 
of activated myeloid cells in normal and pathological conditions, preventing chronic in-
flammation and autoimmune disease. It also serves a central role in balancing adequate 
immunosurveillance, inflammatory responses, and pathogen removal, while also preserv-
ing tissue homeostasis. However, CD200 expression has also been implicated in the path-
ogenesis of solid tumors and hematologic malignancies by mediating immunosuppres-
sion of the innate and adaptive immune responses. CD200 expression has been well doc-
umented to exert adverse effects on clinical outcomes and has been identified as a negative 
prognostic factor for patients—a finding that persists across various lymphoproliferative 
disorders, solid tumors, and skin cancers. For instance, in a cross-sectional study of 67 
patients with mature B cell lymphoproliferative disorders, high levels of CD200 expres-
sion were correlated with advanced stage on the Rai and Binet staging systems along with 
earlier time to progression in CLL (Chronic Lymphocytic Leukemia) patients [24]. In pe-
diatric B cell acute lymphoblastic leukemia (B-ALL), Aref et al. reported decreased re-
sponses to remission-induction therapy for CD200+ cases (19/28 or 67.8%) relative to 
CD200− cases (14/15 or 93.3%) along with significantly shorter overall survival (OS) and 
disease-free survival (DFS) [25]. For patients with cytogenetically normal acute myeloid 
leukemia(AML), high CD200 expression was associated with lower complete remission 
rates (9/18 or 50%) relative to CD200− patients (56/71 or 79%) and was accompanied by 
lower 3-year DFS (0%) and 3-year overall survival (0%) relative to CD200− patients (65% 
and 51%, respectively) [26]. For patients with colorectal liver metastasis, high CD200 ex-
pression was associated with significantly poorer prognosis (5-year survival rates of 
26.9%) relative to low CD200 expression (5-year survival rates of 54.1%) [27]. In bladder 
cancer, Rexin et al. reported an association between CD200 expression and tumor grade 

Figure 1. CD200/CD200R signaling: “Canonical” and “Non-Canonical” pathways. Through its
“Canonical” pathway, CD200 exerts its downstream immunosuppressive effects after interacting
with its cognate receptor, CD200R. This causes the recruitment of adaptor proteins—Dok1, Dok2,
SHIP, and RasGAP—and inhibits Ras/MAPK signaling. CD200 also participates in a “non-canonical”
intracellular pathway that promotes a pro-tumor phenotype, independently of signaling through
CD200R. “https://www.biorender.com/ (accessed on 27 November 2023)”.

3. Bidirectional Role of CD200/CD200R Signaling

The CD200/CD200R axis serves a pivotal role in maintaining immune tolerance and
protecting healthy tissues from needless immune damage. It is believed to modulate lev-
els of activated myeloid cells in normal and pathological conditions, preventing chronic
inflammation and autoimmune disease. It also serves a central role in balancing ade-
quate immunosurveillance, inflammatory responses, and pathogen removal, while also
preserving tissue homeostasis. However, CD200 expression has also been implicated in
the pathogenesis of solid tumors and hematologic malignancies by mediating immuno-
suppression of the innate and adaptive immune responses. CD200 expression has been
well documented to exert adverse effects on clinical outcomes and has been identified as
a negative prognostic factor for patients—a finding that persists across various lympho-
proliferative disorders, solid tumors, and skin cancers. For instance, in a cross-sectional
study of 67 patients with mature B cell lymphoproliferative disorders, high levels of CD200
expression were correlated with advanced stage on the Rai and Binet staging systems along
with earlier time to progression in CLL (Chronic Lymphocytic Leukemia) patients [24].
In pediatric B cell acute lymphoblastic leukemia (B-ALL), Aref et al. reported decreased
responses to remission-induction therapy for CD200+ cases (19/28 or 67.8%) relative to
CD200− cases (14/15 or 93.3%) along with significantly shorter overall survival (OS) and
disease-free survival (DFS) [25]. For patients with cytogenetically normal acute myeloid
leukemia(AML), high CD200 expression was associated with lower complete remission
rates (9/18 or 50%) relative to CD200− patients (56/71 or 79%) and was accompanied
by lower 3-year DFS (0%) and 3-year overall survival (0%) relative to CD200− patients
(65% and 51%, respectively) [26]. For patients with colorectal liver metastasis, high CD200
expression was associated with significantly poorer prognosis (5-year survival rates of
26.9%) relative to low CD200 expression (5-year survival rates of 54.1%) [27]. In bladder
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cancer, Rexin et al. reported an association between CD200 expression and tumor grade [28].
Similarly, in cutaneous squamous cell carcinoma, CD200 expression levels were associated
with tumor grade and clinical stage where patients with high CD200 expression had shorter
overall survival (31.3 months) relative to patients with low expression (41.9 months) [29].
These studies collectively suggest that CD200 expression serves a pivotal role in facilitating
cancer progression.

3.1. CD200/CD200R Signaling Promotes Tumor Progression
3.1.1. Suppression of Natural Killer Cells

CD200 expression on human cancer cells is believed to confer a pro-tumorigenic role
in cancer development by fostering the formation of an immunosuppressive tumor mi-
croenvironment. One such proposed property of CD200 is the suppression of natural killer
(NK) cell anti-tumor responses via engagement with CD200R on NK cells. NK cells are ef-
fector immune cells of the innate immune system that release cytotoxic products, including
perforins and granzymes, to kill malignant and virus-infected cells, particularly during
the early immune response [30–32]. These immune cells are activated by a collection of
cytokines and natural cytotoxicity receptors (NCRs), including NKp30, NKp44, and NKp46
which deliver stimulatory signals after recognizing malignant cell markers [33–35]. Interest-
ingly, CD200 is believed to exert its immunosuppressive effects on NK cells by negatively
regulating these NCR expression levels (Figure 2A). In a study involving patients with
AML, high CD200 expression was associated with significantly decreased levels of NKp44
and NKp46 in NK cells. These reduced NCR levels interfere with NK cells’ cytolytic activity,
which was reflected by their diminished capacity for degranulation. Furthermore, NK cells
serve an immuno-modulatory role as a primary producer of IFN-γ, which functions to
activate T cells [36,37]. However, patients with high CD200 expression showed a significant
reduction in NK cells producing this cytokine, which further suppressed cell-mediated
immunity. The administration of anti-CD200 to block CD200/CD200R signaling reversed
these effects by increasing the frequency of NK cell degranulation and augmenting IFN-γ
production. Taken together, these findings suggest a direct role of CD200 in inhibiting NK
cell activity through interactions with CD200R.
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NK cell activation through decreased NKp44 and NKp46 expression, (B) reducing MAPK/STAT3-
mediated Th1 cytokine production, (C) hampering metabolic signaling within T cells leading to an
inactive T cell phenotype, (D) suppressing DC-mediated T cell activation, facilitating expansion of
(E) Tregs and (F) MDSCs, (G) differentially regulating production of chemokines involved in immune
cell recruitment, for example, CXCL2, CXCL3, CCL3, CCL24, and CCL8 by inhibiting ERK and p38
MAP kinases, and (H) driving M-CSF-mediated M2 macrophage polarization through increased
β-catenin/S100a4-RAGE/NF-kB/M-CSF signaling. Furthermore, CD200/CD200R signaling stim-
ulates cancer invasion and metastasis by increasing the expression of (I) Ctsk and (J) EMT-related
genes. “https://www.biorender.com/ (accessed on 22 September 2023)”.

3.1.2. Regulation of T Cell Function

Similarly, the CD200/CD200R axis has also been documented to suppress the adap-
tive immune response by inhibiting effector and memory T cell anti-tumor activity. As
demonstrated in AML studies [38], CD200 expression has been associated with reduced
levels of CD4+ and CD8+ memory T cells along with a concomitant decrease in the produc-
tion of pro-inflammatory Th1 cytokines, including TNF-α, IL-2, and IFN-γ. This pattern
of dampened T cell cytokine release is a byproduct of inhibited MAPK and STAT3 sig-
naling pathways (Figure 2B). Specifically, following engagement between CD200 and
CD200R, the Dok2 adaptor protein recruits and interacts with the SH2 domain on RasGAP.
This Dok2/RasGAP complex subsequently inhibits Ras activation and disrupts signaling
through the Ras/MAPK pathway, negatively regulating cytokine production [19,20]. STAT3
signaling also modulates cytokine release and was similarly found to be suppressed by
CD200/CD200R interactions [39].

Furthermore, CD200 expression has been associated with impaired T cell activity
and metabolic functions [20]. Using in vivo AML models, CD8+ memory T cells isolated
from CD200+ tumors appeared to be immunophenotypically inactive as characterized by
the absence of CD69 and CD127—markers indicative of T cell activation. These immune
cell subsets also lacked Ki-67 expression, a marker of cell proliferation. Both of these
processes—T cell activation and proliferation—are inherently dependent on increases in ox-
idative phosphorylation and glycolysis to supplement the heightened energy demands [40].
However, T cells isolated from CD200+ AML tumors possessed significantly downreg-
ulated genes involved in metabolic signaling compared to CD200− tumors (Figure 2C).
This indicates a potential CD200-mediated suppression of T cell metabolism, thus indi-
rectly compromising these immune cells’ cytotoxic functions, ability to maintain tumor
immunosurveillance, and maintenance of prolonged anti-tumor/anti-viral responses [41].
Further research is necessary to determine whether this inhibition operates through CD200R
signaling or other CD200-dependent secondary mechanisms.

