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Abstract
Patients with pediatric cancers such as neuroblastoma (NB) are often unresponsive to checkpoint blockade immunotherapy. 
One major factor in pediatric tumor resistance to immunotherapy is considered to be the low mutation rate of pediatric tumors. 
Another factor may be the overexpression of additional inhibitory pathways. While analyzing the RNA-sequencing database 
TARGET, we found that human NB tumors overexpress immune checkpoint molecule CD200. To determine its significance 
and impact on tumor immune microenvironment, we analyzed 49 cases of previously untreated, surgically removed NB 
tumors using immunohistochemistry and multi-color flow cytometry (FACS). We found that CD200 is overexpressed in more 
than 90% of NB tumors. In the tumor microenvironment of NB, CD200 is mainly overexpressed in  CD45− NB tumor cells, 
while its cognate receptor (CD200R) is mainly expressed in HLA-DR+CD14+ myeloid cells and  CD11c+ dendritic cells. 
Low-level expression of CD200R is also observed in tumor-infiltrating  CD4+ and  CD8+ T cells. In NB tumors with higher 
CD200 expression  (CD200high), we observed lower numbers of HLA-DR+CD14+ myeloid cells and less tumor-infiltrating 
 CD4+ and  CD8+ T cells. Moreover, we found that  CD4+ and  CD8+ T cells produced less IFN-γ and/or TNF-α in  CD200high 
NB tumors. Thus, CD200–CD200R pathway appears to downregulate anti-tumor immunity in the tumor microenvironment 
of NB tumors, and blockade of this pathway may be beneficial for NB patients.
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HB  Hepatoblastoma
IgSF  Immunoglobulin superfamily
IHC  Immunohistochemistry
INSS  International Neuroblastoma Staging System
MDSC  Myeloid-derived suppressor cell
MFI  Mean fluorescence intensity
NB  Neuroblastoma
pDC  Plasmacytoid dendritic cell
RS  Rhabdomyosarcoma
TADC  Tumor-associated dendritic cell
TAM  Tumor-associated macrophage
TAMC  Tumor-associated myeloid cell
TARGET  Therapeutically Applicable Research to Gen-

erate Effective Treatments
TIL  Tumor-infiltrating lymphocyte
TME  Tumor microenvironment
Treg  Regulatory T cell
WT  Wilms tumor

Introduction

Immunotherapy based on checkpoint blockade has achieved 
significant success in a subset of adult patients with 
advanced cancer. However, clinical trials using checkpoint 
inhibitors such as anti-PD-1 antibody in pediatric cancer 
patients failed to yield satisfactory outcome [1, 2]. It is 
assumed that pediatric cancer cells such as neuroblastoma 
(NB) have relatively low mutation rates compared to certain 
adult cancer cells [3]; therefore, available neoantigens that 
can be recognized by T cells are scarce. However, pediatric 
cancer cells often express a number of unique but shared 
tumor antigens that can be recognized by T cells [4], and 
examination of pediatric tumor tissues often suggests the 
presence of infiltrating T cells [5, 6]. Thus, an alternative 
explanation could be that additional inhibitory pathways 
other than PD1–PDL1 and CTLA4-B7 play a role in immune 
tolerance in pediatric tumors.

CD200 (also known as OX-2) is a member of the Ig super-
family (IgSF) of proteins and shares structural similarities 
with checkpoint molecules such as CD47, PD-1 and CTLA4. 
CD200 is expressed in a variety of normal tissues includ-
ing B and activated T lymphocytes [7–11]. CD200 receptor 
(CD200R), the cognate receptor for CD200, is also an IgSF 
protein [12]. CD200R is mainly expressed in myeloid cells 
such as macrophages, neutrophils and mast cells [13], and 
CD200–CD200R interaction is mainly involved in regulating 
the functions of myeloid lineages of cells [14–16]. Although 
CD200R expression is mainly found in macrophages and 
neutrophils, further research has revealed lower levels of 
CD200R expression in dendritic cells (DCs) and some sub-
sets of T cells [13, 17, 18], suggesting additional functions 
for CD200R signaling in regulating these cell types.