CD200/CD200R signaling also exerts indirect immunosuppressive effects on effector
T cell activity by repressing dendritic cell (DCs) function. DCs serve as antigen-presenting
cells (APCs) that prime naïve CD4+ and CD8+ T cells using major histocompatibility
(MHC) molecules and therefore heavily influence the magnitude and quality of T cell
responses [42]. Petermann et al. demonstrated that CD200 expression in melanoma cell
lines was associated with an inability of DCs to activate primary T cells (Figure 2D), as
evidenced by significantly decreased IL-2 and IFN-γ production in mixed lymphocyte
reactions (MLR). shRNA knockdown of CD200 reversed these immunosuppressive effects
and restored Th1 cytokine production, further supporting the role of CD200 in impairing T
cell activity via DC inhibition [43].

3.1.3. Expansion of Regulatory T Cells

CD200/CD200R signaling has been posited to facilitate cancer progression through the
recruitment and tumor infiltration of regulatory T cells (Tregs). Regulatory T cells function
to modulate the immune response and maintain self-tolerance through CTLA-4-mediated
suppression of T cell activity, the production of immunosuppressive cytokines, including
IL-10, IL-35, and TGFβ, and the release of granzymes and/or perforins to target effector
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cells [44–50]. These functions collectively serve to inhibit anti-tumor immunity, thereby
preventing adequate immune surveillance of cancer and hampering effective anti-tumor
immune responses. Thus, it is no surprise that Tregs have been associated with poor
prognoses in AML [51,52]. Moreover, as demonstrated by several correlational studies, the
frequency and tumor infiltration of Tregs significantly positively correlates with CD200
expression, which indicates a pathophysiologic link between CD200 activity and Treg
induction [53–55]. Clinical and in vitro studies reinforce this assertion as the administration
of an anti-CD200 monoclonal antibody to block CD200/CD200R signaling was shown
to be sufficient in reducing Treg frequencies for chronic lymphocytic leukemia patients
and cell samples [55,56]. Studies speculate that the mechanism underlying this correlation
involves the differentiation of bone marrow stem cells towards suppressive and tolerogenic
DCs, which preferentially cause induction of Tregs (Figure 2E) [55,57–59]. This process is
believed to be mediated by the CD200/CD200R interaction. Furthermore, in AML studies,
these CD200-induced Tregs were reportedly sufficient in suppressing T cell proliferation
but appeared to have no impact in modulating Th1 cytokine release (TNF-α, IFN-γ, and
IL-2) based on Treg depletion experiments [53].

3.1.4. Expansion of MDSCs

CD200/CD200R signaling has also been suggested to mediate immunosuppression
by promoting the expansion of myeloid-derived suppressor cells (MDSCs). MDSCs are
immature myeloid cells with potent immunosuppressive activity through the release of
indoleamine 2,3-dioxygenase, arginase-I, inducible nitric oxide synthase, reactive oxygen
species (ROS), and several cytokines, including IL-10, IL-13, and TGF-β [60–63]. These
products function to suppress T cell and NK cell antitumor responses while simultaneously
promoting the expansion of other immunosuppressive immune populations, including
Tregs, TAMs, and DCs. In one study testing the hypothesis that CD200 drives the expansion
and activity of MDSCs in pancreatic ductal adenocarcinoma (PDAC), an anti-CD200 anti-
body used to block CD200/CD200R signaling was shown to inhibit PDAC tumor growth
in murine models and significantly decrease the levels of tumor infiltrating MDSCs [61].
A concomitant increase in tumor infiltrating CD4+ T cells was also observed. Further-
more, using in vitro studies, CD200 administration synergistically enhanced MDSC ex-
pansion when PBMCs were co-cultured with IL-6 and GM-CSF—two reagents known to
induce expansion of MDSCs in vitro. This finding was accompanied by increased phos-
phorylation of STAT3 and decreased expression of IRF-8, a known negative regulator
of MDSC expansion (Figure 2F). Moreover, a separate glioma study demonstrated that
administration of a CD200R antagonist blocked MDSC expansion in glioma tumors and re-
versed CD200/CD200R-mediated immune suppression. This was accompanied by elevated
CD8+ T cell counts and enhanced TNF-α and IFN-γ production [64]. Taken together, these
research findings suggest a role for CD200/CD200R signaling in promoting the expansion
of MDSCs and subsequent immunosuppression in tumors. However, further analysis of the
downstream CD200/CD200R signaling pathways is necessary to elucidate the underlying
mechanisms driving MDSC expansion.

3.1.5. CD200/CD200R Signaling Regulates Chemokine Expression Levels in TAMCs

In keeping with its immunosuppressive role, CD200/CD200R signaling promotes
an unfavorable TME by differentially regulating chemokine release from TAMCs. These
signaling molecules dictate the types of immunosuppressive and/or effector immune
cell subsets that are recruited and comprise the TME, thus influencing the anti-tumor
immune response. In studies using neuroblastoma and melanoma murine models, the
absence of CD200/CD200R signaling (using CD200R- mice) caused TAMCs to upregu-
late CCL24 and CCL8 levels but downregulate the production of CXCL3, CXCL2, and
CCL3 [65]. This process occurs due to tumor-induced activation of ERK and p38 MAP
kinases and operates independently of STAT and NF-kB signaling (Figure 2G) [66]. These
findings are relevant because CCL24 (eotaxin-2) functions as a chemotactic agent for the
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recruitment of eosinophils [67]. Although the exact role of eosinophils in cancer is not
fully understood, some studies suggest they contribute towards anti-tumor immunity
by inducing tumor death via the production of anti-tumor factors such as TNF-α, along
with recruiting CD8+ T cells into tumors via CXCL9 and CXCL10 release [68,69]. These
CD8+ T cells, in turn, directly facilitate tumor death and produce TNF-α and IFN-γ to fur-
ther activate eosinophils, thus creating a positive feedback loop to promote their anti-tumor
activity [69,70]. In addition, CCL8 (MCP-2) functions to recruit monocytes, T lympho-
cytes, NK cells, basophils, mast cells, and eosinophils, which contribute towards increased
infiltration of immune effector cells [71]. Furthermore, CXCL3, CXCL2, and CCL3 are
known to interact with the chemokine receptor, CXCR2, on neutrophils, which aids in
the recruitment and tumor-infiltration of additional neutrophils [65,72,73]. These immune
cells induce tumor-associated inflammation and angiogenesis, which contributes to tumor
progression, diminished T cell responses, and reduced recruitment of other immune effector
cells [14,74–77]. Thus, the production of CCL24 and CCL8, and the reduction of CXCL3,
CXCL2, and CCL3 in TAMCs, explain why mice lacking intact CD200/CD200R signaling
more potently rejected neuroblastoma and melanoma tumors relative to wild-type condi-
tions [65]. This serves as additional evidence illustrating how CD200/CD200R signaling
can exert its pro-tumorigenic effects.

3.1.6. CD200 Facilitates M2 Macrophage Polarization through β-catenin/S100a4-RAGE/
NF-kB/M-CSF Signaling

CD200 has also been demonstrated to exert pro-tumor effects through intracellular
signaling cascades within tumor cells that operate independently of CD200R. According to
Shin et al., CD200 expression in head and neck squamous cell carcinoma (HSNCC) tumors
was reported to upregulate the expression of immune-related genes, including macrophage
colony-stimulating factor (M-CSF) [23]. M-CSF functions as a cytokine that facilitates the
polarization of macrophages towards the M2, tumor-promoting phenotype in the TME,
which has been associated with the secretion of anti-inflammatory molecules like IL-10 and
TGFβ1, the release of VEGF, and the production of enzymes implicated in the suppression
of adaptive immunity such as indoleamine-2,3-dioxygenase (IDO) and arginase- 1 [78–81].
Mechanistically, CD200′s influence on M-CSF expression levels is believed to operate via
activation of the β-catenin/S100a4-RAGE/NF-kB/M-CSF axis (Figure 2H). Specifically,
following cleavage of the CD200 cytoplasmic tail by γ-secretase, the free CD200 domain
binds with β-catenin [82]. This activates the S100A4/RAGE pathway, which then induces
signaling through the NF-kB pathway [83]. This culminates in enhanced transcription
of M-CSF, which can induce M2 polarization of macrophages and permit them to exert
their pro-tumor effects [84]. Furthermore, Shin et al. reported that CD200 blockade using
sCD200R1-Ig-expressing adenovirus (the Fc domain of an antibody fused with the CD200R
extracellular domain) not only diminished the activity of the β-catenin/S100a4-RAGE/NF-
kB/M-CSF signaling pathway and inhibited growth of CD200-expressing HNSCC tumors,
but also reversed the polarization of M2 macrophages back to an M1 phenotype. These
M1 macrophages are known to enhance T cell infiltration and activation, which can aid
in the anti-tumor immune response. However, they also exert tumoricidal effects and
produce pro-inflammatory cytokines, including IL1β, IL-6, TNF-α, IL-12, and IL-23, thus
promoting a Th1 cytokine profile and stimulating the cytotoxic activity of T lymphocytes
and NK cells [85]. As such, these research findings suggest yet another tumor-promoting
mechanism of CD200.

3.1.7. CD200/CD200R Signaling Facilitates cSCC Invasion and Metastasis via
Ctsk Expression

Aside from its role in suppressing anti-tumor immunity, the CD200/CD200R axis
has also been hypothesized to mediate cancer invasion and metastasis by facilitating the
remodeling and degradation of extracellular matrix proteins. Using cutaneous squamous
cell carcinoma (cSCC) models, Khan et al. demonstrated that CD200/CD200R signaling
upregulates the expression of collagen proteinase Cathepsin K (Ctsk) from tumor infil-
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trating myeloid lineages in the TME, including CD200R-expressing MDSCs and TAMs
(Figure 2I) [86]. Ctsk functions as a collagenolytic peptidase and an osteoclast factor that is
involved in bulk collagen degradation and bone resorption. In the skin, Type I collagen
bundles comprise the majority of connective tissue components that support the epidermis
above. These bundles serve as the primary physical impediment that obstructs cSCC cell
invasion through the skin and the subsequent metastasis. Because of Ctsk’s unique ability
to recognize and sever multiple cleavage sites in the triple helix of these collagen bundles,
Ctsk expression is believed to be required for adequate connective tissue degradation to
permit cSCC cell invasion and metastasis [87–90]. Thus, although the exact mechanism
linking CD200/CD200R signaling activity with Ctsk expression remains unknown, engage-
ment of the CD200/CD200R axis is believed to stimulate cSCC cell invasion and metastasis
through Ctsk upregulation.

3.1.8. CD200 Induces Epithelial-to-Mesenchymal Transition

CD200 expression has been implicated in cancer progression, particularly through
the induction of epithelial-to-mesenchymal transition (EMT). EMT refers to the biological
process where a polarized epithelial cell undergoes biochemical changes to acquire a
mesenchymal cell phenotype characterized by enhanced migratory abilities, invasiveness,
resistance to apoptosis, and production of ECM components [91]. Moreover, EMT has
been associated with cancer stemness, metastasis, and recurrence along with resistance to
chemoradiotherapy [92,93]. According to Shin et al., CD200 functions as an EMT driver by
upregulating the expression of EMT-related genes, including N-cadherin and vimentin, in
HNSCC cell lines, while downregulating E-cadherin (epithelial marker). These effects were
neutralized by CD200 knockdown and blockade. The molecular mechanism underlying
CD200-driven EMT involves a “noncanonical” CD200 signaling pathway that functions
independently of CD200R [21]. Specifically, due to an unknown stimulus, the CD200
cytoplasmic tail gets cleaved by γ-secretase and interacts with β-catenin. This CD200-
cytoplasmic-domain/β-catenin complex subsequently translocates into the nucleus and
increases the expression of EMT-related genes (Figure 1J) [22]. Thus, to inhibit cancer
progression, strategies to block this CD200 “non-canonical” pathway using sCD200R1 or
anti-CD200 monoclonal antibodies may yield favorable outcomes in the clinical setting.

Furthermore, CD200 expression also promoted EMT in bladder cancer cells. According
to Wu et al., CD4+ exhausted T cells with high CD200/PD-1 expression levels exhibited
higher expression of EMT transcription factors, including CDH11, DCN, ZEB1, ZEB2,
TWIST1, and SNAI1, relative to other CD4+ T cell subclusters. In fact, this ability to induce
EMT-related genes can be harvested by malignant bladder cancer cells to facilitate cancer
progression, and this occurs through the GAS6-AXL axis—a signaling pathway previously
implicated in tumor cell proliferation, EMT, and immune evasion [94]. Because GAS6 has
the capacity to stimulate AXL-mediated chemotaxis, malignant bladder cancer cells can
utilize GAS6-AXL signaling to recruit PD1hi CD200hi CD4+ exhausted T cells and indirectly
promote EMT. Furthermore, bladder cancer cells have the capacity to upregulate GAS6
expression by modifying m6A via METTL3 activity. This prevents m6A from being able
to suppress GAS6-mediated effects, thereby promoting the transcription of EMT-related
genes and inducing cancer progression [94,95].

3.2. CD200/CD200R Mechanisms for Inhibiting Tumor Growth and Metastasis

Although ample evidence exists linking the CD200/CD200R axis to immunosuppres-
sion and cancer progression, current studies have also shown an anti-tumorigenic function
associated with this pathway. In a 4THM breast carcinoma murine model, CD200 overex-
pression in CD200 transgenic and CD200R1 knockout BALB/c mice was correlated with
the complete regression of primary tumors in 3/7 CD200 transgenic mice and attenuated
visceral metastasis to the lungs and liver. On the other hand, inhibiting CD200/CD200R
signaling through CD200R depletion was associated with augmented metastasis to the
lungs and liver in CD200R KO mice relative to wild type [15]. In a B16 melanoma study,
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inoculation with CD200+ B16 melanoma cells disrupted tumor formation and growth in
C57BL/6 mice and significantly reduced metastatic tumor foci formation in the lungs.
Moreover, in CD200R-deficient mice that were implanted with B16-CD200 melanoma cells,
enhanced growth of CD200+ tumors was observed along with metastasis to the liver, lungs,
kidneys, and peritoneal cavity [16]. Using an E.G7 T cell lymphoma cell line and MC38-
OVA epithelium-derived tumor model, co-inoculation with CD200+ CTLs prevented tumor
formation in three of four mice and two of four mice, respectively. CD200 was also shown
to have a favorable role in non-small cell lung cancer (NSCLC) where higher levels of
tumoral CD200 expression were correlated with significantly improved overall survival,
recurrence-free survival, and cancer-specific survival relative to those with low tumoral
CD200 expression [96]. These findings contradict the existing paradigm and understanding
of CD200 as a tumor-promoting molecule and may indicate a lack of universality of CD200
function across human cancers. Thus, contrary to earlier conclusions, CD200 may have a
dichotomous role in differentially regulating tumor growth, progression, and metastasis
based on cancer type. We now discuss these studies and the proposed anti-tumorigenic
mechanisms of CD200 in facilitating cancer growth and metastasis.

3.2.1. CD200 Inhibits Tumor Progression by Restricting the Inflammatory
Tumor Microenvironment

The bidirectional role of CD200 may be attributed to the inflammatory microen-
vironment of the specific tumor. One of the hallmarks of cancer is tumor-promoting
inflammation—a non-resolving and chronic process that occurs due to tumor-induced
necrosis of healthy cells [11]. This results in chronic activation of the immune system,
which can subsequently trigger carcinogenesis through the creation of an inflammatory
microenvironment, increasing DNA damage, genomic instability, and malignant trans-
formation. In many cases, the degree of inflammation causes a proportionate increase in
tumorigenesis and the aggressiveness of carcinomas. For example, melanoma and NSCLC
are considered “hot tumors,” characterized by a T-cell-inflamed tumor phenotype enriched
with infiltrating T lymphocytes, elevated IFN-γ signaling, and increased PD-L1 expression.
These tumors are also genomically unstable with a high tumor mutation burden (TMB) and
an elevated prevalence of somatic mutations in their genomes, creating more neoantigens
that the immune system can recognize and mount an antitumor response against [10].
Tumors with these inherent properties have a high probability of responding favorably
to immune checkpoint inhibitors and may also be responsible for the anti-tumorigenic
function associated with CD200.

In this respect, while CD200 is generally considered to be immunosuppressive, its anti-
tumorigenic function may be explained by its potent anti-inflammatory effects (Figure 3A).
For instance, using the highly aggressive and inflammatory 4THM breast carcinoma murine
model, Erin et al. demonstrated that CD200 overexpression limited neutrophil infiltration
of tissues and decreased production of the inflammatory cytokines: IL-6 and TNF-α.
Exogenous exposure to CD200fc also suppressed IL-6 production. IL-6 is commonly
expressed by cancer stem cells (CSCs) and is strongly correlated with both tumor stage
and poor prognosis. Similarly, TNF-α possesses tumor-promoting capabilities by inducing
hemorrhagic necrosis [12]. These inflammatory mediators produced by CSCs have the
capacity to modify the tumor microenvironment and induce inflammation, perpetuating
the growth of CSCs [97,98]. Thus, based on these findings, CD200 expression may exert
its anti-metastatic/antitumoral effects, particularly in highly aggressive and inflammatory
carcinomas, by inhibiting IL-6 and TNF-α-mediated inflammation while also limiting tissue
infiltration by neutrophils.
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3.2.2. CD200 Limits the Expansion of Tumor-Associated Myeloid Cells

The CD200/CD200R interaction has also been suggested to exert antitumoral and
antimetastatic effects by altering the populations of TAMCs and inhibiting their functions,
thus shaping the TME and influencing T cell responses in tumors. TAMCs, including
MDSCs and TAMs, express high levels of CD200R and have been posited to play significant
roles in inducing tumor initiation, formation, progression, and metastasis by releasing
pro-angiogenic factors, aiding in extracellular matrix breakdown, and suppressing anti-
tumor immunity. These myeloid cells are believed to interact directly with tumor cells
via the CD200/CD200R interaction, making them susceptible to CD200-mediated inhi-
bition (Figure 2B) [13,99]. As demonstrated in melanoma studies, TAMC levels were
inversely proportional to CD200 expression, suggesting that CD200/CD200R signaling
suppresses the expansion of TAMCs. However, when CD200/CD200R signaling was dis-
rupted, CD11b+Gr1+, CD11b+Ly6C+, and CD11b+Ly6C− TAMC populations expanded
along with increased expression of VEGF, HIF1α, and migration inhibitory factor (MIF)
genes. These products facilitate tumor angiogenesis along with tumor growth/progression.
Furthermore, CD200/CD200R signaling may also differentially regulate the expression
of CXCL9, CXCL16, and CCL8 [99–102]. CXCL9 and CXCL16 are chemokines involved
in recruiting T cells and facilitating tumor infiltration. When CD200/CD200R signaling
was disrupted, CXCL9 and CXCL16 expression levels not only decreased but there were
significantly reduced numbers of CD4+ and CD8+ T cells in the TME, resulting in an
impaired immune response. On the other hand, CCL8 production was upregulated in the
absence of CD200/CD200R signaling [103]. Although CCL8 has been known to recruit
immune cells during the immune response, studies have reported that tumoral CCL8
expression by TAMCs promotes a TME that favors metastasis of cervical cancer, facilitates
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the migration/invasion of esophageal squamous cell carcinoma, recruits Tregs to the TME,
and augments stem-like features in glioblastoma. These secondary CCL8 effects are ad-
ditional mechanisms believed to drive tumor growth in the absence of CD200/CD200R
signaling [71,103–106].