Recent studies have revealed that CD200 is overex-
pressed in a variety of human cancer cells including human 
melanoma [19], ovarian cancer [20], myeloid leukemia 
[21], some B cell malignancies [22] and a majority of 
endocrine malignancies such as small cell lung carcinoma 
[23]. In the tumor microenvironment (TME), tumor-asso-
ciated myeloid cells (TAMCs), including tumor-associated 
macrophages (TAMs), myeloid-derived suppressor cells 
(MDSCs) and tumor-associated dendritic cells (TADCs), 
have been shown to be the major lineages of cells expressing 
CD200R [24]. Accumulating evidence [24–26] suggests that 
CD200–CD200R interaction may be important in regulating 
the TME. In the past decade, reports suggesting an associa-
tion between CD200–CD200R pathway and prognosis of 
human cancer patients [21, 22] have caused an explosion 
of interest in these molecules and their interactions. Today, 
clinical trials of patients with advanced human cancer such 
as multiple myeloma and chronic lymphocytic leukemia are 
underway based on blockade of this pathway using antibod-
ies [27].

In this study, we examined whether pediatric tumors such 
as NB have an active CD200–CD200R pathway in tumor 
microenvironment. We found that CD200 is overexpressed 
in more than 90% of NB tumors. In the tumor microenviron-
ment of NB, CD200 is mainly overexpressed in  CD45− NB 
tumor cells, while its cognate receptor, i.e., CD200R is 
mainly present in  CD14+ myeloid cells and dendritic cells. 
Moreover, in NB tumors with higher CD200 expression 
 (CD200high), we observed lower numbers of  CD14+ mye-
loid cells, less tumor-infiltrating  CD4+ and  CD8+ T cells. 
Notably,  CD4+ and  CD8+ T cells in  CD200high NB tumors 
produced less IFN-γ and/or TNF-α.

Materials and methods

TARGET data analysis

The TARGET initiatively provides sequencing data and de-
identified clinical information of pediatric cancer patients 
(available through the NIH GDC Data Portal: https ://porta 
l.gdc.cance r.gov/). The RNA-seq FPKM (Fragments Per 
Kilobase of transcript per Million fragments mapped) data 
of total 148 NB patients were accessed and analyzed in this 
study.

Patients and tumors

Forty-nine freshly resected NB tumor samples from pre-
viously untreated patients (Table  1) were used for the 
analyses in this study. Other freshly removed, malignant 
tumor samples from patients with hepatoblastoma (HB), 
Wilms tumor (WT), adrenocortical carcinoma (ACC) and 

https://portal.gdc.cancer.gov/
https://portal.gdc.cancer.gov/
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rhabdomyosarcoma (RS) were used as controls in this study. 
All diagnoses were pathologically confirmed. The study was 
conducted with the informed consent from the patients’ legal 
guardians and approved by the ethics committee of Shanghai 
Children’s Medical Center (SCMC) affiliated with Shanghai 
Jiao Tong University School of Medicine.

Immunohistochemistry

Frozen tissue sections of NB and other pediatric tumors 
were used for immunohistochemistry (IHC). Immunostain-
ing was performed on tumor tissue sections using 2 ug/ml 
of mouse antihuman CD200 mAb (OX-104; BioLegend) or 
respective isotype control mAb (Mouse IgG1; BioLegend) 
at 4 °C overnight. Ab binding was detected using anti-mouse 
peroxidase-conjugated GTVision reagent, and diaminoben-
zidine was used as chromogen (Gene Tech, Shanghai). Tis-
sue sections were counterstained with hematoxylin, after 
which, slides were photographed on high-power fields under 
a microscope by randomly selecting tissue areas.