In addition, a separate melanoma study concluded that tumoral expression of CD200
similarly alters the tumor microenvironment by inhibiting IL-10 production from
TAMCs [107]. IL-10 is a cytokine commonly produced by TAMs and MDSCs and serves to
suppress CTL effector functions. Moreover, Il-10 has been shown to induce the polarization
from M1 macrophages to the M2 phenotype (Figure 3B) while simultaneously promoting
tumor growth, invasion, and angiogenesis [108,109]. In this respect, by inhibiting IL-10
production, CD200 tumoral expression may serve a favorable role in melanoma by facilitat-
ing the transition of TAMCs to the M1 phenotype. These M1 “re-educated” TAMCs have
been shown to potently kill cancer cells [107]. In addition, when coupled with adoptively
transferred CTL therapy, this study reported that CD200 expression in melanoma cells
permitted better infiltration of activated and tumor specific CTLs. These have the capacity
to target antigenic tumor and stromal cells through IFN-γ production, leading to tumor
rejection and reduced tumor recurrence [102,110–112].

4. Current and Potential Clinical Applications of CD200/CD200R in Immunotherapy

Despite the uncertainty over a definitive role of CD200/CD200R in tumorigenesis, the
CD200/CD200R axis has garnered interest as a key factor in modulating the efficacy of
immunotherapy and targeted therapy and has emerged as a promising target for blockade
(Table 1).

Table 1. The clinical applications of CD200/CD200R in immunotherapy.

Treatment Mechanism/Effects Progress

Samalizumab Restore CTL-mediated anti-tumor activity. Phase I Clinical Trial

TTI-CD200 Increase IL-2 and IFN-γ production. Pre-Clinical Study

OX110+ R848
Shift TME from MHC-II+ immature macrophage
population to MHC-II- immature macrophage
population and induce cell-mediated immunity.

Pre-Clinical Study

CD200+ Gefitnib
Reduce the viability of CAF and amplify the
apoptotic effects of lung adenocarcinoma cells
bearing EGFR mutations.

Pre-Clinical Study

CD200+
Anti-PD-1/PD-L

CD200+ CTL increases the efficacy of
anti-PD-1/PD-L1 therapy and increases
chromatin accessibility and activity of IFN-γ,
TNF-α, and GzmB genes.

Pre-Clinical Study

CD200+
Nivolumab

Improves immune response but not necessarily
overall survival. Pre-Clinical Study

4.1. CD200/CD200R Blockade

Between June 2008 and December 2010, a Phase I clinical trial (NCT00648739) was
conducted to evaluate the safety, pharmacology, and therapeutic efficacy of CD200/CD200R
blockade in advanced CLL and multiple myeloma (MM) patients. Using Samalizumab, a
recombinant humanized anti-CD200 monoclonal antibody, this study found that CD200/
CD200R blockade restored CTL-mediated anti-tumor activity and reduced tumor bur-
den in 14/23 CLL patients, though 16 patients achieved stable disease. However, all
three MM patients in this study showed disease progression, and a range of adverse reac-
tions related to Samalizumab treatment were documented, including anemia, neutropenia,
thrombocytopenia, reduced visual acuity, muscular weakness, allergic reactions, and ur-
ticaria. Despite this, Samalizumab was observed to cause a dose-dependent decline in
both CD200 expression and levels of circulating CD200+ CD4+ T cells, with higher doses
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(300–600 mg/m2) being associated with sustained responses. Samalizumab was also
deemed to have a favorable safety profile, with doses between 50–600 mg/m2 being well
tolerated by patients [56]. This preliminary data provides insights into the potential thera-
peutic benefit of CD200-targeted inhibition in CLL patients and warrants further clinical
experimentation using other hematologic cancer types and higher dosing regimens.

CD200/CD200R blockade has been further investigated in in vivo murine models
using the humanized anti-CD200 antibody TTI-CD200. TTI-CD200 treatment has been
shown to induce the transition towards a Th1 cytokine profile characterized by increased IL-
2 and IFN-γ production in AML and ALL studies. According to Diamanti et al., TTI-CD200
administration induced a 19-fold increase in IL-2 production from ALL cells with high
CD200 expression, indicating a release of CD200-mediated IL-2 suppression. Furthermore,
Rastogi et al. reported increased IFN-γ secretion from NK cells after treating high CD200-
expressing AML cells with TTI-CD200. These alterations in chemokine levels may explain
why TTI-CD200 treatment mediated a delay in disease progression, a significant decrease
in disease burden, and an extension in survival for mice inoculated with CD200-expressing
ALL cells from “low-risk” patients [113].

4.2. Synergistic Effects of CD200 and/or CD200R on Other Cancer Therapies

Aside from direct CD200/CD200R blockade using monoclonal antibodies, CD200/
CD200R signaling has also been investigated in combination with other cancer therapies.
Interestingly, these studies have demonstrated a synergistic role of CD200 and/or CD200R
in amplifying the anti-tumor effects of these therapies.

For instance, the administration of an anti-CD200R agonist (OX110) potentiated the
anti-tumor effects of R848, a Toll-like receptor 7 (TLR7) agonist, and significantly reduced
tumor volume and growth in colon carcinoma murine models. This finding occurred due
to a shift in the phenotype and composition of intratumoral myeloid cells. Specifically, dual
administration of R848 and OX110 caused the TME to transition from a dominant MHC-II+

immature macrophage population to a monocytic/MHC-II− immature macrophage popu-
lation. This was accompanied by reduced expression of macrophage markers, including
CD206 (M2/TAM marker), CD86 (macrophage activation marker), CD115 (M-CSF recep-
tor), and F4/80, along with significantly decreased production of IL1β from tumor-derived
myeloid cells. Collectively, these results indicate an inhibition of macrophage maturation
(including M2-like TAMs), which impairs these myeloid cells’ tumor-promoting properties.
Signaling through CD200R likely mediates this process. Furthermore, Pilch et al. specu-
lated that TLR7 stimulation can subsequently induce cell-mediated immunity and exert its
proinflammatory effects through the production of type 1 IFNs, the polarization of tumor-
infiltrating macrophages towards the M1 phenotype, and the release of the inflammatory
cytokine IL-6 [114–116]. In this manner, these TLR7-mediated pro-inflammatory effects
would synergize with the anti-CD200R agonist to facilitate anti-tumor responses.

Moreover, Ishibashi et al. demonstrated that CD200 expression on cancer-associated
fibroblasts (CAFs) increased the efficacy of gefitinib treatment, an epidermal growth factor
receptor tyrosine kinase inhibitor (EGFR-TKI) and amplified its apoptotic effects on lung
adenocarcinoma cells bearing EGFR mutations. This was evidenced by decreased cell
viability of lung adenocarcinoma cells when CD200+ CAFs were cocultured with gefitinib.
However, this antitumor effect was diminished upon CD200 knockdown. In fact, these
results paralleled clinical observations, as lung cancer patients with CD200+ CAFs expe-
rienced longer progression-free survival following gefitinib treatment relative to patients
with CD200− CAFs. With these results in mind, therapeutic strategies to upregulate CD200
signaling may be effective in treating EGFR-mutant NSCLC tumors by re-sensitizing them
to gefitinib and potentially overcoming EGFR-TKI resistance. Of note, Ishibashi et al. hy-
pothesized that CD200 may exert these antitumor effects independently of CD200R since
this receptor was not expressed in this study’s cell line. Thus, CD200 signaling through
an unknown receptor is responsible for triggering the observed pro-apoptotic signaling
cascade upon EGFR-TKI treatment [117].
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CD200 expression on cytotoxic T lymphocytes (CTLs) has also been associated with
the efficacy of anti-PD-1/PD-L1 therapy. Using a cohort of patients with basal cell car-
cinoma and squamous cell carcinoma, Wang et al. demonstrated that anti-PD-1 therapy
triggered the expansion of intra-tumoral CD200+ T cells, and higher proportions of these
CD200+ TIL subsets were positively associated with favorable clinical outcomes to ICB
(immune checkpoint blockade) therapy. This pattern was consistent with studies using
colon cancer murine models. Furthermore, to determine whether CD200+ CTLs were
necessary for efficacious anti-PD-L1 treatment, Wang et al. depleted CD200+ CTLs us-
ing anti-CD200 antibodies in vivo. This reduced the efficacy of anti-PD-L1 treatment in
inhibiting tumor growth, indicating that CD200 expression is necessary for effective ICB
therapy. In fact, these findings can be attributed to the polyfunctionality of CD200+ CTLs.
Relative to CD200− CTLs, CD200+ CTLs exhibit superior proliferative abilities, higher
expression of activation markers, and greater production of effector molecules, including
CD107a, IFN-γ, TNF-α, and granzyme B (GzmB). These functions enable CD200+ CTLs to
exert their neoantigen-specific cytolytic activities to a higher degree and ultimately induce
tumor cell death. Moreover, an analysis of the epigenetics of CD200+ CTLs can explain this
polyfunctionality. According to Wang et al., CD200+ CTLs exhibited increased chromatin
accessibility and gene activity for genes encoding IFN-γ, TNF-α, and GzmB relative to
CD200− CTLs. This was accompanied by elevated signaling through RUNX3 and AP1,
indicating that these pathways may be responsible for maintaining CD200+ CTL effector
functions. Finally, using the RNA-seq/survival data from six publicly available patient
cohorts who received ICB therapy, Wang et al. demonstrated that high CD200+ CTL tumor
infiltration was indicative of a favorable response to ICB therapy, regardless of tumor type.
Collectively, these findings support the notion that CD200+ CTLs in the TME are essential
for efficacious anti-PD-1/PD-L1 therapy [17].

Another study employed double knock-in humanized mice to explore a novel im-
munotherapy approach using a combination of PD-1 and CD200R-based therapies in tumor
models. While they confirmed the efficacy of nivolumab in vitro and observed trends
toward more complete responses and changes in immune cell populations in some tumor
models, overall survival did not improve significantly. The research highlighted potential
limitations, including variable CD200 expression on tumor cells and differences in tumor
microenvironments between subcutaneous and other tumor models. The role of CD200R
in cancer remains uncertain due to conflicting findings in mouse and human studies, with
some supporting a pro-tumorigenic role. The study suggests further investigation into this
combination therapy, particularly in models with higher CD200 expression [118].

5. Future Directions

As we move forward in exploring the role of the CD200/CD200R axis in cancer, several
future directions emerge:

Mechanistic insights: Identifying reliable biomarkers, such as CD200 expression levels,
that predict responses to CD200-targeted therapies will be crucial. This will help personalize
treatment strategies and select patients who are most likely to benefit. Continued research
into the underlying mechanisms through which CD200 influences immune responses and
tumor progression is essential. Understanding the signaling pathways and interactions
involved can lead to the development of more targeted therapies. Studying the impact
of CD200 on the tumor microenvironment and its dynamic changes throughout tumor
progression will also provide insights into the context-specific roles of CD200 in cancer.

Clinical trials: Further clinical trials are needed to evaluate the safety and efficacy of
CD200/CD200R blockade in various cancer types. These trials should investigate optimal
dosing regimens, patient selection criteria, and potential combination therapies to maximize
therapeutic benefits.

Combination therapies: Investigating the synergistic effects of combining CD200-
targeted therapies with other immunotherapies, such as checkpoint inhibitors or targeted
therapies, holds promise for enhancing treatment outcomes.
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Personalized medicine: Integrating CD200-related information into precision medicine
approaches can aid in tailoring treatment plans for individual cancer patients, optimizing
therapeutic responses and minimizing adverse effects.

Exploration of other immunotherapies: While PD-1/PD-L1 and CTLA-4 have been
extensively studied, investigating the interplay between CD200 and other immune check-
points such as LAG-3, TIM-3, and VISTA, and cytokines such as TNFs may uncover
additional therapeutic opportunities [1,9,119,120].

In summary, the CD200/CD200R axis is a multifaceted player in the immune land-
scape of cancer, with the potential to both promote and inhibit tumor growth. The ongo-
ing exploration of CD200’s roles and therapeutic implications offers hope for improved
cancer treatments and underscores the complexity of immune regulation in the fight
against cancer.

6. Conclusions

The CD200/CD200R axis plays a complex and bidirectional role in cancer, regulat-
ing immune responses and impacting tumor progression. While CD200 is traditionally
associated with immunosuppression and poor clinical outcomes, recent studies have re-
vealed its diverse effects on different cancer types, stages, and microenvironments. CD200’s
ability to modulate inflammatory responses, influence the expansion of tumor-associated
myeloid cells, and regulate T cell functions underscores its significance in the context
of cancer biology. The intricate interplay between CD200 and its receptor, CD200R, has
prompted extensive research into potential therapeutic strategies for cancer treatment.
Blockade of CD200/CD200R interactions using monoclonal antibodies like Samalizumab
and TTI-CD200 has shown promise in restoring anti-tumor immunity, particularly in hema-
tologic malignancies. Additionally, CD200 expression in CAFs has demonstrated enhanced
sensitivity to certain targeted therapies, such as EGFR-TKIs, offering new avenues for com-
bination treatments. Furthermore, anti-CD200R agonists have proven effective in reshaping
the tumor microenvironment and improving the anti-tumor effects of other immunother-
apies, such as TLR7 agonists. The interaction between CD200 and immune checkpoint
molecules like PD-1/PD-L1 has also garnered attention, with evidence suggesting that
CD200 expression can influence the efficacy of PD-1/PD-L1 blockade. Understanding the
intricate network of checkpoint molecules and their impact on immunotherapy response
remains a critical area of research.
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15. Erin, N.; Podnos, A.; Tanriover, G.; Duymuş; Cote, E.; Khatri, I.; Gorczynski, R.M. Bidirectional effect of CD200 on breast cancer
development and metastasis, with ultimate outcome determined by tumor aggressiveness and a cancer-induced inflammatory
response. Oncogene 2014, 34, 3860–3870. [CrossRef] [PubMed]

16. Talebian, F.; Liu, J.-Q.; Liu, Z.; Khattabi, M.; He, Y.; Ganju, R.; Bai, X.-F. Melanoma Cell Expression of CD200 Inhibits Tumor
Formation and Lung Metastasis via Inhibition of Myeloid Cell Functions. PLoS ONE 2012, 7, e31442. [CrossRef] [PubMed]

17. Wang, X.; Zha, H.; Wu, W.; Yuan, T.; Xie, S.; Jin, Z.; Long, H.; Yang, F.; Wang, Z.; Zhang, A.; et al. CD200(+) cytotoxic T
lymphocytes in the tumor microenvironment are crucial for efficacious anti-PD-1/PD-L1 therapy. Sci. Transl. Med. 2023,
15, eabn5029. [CrossRef]

18. Choe, D.; Choi, D. Cancel cancer: The immunotherapeutic potential of CD200/CD200R blockade. Front. Oncol. 2023, 13, 1088038.
[CrossRef]

19. Zhang, S.; Cherwinski, H.; Sedgwick, J.D.; Phillips, J.H. Molecular Mechanisms of CD200 Inhibition of Mast Cell Activation.
J. Immunol. 2004, 173, 6786–6793. [CrossRef]

20. Mihrshahi, R.; Barclay, A.N.; Brown, M.H. Essential Roles for Dok2 and RasGAP in CD200 Receptor-Mediated Regulation of
Human Myeloid Cells. J. Immunol. 2009, 183, 4879–4886. [CrossRef]

21. Shin, S.P.; Goh, A.R.; Kang, H.G.; Kim, S.J.; Kim, J.K.; Kim, K.T.; Lee, J.H.; Bae, Y.S.; Jung, Y.S.; Lee, S.J. CD200 Induces Epithelial-
to-Mesenchymal Transition in Head and Neck Squamous Cell Carcinoma via beta-Catenin-Mediated Nuclear Translocation.
Cancers 2019, 11, 1583. [CrossRef] [PubMed]

22. Chen, Z.; Kapus, A.; Khatri, I.; Kos, O.; Zhu, F.; Gorczynski, R.M. Cell membrane-bound CD200 signals both via an extracellular
domain and following nuclear translocation of a cytoplasmic fragment. Leuk. Res. 2018, 69, 72–80. [CrossRef] [PubMed]

23. Shin, S.P.; Goh, A.R.; Ju, J.M.; Kang, H.G.; Kim, S.J.; Kim, J.K.; Park, E.J.; Bae, Y.S.; Choi, K.; Jung, Y.S.; et al. Local adenoviral
delivery of soluble CD200R-Ig enhances antitumor immunity by inhibiting CD200-beta-catenin-driven M2 macrophage. Mol.
Ther. Oncolytics 2021, 23, 138–150. [CrossRef] [PubMed]

24. El Din Fouad, N.B.; Ibrahim, N.Y.; Aziz, R.S.A.; Ibrahim, S.K. CD200 Expression in Diagnostic and Prognostic Assessment of
Mature B Cell Lymphophoproliferative Neoplasms. Asian Pac. J. Cancer Prev. 2018, 19, 3383–3392. [CrossRef] [PubMed]

25. Aref, S.; Azmy, E.; El-Bakry, K.; Ibrahim, L.; Aziz, S.A. Prognostic impact of CD200 and CD56 expression in pediatric B-cell acute
lymphoblastic leukemia patients. Pediatr. Hematol. Oncol. 2017, 34, 275–285. [CrossRef] [PubMed]

26. Tiribelli, M.; Raspadori, D.; Geromin, A.; Cavallin, M.; Sirianni, S.; Simeone, E.; Bocchia, M.; Fanin, R.; Damiani, D. High CD200
expression is associated with poor prognosis in cytogenetically normal acute myeloid leukemia, even in FlT3-ITD-/NPM1+
patients. Leuk. Res. 2017, 58, 31–38. [CrossRef]

27. Matsuo, Y.; Sho, M.; Nomi, T.; Hokuto, D.; Yoshikawa, T.; Kamitani, N.; Nakamura, K.; Iwasa, Y. Clinical Importance of CD200
Expression in Colorectal Liver Metastasis. Ann. Surg. Oncol. 2021, 28, 5362–5372. [CrossRef]

28. Rexin, P.; Tauchert, A.; Hänze, J.; Heers, H.; Schmidt, A.; Hofmann, R.; Hegele, A. The Immune Checkpoint Molecule CD200 Is
Associated with Tumor Grading and Metastasis in Bladder Cancer. Anticancer. Res. 2018, 38, 2749–2754.