Tumor digestion and preparation of mononuclear 
cells

Surgically removed tumor samples were washed with PBS, 
and non-tumor tissues and necrotic tissues were carefully 

removed. Tumor tissues were cut into about 1 mm3 pieces 
and were digested in RPMI 1640 (Gibco) containing 0.2% 
collagenase type II and IV (Solarbio), 0.5 mg/ml hyaluroni-
dase (Solarbio), 0.02 mg/ml DNase (Solarbio) and 1% BSA 
(Solarbio) at 37 °C for 1 h in a shaker at the speed of 100 rpm. 
Viable cells were obtained after filtration and Ficoll Hypaque 
separation (Lymphoprep; Stem Cell Technologies) and were 
used for further multicolor flow cytometry analyses.

Antibodies and multicolor flow cytometry

FITC-, PerCP-, PE-Cy7, eV605-, APC-eF780-, PerCP-Cy5.5-, 
PE-, APC-, BV510-, APC-Cy7-, V500-, BV421-, eF450-
labeled antibodies to CD45 (clone HI30), IL-2 (MQ1-17H12), 
TNF-α (MAb11), IFN-γ (B27), CD200 (0X-104), PD-1 
(MIH4), CD11c (B-ly6), CD14 (MφP9), HLA-DR (G46-6), 
CD123 (9F5), BTLA (J168-540) were purchased from BD 
Biosciences; CD4 (RPA-T4, SK3), CD8a (RPA-T8), CD200 
Receptor (OX108), CD28 (CD28.2), OX40 (ACT35), 4-1BB 
(4B4), LAG-3 (3DS223H), ICOS (ISA-3) and Foxp3 (236A/
E7) were purchased from eBioscience, and CD45 (HI30) was 
purchased from BioLegend. The isotype-matched control Abs 
were purchased from BD Biosciences, eBioscience or Bio-
Legend, respectively. For staining of cell surface markers, 
single cell suspension was stained with various antibodies in 
staining buffer (PBS with 1% FBS) and incubated on ice for 
30 min. After washing with staining buffer, cells were fixed in 
1% paraformaldehyde in PBS. For the detection of intracellu-
lar cytokines, cells were stimulated in vitro with lymphocytes 
activation cocktail (BD Biosciences) and/or lipopolysaccha-
rides (Sigma) for 4 h in a 37 °C humidified CO2 incubator. 
Intracellular cytokine staining procedure was performed 
according to recommended protocol in Cytofix/Cytoperm™ 
Fixation/Permeabilization Solution kit (BD Biosciences) to 
detect IFN-γ, TNF-α and IL-2. A Foxp3/Transcription Factor 
Staining Buffer Set kit (eBioscience) was used to detect Foxp3 
expression. Cells were analyzed on a BD FACS Canton flow 
cytometer, and collected data were analyzed using the FlowJo 
software (Tree Star, Ashland, OR).

Statistical analysis

Two-tailed Student’s t test and Mann–Whitney U test were 
used for statistical analysis. A p value < 0.05 was considered 
of significance.

Table 1  Characteristics of NB patients

Factors Quantity/percentage

Male/female n = 29 (59.2%)/n = 20 (40.8%)
Age (months)
 < 18 n = 20 (40.8%)
 ≥ 18 n = 29 (59.2%)

(INSS) Stage
 Stage 1 n = 6 (12.2%)
 Stage 2 n = 15 (30.6%)
 Stage 3 n = 20 (40.8%)
 Stage 4/4S n = 8 (16.3%)

Grade of differentiation
 Differentiated n = 21 (42.8%)
 Poorly differentiated/undifferenti-

ated
n = 23 (47%)

 Unknown n = 5 (10.2%)
MYCN status
 Amplified n = 2 (4.1%)
 Not amplified n = 44 (89.8)
 Unknown n = 3 (6.1%)

Risk group
 Low n = 10 (20.4%)
 Intermediate n = 23 (46.9%)
 High n = 16 (32.7%)
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Results