29. Li, L.; Tian, Y.; Shi, C.; Zhang, H.; Zhou, Z. Over-Expression of CD200 Predicts Poor Prognosis in Cutaneous Squamous Cell
Carcinoma. Experiment 2016, 22, 1079–1084. [CrossRef]

30. Warren, H.S.; Smyth, M.J. NK cells and apoptosis. Immunol. Cell Biol. 1999, 77, 64–75. [CrossRef]
31. Zwirner, N.W.; Domaica, C.I. Cytokine regulation of natural killer cell effector functions. BioFactors 2010, 36, 274–288. [CrossRef]

[PubMed]

https://doi.org/10.1111/bjh.17125
https://doi.org/10.1002/cncr.34465
https://doi.org/10.1038/s41590-023-01569-z
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/j.amsu.2022.104022
https://www.ncbi.nlm.nih.gov/pubmed/35860063
https://doi.org/10.1593/neo.09112
https://www.ncbi.nlm.nih.gov/pubmed/19484142
https://doi.org/10.1016/j.ccr.2004.08.031
https://www.ncbi.nlm.nih.gov/pubmed/15488763
https://doi.org/10.1172/JCI37223
https://www.ncbi.nlm.nih.gov/pubmed/20237412
https://doi.org/10.1038/onc.2014.317
https://www.ncbi.nlm.nih.gov/pubmed/25263452
https://doi.org/10.1371/journal.pone.0031442
https://www.ncbi.nlm.nih.gov/pubmed/22319630
https://doi.org/10.1126/scitranslmed.abn5029
https://doi.org/10.3389/fonc.2023.1088038
https://doi.org/10.4049/jimmunol.173.11.6786
https://doi.org/10.4049/jimmunol.0901531
https://doi.org/10.3390/cancers11101583
https://www.ncbi.nlm.nih.gov/pubmed/31627350
https://doi.org/10.1016/j.leukres.2018.04.007
https://www.ncbi.nlm.nih.gov/pubmed/29698858
https://doi.org/10.1016/j.omto.2021.09.001
https://www.ncbi.nlm.nih.gov/pubmed/34703882
https://doi.org/10.31557/APJCP.2018.19.12.3383
https://www.ncbi.nlm.nih.gov/pubmed/30583344
https://doi.org/10.1080/08880018.2017.1363836
https://www.ncbi.nlm.nih.gov/pubmed/29144828
https://doi.org/10.1016/j.leukres.2017.04.001
https://doi.org/10.1245/s10434-020-09471-w
https://doi.org/10.12659/MSM.895245
https://doi.org/10.1046/j.1440-1711.1999.00790.x
https://doi.org/10.1002/biof.107
https://www.ncbi.nlm.nih.gov/pubmed/20623510


Biomedicines 2023, 11, 3326 16 of 19

32. Moretta, L.; Biassoni, R.; Bottino, C.; Cantoni, C.; Pende, D.; Mingari, M.C.; Moretta, A. Human NK cells and their receptors.
Microbes Infect. 2002, 4, 1539–1544. [CrossRef] [PubMed]

33. Lakshmikanth, T.; Burke, S.; Ali, T.H.; Kimpfler, S.; Ursini, F.; Ruggeri, L.; Capanni, M.; Umansky, V.; Paschen, A.; Sucker, A.; et al.
NCRs and DNAM-1 mediate NK cell recognition and lysis of human and mouse melanoma cell lines in vitro and in vivo. J. Clin.
Investig. 2009, 119, 1251–1263. [CrossRef] [PubMed]

34. Hecht, M.-L.; Rosental, B.; Horlacher, T.; Hershkovitz, O.; De Paz, J.L.; Noti, C.; Schauer, S.; Porgador, A.; Seeberger, P.H. Natural
Cytotoxicity Receptors NKp30, NKp44 and NKp46 Bind to Different Heparan Sulfate/Heparin Sequences. J. Proteome Res. 2009,
8, 712–720. [CrossRef]

35. Waldhauer, I.; Steinle, A. NK cells and cancer immunosurveillance. Oncogene 2008, 27, 5932–5943. [CrossRef]
36. Derby, E.G.; Reddy, V.; Nelson, E.L.; Kopp, W.C.; Baseler, M.W.; Dawson, J.R.; Malyguine, A.M. Correlation of human CD56+ cell

cytotoxicity and IFN-gamma production. Cytokine 2001, 13, 85–90. [CrossRef]
37. Siegel, J.P. Effects of interferon-gamma on the activation of human T lymphocytes. Cell Immunol. 1988, 111, 461–472. [CrossRef]
38. Coles, S.J.; Hills, R.K.; Wang, E.C.Y.; Burnett, A.K.; Man, S.; Darley, R.L.; Tonks, A. Expression of CD200 on AML blasts directly

suppresses memory T-cell function. Leukemia 2012, 26, 2148–2151. [CrossRef]
39. Yin, Z.; Bai, L.; Li, W.; Zeng, T.; Tian, H.; Cui, J. Targeting T cell metabolism in the tumor microenvironment: An anti-cancer

therapeutic strategy. J. Exp. Clin. Cancer Res. 2019, 38, 403. [CrossRef]
40. Buck, M.D.; O’Sullivan, D.; Pearce, E.L. T cell metabolism drives immunity. J. Exp. Med. 2015, 212, 1345–1360. [CrossRef]
41. Seder, R.A.; Darrah, P.A.; Roederer, M. T-cell quality in memory and protection: Implications for vaccine design. Nat. Rev.

Immunol. 2008, 8, 247–258. [CrossRef] [PubMed]
42. Chudnovskiy, A.; Pasqual, G.; Victora, G.D. Studying interactions between dendritic cells and T cells in vivo. Curr. Opin. Immunol.

2019, 58, 24–30. [CrossRef] [PubMed]
43. Petermann, K.B.; Rozenberg, G.I.; Zedek, D.; Groben, P.; McKinnon, K.; Buehler, C.; Kim, W.Y.; Shields, J.M.; Penland, S.; Bear,

J.E.; et al. CD200 is induced by ERK and is a potential therapeutic target in melanoma. J. Clin. Investig. 2007, 117, 3922–3929.
[CrossRef] [PubMed]

44. Wing, K.; Onishi, Y.; Prieto-Martin, P.; Yamaguchi, T.; Miyara, M.; Fehervari, Z.; Nomura, T.; Sakaguchi, S. CTLA-4 control over
Foxp3+ regulatory T cell function. Science 2008, 322, 271–275. [CrossRef] [PubMed]

45. Perez, V.L.; Van Parijs, L.; Biuckians, A.; Zheng, X.X.; Strom, T.B.; Abbas, A.K. Induction of Peripheral T Cell Tolerance In Vivo
Requires CTLA-4 Engagement. Immunity 1997, 6, 411–417. [CrossRef] [PubMed]

46. Steinbrink, K.; Wölfl, M.; Jonuleit, H.; Knop, J.; Enk, A.H. Induction of tolerance by IL-10-treated dendritic cells. J. Immunol. 1997,
159, 4772–4780. [CrossRef] [PubMed]

47. Collison, L.W.; Workman, C.J.; Kuo, T.T.; Boyd, K.; Wang, Y.; Vignali, K.M.; Cross, R.; Sehy, D.; Blumberg, R.S.; Vignali, D.A.A.
The inhibitory cytokine IL-35 contributes to regulatory T-cell function. Nature 2007, 450, 566–569. [CrossRef]

48. Turnis, M.E.; Sawant, D.V.; Szymczak-Workman, A.L.; Andrews, L.P.; Delgoffe, G.M.; Yano, H.; Beres, A.J.; Vogel, P.; Workman,
C.J.; Vignali, D.A. Interleukin-35 Limits Anti-Tumor Immunity. Immunity 2016, 44, 316–329. [CrossRef]

49. Jarnicki, A.G.; Lysaght, J.; Todryk, S.; Mills, K.H. Suppression of antitumor immunity by IL-10 and TGF-beta-producing T cells
infiltrating the growing tumor: Influence of tumor environment on the induction of CD4+ and CD8+ regulatory T cells. J. Immunol.
2006, 177, 896–904. [CrossRef]

50. Grossman, W.J.; Verbsky, J.W.; Barchet, W.; Colonna, M.; Atkinson, J.P.; Ley, T.J. Human T Regulatory Cells Can Use the Perforin
Pathway to Cause Autologous Target Cell Death. Immunity 2004, 21, 589–601. [CrossRef]

51. Shenghui, Z.; Yixiang, H.; Jianbo, W.; Kang, Y.; Laixi, B.; Yan, Z.; Xi, X. Elevated frequencies of CD4(+) CD25(+) CD127lo regulatory
T cells is associated to poor prognosis in patients with acute myeloid leukemia. Int. J. Cancer 2011, 129, 1373–1381. [CrossRef]
[PubMed]

52. Tonks, A.; Hills, R.; White, P.; Rosie, B.; Mills, K.I.; Burnett, A.K.; Darley, R.L. CD200 as a prognostic factor in acute myeloid
leukaemia. Leukemia 2007, 21, 566–568. [CrossRef] [PubMed]

53. Coles, S.J.; Hills, R.K.; Wang, E.C.Y.; Burnett, A.K.; Man, S.; Darley, R.L.; Tonks, A. Increased CD200 expression in acute myeloid
leukemia is linked with an increased frequency of FoxP3+ regulatory T cells. Leukemia 2012, 26, 2146–2148. [CrossRef] [PubMed]

54. Vaughan, J.W.; Shi, M.; Horna, P.; Olteanu, H. Increased CD200 expression in post-transplant lymphoproliferative disorders
correlates with an increased frequency of FoxP3(+) regulatory T cells. Ann. Diagn. Pathol. 2020, 48, 151585. [CrossRef] [PubMed]

55. Pallasch, C.P.; Ulbrich, S.; Brinker, R.; Hallek, M.; Uger, R.A.; Wendtner, C.-M. Disruption of T cell suppression in chronic
lymphocytic leukemia by CD200 blockade. Leuk. Res. 2009, 33, 460–464. [CrossRef] [PubMed]

56. Mahadevan, D.; Lanasa, M.C.; Farber, C.; Pandey, M.; Whelden, M.; Faas, S.J.; Ulery, T.; Kukreja, A.; Li, L.; Bedrosian, C.L.; et al.
Phase I study of samalizumab in chronic lymphocytic leukemia and multiple myeloma: Blockade of the immune checkpoint
CD200. J. Immunother. Cancer 2019, 7, 227. [CrossRef] [PubMed]

57. Gorczynski, R.M.; Lee, L.; Boudakov, I. Augmented Induction of CD4+CD25+ Treg using Monoclonal Antibodies to CD200R.
Transplantation 2005, 79, 1180–1183. [CrossRef]

58. Gorczynski, R.; Khatri, I.; Lee, L.; Boudakov, I. An Interaction between CD200 and Monoclonal Antibody Agonists to CD200R2 in
Development of Dendritic Cells That Preferentially Induce Populations of CD4+CD25+ T Regulatory Cells. J. Immunol. 2008, 180,
5946–5955. [CrossRef]

https://doi.org/10.1016/S1286-4579(02)00037-0
https://www.ncbi.nlm.nih.gov/pubmed/12505526
https://doi.org/10.1172/JCI36022
https://www.ncbi.nlm.nih.gov/pubmed/19349689
https://doi.org/10.1021/pr800747c
https://doi.org/10.1038/onc.2008.267
https://doi.org/10.1006/cyto.2000.0804
https://doi.org/10.1016/0008-8749(88)90109-8
https://doi.org/10.1038/leu.2012.77
https://doi.org/10.1186/s13046-019-1409-3
https://doi.org/10.1084/jem.20151159
https://doi.org/10.1038/nri2274
https://www.ncbi.nlm.nih.gov/pubmed/18323851
https://doi.org/10.1016/j.coi.2019.02.002
https://www.ncbi.nlm.nih.gov/pubmed/30884422
https://doi.org/10.1172/JCI32163
https://www.ncbi.nlm.nih.gov/pubmed/18008004
https://doi.org/10.1126/science.1160062
https://www.ncbi.nlm.nih.gov/pubmed/18845758
https://doi.org/10.1016/S1074-7613(00)80284-8
https://www.ncbi.nlm.nih.gov/pubmed/9133420
https://doi.org/10.4049/jimmunol.159.10.4772
https://www.ncbi.nlm.nih.gov/pubmed/9366401
https://doi.org/10.1038/nature06306
https://doi.org/10.1016/j.immuni.2016.01.013
https://doi.org/10.4049/jimmunol.177.2.896
https://doi.org/10.1016/j.immuni.2004.09.002
https://doi.org/10.1002/ijc.25791
https://www.ncbi.nlm.nih.gov/pubmed/21105040
https://doi.org/10.1038/sj.leu.2404559
https://www.ncbi.nlm.nih.gov/pubmed/17252007
https://doi.org/10.1038/leu.2012.75
https://www.ncbi.nlm.nih.gov/pubmed/22430636
https://doi.org/10.1016/j.anndiagpath.2020.151585
https://www.ncbi.nlm.nih.gov/pubmed/32829067
https://doi.org/10.1016/j.leukres.2008.08.021
https://www.ncbi.nlm.nih.gov/pubmed/18838168
https://doi.org/10.1186/s40425-019-0710-1
https://www.ncbi.nlm.nih.gov/pubmed/31443741
https://doi.org/10.1097/01.TP.0000152118.51622.F9
https://doi.org/10.4049/jimmunol.180.9.5946


Biomedicines 2023, 11, 3326 17 of 19

59. Gorczynski, R.; Chen, Z.; Khatri, I.; Yu, K. sCD200 Present in Mice Receiving Cardiac and Skin Allografts Causes Immunosup-
pression In Vitro and Induces Tregs. Transplantation 2013, 95, 442–447. [CrossRef]

60. Choueiry, F.; Torok, M.; Shakya, R.; Agrawal, K.; Deems, A.; Benner, B.; Hinton, A.; Shaffer, J.; Blaser, B.W.; Noonan,
A.M.; et al. CD200 promotes immunosuppression in the pancreatic tumor microenvironment. J. Immunother. Cancer 2020,
8, e000189. [CrossRef]

61. Gallina, G.; Dolcetti, L.; Serafini, P.; Santo, C.D.; Marigo, I.; Colombo, M.P.; Basso, G.; Brombacher, F.; Borrello, I.; Zanovello,
P.; et al. Tumors induce a subset of inflammatory monocytes with immunosuppressive activity on CD8+ T cells. J. Clin. Investig.
2006, 116, 2777–2790. [CrossRef] [PubMed]

62. Zea, A.H.; Rodriguez, P.C.; Atkins, M.B.; Hernandez, C.; Signoretti, S.; Zabaleta, J.; McDermott, D.; Quiceno, D.; Youmans, A.;
O’Neill, A.; et al. Arginase-Producing Myeloid Suppressor Cells in Renal Cell Carcinoma Patients: A Mechanism of Tumor
Evasion. Cancer Res 2005, 65, 3044–3048. [CrossRef] [PubMed]

63. Mundy-Bosse, B.L.; Lesinski, G.B.; Jaimeramirez, A.C.; Benninger, K.; Khan, M.; Kuppusamy, P.; Guenterberg, K.; Kondadasula,
S.V.; Chaudhury, A.R.; La Perle, K.M.; et al. Myeloid-Derived Suppressor Cell Inhibition of the IFN Response in Tumor-Bearing
Mice. Cancer Res. 2011, 71, 5101–5110. [CrossRef] [PubMed]

64. Moertel, C.L.; Xia, J.; LaRue, R.; Waldron, N.N.; Andersen, B.M.; Prins, R.M.; Okada, H.; Donson, A.M.; Foreman, N.K.; A Hunt,
M.; et al. CD200 in CNS tumor-induced immunosuppression: The role for CD200 pathway blockade in targeted immunotherapy.
J. Immunother. Cancer 2014, 2, 46. [CrossRef] [PubMed]

65. Jablonska, J.; Wu, C.F.; Andzinski, L.; Leschner, S.; Weiss, S. CXCR2-mediated tumor-associated neutrophil recruitment is
regulated by IFN-beta. Int. J. Cancer 2014, 134, 1346–1358. [CrossRef] [PubMed]

66. Lin, C.-H.; Talebian, F.; Li, Y.; Zhu, J.; Liu, J.-Q.; Zhao, B.; Basu, S.; Pan, X.; Chen, X.; Yan, P.; et al. CD200R signaling contributes to
unfavorable tumor microenvironment through regulating production of chemokines by tumor-associated myeloid cells. iScience
2023, 26, 106904. [CrossRef]

67. White, J.R.; Imburgia, C.; Dul, E.; Appelbaum, E.; O’Donnell, K.; O’Shannessy, D.J.; Brawner, M.; Fornwald, J.; Adamou, J.;
Elshourbagy, N.A.; et al. Cloning and functional characterization of a novel human CC chemokine that binds to the CCR3
receptor and activates human eosinophils. J. Leukoc. Biol. 1997, 62, 667–675. [CrossRef]

68. Kataoka, S.; Konishi, Y.; Nishio, Y.; Fujikawa-Adachi, K.; Tominaga, A. Antitumor activity of eosinophils activated by IL-5 and
eotaxin against hepatocellular carcinoma. DNA Cell Biol. 2004, 23, 549–560. [CrossRef]