Tumor tissues of human neuroblastoma overexpress 
CD200

To understand the tumor immune microenvironment of 
pediatric cancers, we examined immune gene expression 
levels based on RNA-sequencing data from the TAR-
GET (Therapeutically Applicable Research to Generate 
Effective Treatments) database. As shown in Fig. 1a, NB 
tumors express significantly higher levels of the immune 
checkpoint molecule CD200, when compared to its cog-
nate receptor CD200R and another checkpoint molecule 
CTLA4. To validate this finding and its potential signifi-
cance, we examined 49 cases of surgically removed NB 
tumors from previously untreated patients by IHC and flow 
cytometry. As detailed in Table 1, the patients represent 
different risk groups (low risk: n = 10; intermediate risk: 
n = 23; and high risk: n = 16), which is classified according 
to the guidelines of Children’s Oncology Group (COG). 
The classification parameters include age, N-MYC ampli-
fication, pathological diagnosis and the International Neu-
roblastoma Staging System (INSS). As shown in Fig. 1b, 
IHC revealed three modes of CD200 expression in NB 
tumors: in some cases, CD200 was expressed predomi-
nantly all over the tissues (NB36); in other cases, CD200 

was strongly expressed in areas where NB tumor cells 
aggregated (NB19) or in a scattered manner associated 
with NB tumor cells (NB16). We also examined CD200 
expression in other pediatric cancer types and found that 
CD200 was occasionally expressed in other cancer types 
such as Wilms tumors (WT) and adrenocortical carcinoma 
(ACC) but absent in hepatoblastoma (HB) (Fig. 1b, lower 
panel). Overall, we found that CD200 was predominantly 
expressed in more than 90% of NB tumors (Fig. 1c).

In order to further determine the cell-type-specific 
expression of CD200 in NB tumor microenvironment, we 
analyzed the surgically removed NB tumors from previ-
ously untreated patients by flow cytometry. As shown in 
Fig. 2a, b, low levels of CD200 (6.2 ± 4.3%) were detected 
in  CD45+ immune cells, while on average more than 60% of 
 CD45− cells (63.5 ± 27%) in NB tumors expressed CD200 
(Fig. 2c). Among  CD45+ immune cells, CD200 was mainly 
detected in tumor-infiltrating  CD4+ (31.8 ± 27%) and  CD8+ 
(26.9 ± 22%) T cells, while the majority of tumor-infiltrating 
 CD14+ myeloid cells expressed CD200 at low percentages 
(10.7 ± 13%) (Fig. 2c). We compared CD200 expression in 
tumors from NB and other pediatric cancers and found that 
total tumor cells from NB had the highest CD200 expres-
sion (64.1 ± 25%); about 40% of WT cases (3/7) expressed 
CD200, while CD200 was rarely expressed in HB and other 
tumor types (Fig. 2d). Predominant expression of CD200 in 
 CD45− tumor cells suggests that CD200 is mainly expressed 
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Fig. 1  IHC analysis of CD200 expression in NB and other pediatric 
tumors. a Fragments Per Kilobase of transcript per Million fragments 
mapped (FPKM) of CTLA4, CD200 and CD200R1 in neuroblas-
toma (NB) patient samples. RNA-seq data from TARGET database 
(n = 148) were analyzed. b Frozen sections of NB, HB, WT and ACC 

tumors were used to detect CD200 expression by IHC. The original 
images were taken on high-power fields (200 ×) under a microscope. 
c Overall expression of CD200 in NB tumor samples (n = 49). Per-
centages were calculated based on the results obtained from IHC 
study



2337Cancer Immunology, Immunotherapy (2020) 69:2333–2343 

1 3

in NB tumor cells. Indeed, flow cytometry analysis revealed 
that 2 out of 3 human NB cell lines (SH-SY5Y, SK-N-SH) 
were 100% CD200-positive, while in another cell line SK-
N-BE(2), only a subset of cells (5%) were CD200-positive 
(Fig. 2e).

Expression of CD200 in NB tumors regulates tumor 
immune microenvironment

Previous studies suggest that tumor-expressed CD200 affects 
tumor immune microenvironment through interaction with 
CD200R-positive cells [24–26]. We therefore examined 
CD200R expression in the TME of NB using flow cytometry. 
As shown in Fig. 3, we found that  CD200R+ cells mainly lie 
in  CD45+CD4−CD8−CD14+ population (Fig. 3a), consistent 
with the observations in mouse models that tumor-associated 
myeloid cells are the major population of cells that express 

CD200R [24]. As demonstrated in Fig. 3a, b, CD200R was 
also detected in tumor-infiltrating  CD4+ and  CD8+ T cells. 
However, the mean fluorescence intensity (MFI) of CD200R 
in T cells  (CD4+: 798 ± 186;  CD8+: 559 ± 138) were much 
lower than in myeloid cells  (CD14+: 1964 ± 454;  CD11c+: 
1557 ± 291). It appears that  CD4+ T cells expressed higher 
levels of CD200R than  CD8+ T cells (Fig. 3b). However, the 
difference was not significant.

Next, we examined whether immune cell populations 
might differ in NB tumors that expressed higher levels of 
CD200 (> 30% of  CD45− tumor cells express CD200) versus 
those with low levels of CD200 (< 15% of  CD45− tumor 
cells express CD200) using flow cytometry (Fig. 4a, b). 
As shown in Fig. 4c, we found that  CD200low tumors con-
tained higher numbers of  CD45+ leukocytes (22.2 ± 13 vs 
9.9 ± 11) and higher ratios of HLA-DR+CD14+ myeloid 
cells (5.6 ± 3.7 vs 1.5 ± 1.7). We did not find significant 
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Fig. 2  Flow cytometry analysis of CD200 expression in neuroblas-
toma and other pediatric tumors. a CD200 expression in  CD45+ cells 
in NB tumors. Single cell suspensions of NB tumors were stained for 
respective biomarkers and analyzed by flow cytometry. Representa-
tive data obtained from three independent NB tumors were shown. 
b CD200 expression in  CD45− cells in NB tumors. Representa-
tive data were obtained from the same NB tumors presented in a. c 
Summary of CD200 expression in various cell subsets in NB tumors 
(n = 27). Percentages of CD200-positive cells among each subset of 
cells in NB tumors were determined by flow cytometry. **p < 0.01, 

***p < 0.001, ****p < 0.0001 by Mann–Whitney U test. d Summary 
of CD200 expression in NB, WT, HB and other pediatric tumors 
(ACC and rhabdomyosarcoma, RS). Percentages of CD200-positive 
cells among  CD45− tumor cells in NB tumors versus other tumor 
types were determined by flow cytometry. *p < 0.05, ***p < 0.001, 
****p < 0.0001 by Mann–Whitney U test. e CD200 expression in NB 
tumor cell lines. The cell lines were originally purchased from ATCC. 
Flow cytometry was used to determine CD200 expression. Thin lines 
represent isotype control, while thick lines represent CD200 staining
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differences in  CD11c+ dendritic cells (1.3 ± 1.9 vs 0.5 ± 0.7) 
between  CD200low and  CD200high NB tumors. However, 
the percentages of pDC  (DR+CD14−CD11c−CD123+) 
were higher in  CD200low NB tumors than  CD200high NB 
tumors (0.14 ± 0.14 vs 0.05 ± 0.05). We found that  CD200low 
NB tumors had higher percentages of  CD4+ (6.4 ± 6.5 vs 
2.7 ± 3.5%) and  CD8+ T cells (5.9 ± 4.1 vs 2.6 ± 3.2%) com-
pared to  CD200high NB tumors (Fig. 5). However, we did 
not detect a significant difference in  CD4+FoxP3+ Treg cell 
populations (9.2 ± 4.5 vs 6.7 ± 4.2%) between  CD200low and 
 CD200high NB tumors (Fig. 5). Thus, the expression levels of 
CD200 in NB tumors significantly affected the compositions 
of immune cells in the TME.