69. Carretero, R.; Sektioglu, I.M.; Garbi, N.; Salgado, O.C.; Beckhove, P.; Hämmerling, G.J. Eosinophils orchestrate cancer rejection by
normalizing tumor vessels and enhancing infiltration of CD8+ T cells. Nat. Immunol. 2015, 16, 609–617. [CrossRef]

70. Kratochvill, F.; Neale, G.; Haverkamp, J.M.; Van de Velde, L.-A.; Smith, A.M.; Kawauchi, D.; McEvoy, J.; Roussel, M.F.; Dyer, M.A.;
Qualls, J.E.; et al. TNF Counterbalances the Emergence of M2 Tumor Macrophages. Cell Rep. 2015, 12, 1902–1914. [CrossRef]

71. Farmaki, E.; Kaza, V.; Papavassiliou, A.G.; Chatzistamou, I.; Kiaris, H. Induction of the MCP chemokine cluster cascade in the
periphery by cancer cell-derived Ccl3. Cancer Lett. 2017, 389, 49–58. [CrossRef] [PubMed]

72. De Filippo, K.; Dudeck, A.; Hasenberg, M.; Nye, E.; van Rooijen, N.; Hartmann, K.; Gunzer, M.; Roers, A.; Hogg, N. Mast cell and
macrophage chemokines CXCL1/CXCL2 control the early stage of neutrophil recruitment during tissue inflammation. Blood
2013, 121, 4930–4937. [CrossRef] [PubMed]

73. Rainard, P.; Riollet, C.; Berthon, P.; Cunha, P.; Fromageau, A.; Rossignol, C.; Gilbert, F.B. The chemokine CXCL3 is responsible for
the constitutive chemotactic activity of bovine milk for neutrophils. Mol. Immunol. 2008, 45, 4020–4027. [CrossRef]

74. Liang, W.; Ferrara, N. The Complex Role of Neutrophils in Tumor Angiogenesis and Metastasis. Cancer Immunol. Res. 2016, 4,
83–91. [CrossRef] [PubMed]

75. Germann, M.; Zangger, N.; Sauvain, M.O.; Sempoux, C.; Bowler, A.D.; Wirapati, P.; Kandalaft, L.E.; Delorenzi, M.; Tejpar, S.;
Coukos, G.; et al. Neutrophils suppress tumor-infiltrating T cells in colon cancer via matrix metalloproteinase-mediated activation
of TGFbeta. EMBO Mol. Med. 2020, 12, e10681. [CrossRef] [PubMed]

76. Singel, K.L.; Emmons, T.R.; Khan, A.N.H.; Mayor, P.C.; Shen, S.; Wong, J.T.; Morrell, K.; Eng, K.H.; Mark, J.; Bankert, R.B.; et al.
Mature neutrophils suppress T cell immunity in ovarian cancer microenvironment. JCI Insight 2019, 4, e122311. [CrossRef]
[PubMed]

77. Giese, M.A.; Hind, L.E.; Huttenlocher, A. Neutrophil plasticity in the tumor microenvironment. Blood 2019, 133, 2159–2167.
[CrossRef]

78. Hamilton, T.A.; Zhao, C.; Pavicic, P.G.J.; Datta, S. Myeloid Colony-Stimulating Factors as Regulators of Macrophage Polarization.
Front. Immunol. 2014, 5, 554. [CrossRef]

79. Trus, E.; Basta, S.; Gee, K. Who’s in charge here? Macrophage colony stimulating factor and granulocyte macrophage colony
stimulating factor: Competing factors in macrophage polarization. Cytokine 2019, 127, 154939. [CrossRef]

80. Dulgerian, L.R.; Garrido, V.V.; Stempin, C.C.; Cerbán, F.M. Programmed death ligand 2 regulates arginase induction and modifies
Trypanosoma cruzi survival in macrophages during murine experimental infection. Immunology 2011, 133, 29–40. [CrossRef]

81. Wang, X.-F.; Wang, H.-S.; Wang, H.; Zhang, F.; Wang, K.-F.; Guo, Q.; Zhang, G.; Cai, S.-H.; Du, J. The role of indoleamine
2,3-dioxygenase (IDO) in immune tolerance: Focus on macrophage polarization of THP-1 cells. Cell. Immunol. 2014, 289, 42–48.
[CrossRef] [PubMed]

https://doi.org/10.1097/TP.0b013e3182754c30
https://doi.org/10.1136/jitc-2019-000189
https://doi.org/10.1172/JCI28828
https://www.ncbi.nlm.nih.gov/pubmed/17016559
https://doi.org/10.1158/0008-5472.CAN-04-4505
https://www.ncbi.nlm.nih.gov/pubmed/15833831
https://doi.org/10.1158/0008-5472.CAN-10-2670
https://www.ncbi.nlm.nih.gov/pubmed/21680779
https://doi.org/10.1186/s40425-014-0046-9
https://www.ncbi.nlm.nih.gov/pubmed/25598973
https://doi.org/10.1002/ijc.28551
https://www.ncbi.nlm.nih.gov/pubmed/24154944
https://doi.org/10.1016/j.isci.2023.106904
https://doi.org/10.1002/jlb.62.5.667
https://doi.org/10.1089/dna.2004.23.549
https://doi.org/10.1038/ni.3159
https://doi.org/10.1016/j.celrep.2015.08.033
https://doi.org/10.1016/j.canlet.2016.12.028
https://www.ncbi.nlm.nih.gov/pubmed/28041977
https://doi.org/10.1182/blood-2013-02-486217
https://www.ncbi.nlm.nih.gov/pubmed/23645836
https://doi.org/10.1016/j.molimm.2008.06.010
https://doi.org/10.1158/2326-6066.CIR-15-0313
https://www.ncbi.nlm.nih.gov/pubmed/26839309
https://doi.org/10.15252/emmm.201910681
https://www.ncbi.nlm.nih.gov/pubmed/31793740
https://doi.org/10.1172/jci.insight.122311
https://www.ncbi.nlm.nih.gov/pubmed/30730851
https://doi.org/10.1182/blood-2018-11-844548
https://doi.org/10.3389/fimmu.2014.00554
https://doi.org/10.1016/j.cyto.2019.154939
https://doi.org/10.1111/j.1365-2567.2011.03406.x
https://doi.org/10.1016/j.cellimm.2014.02.005
https://www.ncbi.nlm.nih.gov/pubmed/24721110


Biomedicines 2023, 11, 3326 18 of 19

82. Shin, S.-P.; Seo, H.-H.; Shin, J.-H.; Park, H.-B.; Lim, D.-P.; Eom, H.-S.; Bae, Y.-S.; Kim, I.-H.; Choi, K.; Lee, S.-J. Adenovirus
Expressing Both Thymidine Kinase and Soluble PD1 Enhances Antitumor Immunity by Strengthening CD8 T-cell Response. Mol.
Ther. 2013, 21, 688–695. [CrossRef] [PubMed]

83. Hou, S.; Tian, T.; Qi, D.; Sun, K.; Yuan, Q.; Wang, Z.; Qin, Z.; Wu, Z.; Chen, Z.; Zhang, J. S100A4 promotes lung tumor development
through beta-catenin pathway-mediated autophagy inhibition. Cell Death Dis. 2018, 9, 277. [CrossRef] [PubMed]

84. Brach, M.A.; Henschler, R.; Mertelsmann, R.H.; Herrmann, F. Regulation of M-CSF expression by M-CSF: Role of protein kinase C
and transcription factor NF kappa B. Pathobiology 1991, 59, 284–288. [CrossRef] [PubMed]

85. Biswas, S.K.; Mantovani, A. Macrophage plasticity and interaction with lymphocyte subsets: Cancer as a paradigm. Nat. Immunol.
2010, 11, 889–896. [CrossRef] [PubMed]

86. Khan, I.Z.; Del Guzzo, C.A.; Shao, A.; Cho, J.; Du, R.; Cohen, A.O.; Owens, D.M. The CD200–CD200R Axis Promotes Squamous
Cell Carcinoma Metastasis via Regulation of Cathepsin K. Cancer Res 2021, 81, 5021–5032. [CrossRef] [PubMed]

87. Gelb, B.D.; Shi, G.-P.; Chapman, H.A.; Desnick, R.J. Pycnodysostosis, a Lysosomal Disease Caused by Cathepsin K Deficiency.
Science 1996, 273, 1236–1238. [CrossRef]

88. Inui, T.; Ishibashi, O.; Inaoka, T.; Origane, Y.; Kumegawa, M.; Kokubo, T.; Yamamura, T. Cathepsin K Antisense Oligodeoxynu-
cleotide Inhibits Osteoclastic Bone Resorption. J. Biol. Chem. 1997, 272, 8109–8112. [CrossRef]

89. Votta, B.J.; Levy, M.A.; Badger, A.; Bradbeer, J.; Dodds, R.A.; James, I.E.; Thompson, S.; Bossard, M.J.; Carr, T.; Connor, J.R.; et al.
Peptide Aldehyde Inhibitors of Cathepsin K Inhibit Bone Resorption Both In Vitro and In Vivo. J. Bone Miner. Res. 1997, 12,
1396–1406. [CrossRef]
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