NB tumor expression of CD200 regulates T cell 
effector functions in the TME

Because NB tumor cells overexpress CD200, and tumor-
infiltrating T cells express low levels of CD200R, we 
hypothesized that tumor-expressed CD200 might directly 
affect T cell effector functions via interaction with CD200R 
on T cells in the TME. To test this hypothesis, we analyzed 
tumor-infiltrating  CD4+ and  CD8+ T cells for their expres-
sion of cytokines including IFN-γ, TNF-α and IL-2 using 
flow cytometry and compared whether T cell cytokine 
production differed between CD200-high and CD200-low 
tumors. As shown in Fig. 6a, we frequently detected all three 
cytokines in tumor-infiltrating  CD4+ T cells. In the case of 
 CD8+ T cells, we detected a high number of them produc-
ing IFN-γ, a moderate number producing TNF-α, and much 

fewer number of cells producing IL-2. Thus, it appears that 
 CD8+ T cells had a more differentiated effector phenotype. 
We observed that the frequencies of IFN-γ-producing  CD4+ 
T cells were significantly higher in  CD200low tumors than 
 CD200high tumors (37.1 ± 23 vs 21 ± 10.7%). For tumor-infil-
trating  CD8+ T cells, frequencies of both IFN-γ (52.4 ± 15.2 
vs 31.9 ± 20.8%) and TNF-α-producing T cells (11.1 ± 9.4 vs 
3.7 ± 3.5%) were higher in  CD200low tumors (Fig. 6b). Thus, 
it appears that the effector functions of tumor-infiltrating T 
cells were inhibited by expression of CD200 in NB tumors.

Other co‑stimulatory and co‑inhibitory molecules 
in NB tumor‑infiltrating T cells

To determine whether CD200–CD200R interaction in NB 
tumors affects other co-stimulatory or co-inhibitory path-
ways in tumor-infiltrating T cells, we examined the expres-
sion levels of co-stimulatory molecules (CD28, 4-1BB, 
ICOS and OX40) and co-inhibitory molecules (Lag-3, 
PD-1 and BTLA) in TILs. As shown in Fig. 7a, we found 
that tumor-infiltrating  CD4+ T cells mainly express CD28, 
4-1BB, Lag-3 and BTLA, while the expression of OX40 
and PD-1 was low or undetectable.  CD8+ TILs mainly 
express CD28, 4-1BB, Lag-3 and BTLA, while PD-1 and 
ICOS were low or undetectable. Interestingly, in NB tumors 
with higher CD200 expression,  CD4+ TILs expressed lower 
CD28 (32.9 ± 25 vs 62.8 ± 18%) and higher Lag3 (5.7 ± 5.6 
vs 2.3 ± 1.1%), while  CD8+ TILs expressed higher Lag3 
(7.3 ± 6.7 vs 3.3 ± 2.3%) and PD-1(3.7 ± 2.4 vs 2 ± 1.5%) 
(Fig. 7b). Thus, tumor-infiltrating T cells in tumors with 

b
CD45+CD8+CD45+CD4+

CD45+CD11c+

CD200R

N
or

m
al

iz
ed

 to
 m

od
e

a

CD45+CD14+

CD
4

CD
8

CD
11
c

CD
14

0

1000

2000

3000

C
D
20

0R
(M

F
I)

ns

ns

* *
* * *

Fig. 3  CD200R expression in the TME of NB. a CD200R expres-
sion in different immune cell subsets in NB tumors. Flow cytometry 
was used to determine CD200R expression. Dotted thin lines rep-
resent isotype control, while thick lines represent CD200 staining. 

b Summary of CD200R expression in different subsets of immune 
cells. Mean fluorescence intensity (MFI) of CD200R in different 
immune cell subsets from five NB tumors was used for the analysis. 
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higher expression of CD200 had a phenotype of more T cell 
exhaustion, as reflected by expression of higher Lag-3 and/
or PD-1.

Discussion

In this study, we report that human NB tumors overex-
press the immune checkpoint molecule CD200. IHC and 
flow cytometry confirmed that CD200 was mainly overex-
pressed in  CD45− NB cells. Previously, CD200 was found 
to be overexpressed in a variety of human cancers including 
melanoma [19], ovarian cancer [20], some B cell malignan-
cies [22], endocrine malignancies such as small cell lung 
carcinoma [23] and glioblastoma [28]. Although CD200 

expression was found in two NB cell lines previously [29], 
its expression and significance in primary NB tumors remain 
elusive. In this study, we found that CD200 is overexpressed 
in more than 90% of NB tumors, a major type of pediatric 
cancer.

A critical question is what is the significance and role 
of CD200 overexpression in these tumors. So far, contro-
versial results have been reported in the literature. A study 
in 2006 suggested that CD200 mRNA expression in mye-
loma cells is associated with decreased survival of patients 
[22]. However, this result was later challenged by another 
report, which showed that loss of CD200 protein expres-
sion on myeloma cells was correlated with a clinically more 
aggressive disease [30]. CD200 expression in acute myeloid 
leukemia (AML) was reported to be associated with poor 
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macrophage (TAMs),  CD45+CD14+DR− myeloid-derived suppres-
sor cells (MDSCs),  CD45+DR+CD14−CD11c+ dendritic cells (DCs) 
and  CD45+DR+CD14−CD11c−CD123+ plasmacytoid DCs (pDCs) 
were shown. c Summary of different subsets of myeloid cells in NB 
tumors. Differences of total  CD45+ leukocytes, TAMs, DCs and pDC 
between  CD200low (n = 10) and  CD200high NB (n = 24) samples were 
shown. *p < 0.05, **p < 0.01, ****p < 0.0001 by Student’s t test
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prognosis [21]. However, CD200 expression in chronic 
lymphocytic leukemia (CLL) was reported to be associated 
with better prognosis [31]. Similarly, CD200 was found to 
be associated with tumor grading and metastasis in bladder 
cancer [32], while in breast cancer CD200 was shown to 
be present in early-stage but not metastatic breast tumors 
[33]. Thus, it appears that tumor CD200 plays differential 
roles in human cancers depending on the tumor type. In the 
case of NB tumors, we found that higher numbers of  DR+ 

macrophages and IFN-γ + T lymphocytes are present in 
 CD200low tumors relative to  CD200high tumors. Therefore, 
NB tumor-expressed CD200 appears to inhibit anti-tumor 
immunity and should play a pro-tumor role in this particu-
lar tumor type. However, since the current anti-CD200 
antibody worked the best only for frozen tumor tissues but 
not paraffin-embedded tumor tissues, we were not able to 
perform a retrospective analysis of previously achieved NB 
samples. Therefore, our current study does not allow us to 
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draw a conclusion on the relationship between NB-expressed 
CD200 and survival.

A notable observation in this study is that  CD200low 
tumors contains significantly higher numbers of  CD14+ 
myeloid cells compared to  CD200high tumors. The myeloid 
cells were mainly of the HLA-DRhigh cells, and few of them 
expressed CD163 (Fig. 4a). Thus, the myeloid cells in the 
TME of NB tumors are mainly of the anti-tumor M1 phe-
notype [34]. The expansion of myeloid cells in  CD200low 
tumors is consistent with the observation that myeloid cells 
are the major cell types that express CD200R (Fig. 3). These 
results support a cellular model that tumor-expressed CD200 
interacts with CD200R on tumor-associated myeloid cells 
and inhibits their expansion and functions. This model 
is supported by our recent mouse study [26] that showed 
CD200-positive tumors grown in CD200R-deficient mice 
contained higher numbers of  CD11b+Ly6C+ myeloid cells. 
This model may also explain why tumors exhibit accelerated 
or reduced growth in the absence of CD200–CD200R inter-
action [35, 36]. Expansion of M2 macrophages and MDSCs 
enhances tumor-associated inflammation/angiogenesis [37, 
38] and inhibits tumor-specific T cell responses [39], lead-
ing to tumor invasion and metastasis [40, 41]. In contrast, 

expansion of M1 macrophages will lead to tumor growth 
inhibition due to their direct anti-tumor effects and induction 
of tumor-specific T cell responses [34].

Dendritic cells (DCs) play key roles in induction of 
anti-tumor T cell responses. In this study, we observed that 
CD200R was expressed at high levels in NB tumor-associ-
ated DCs (Fig. 3). This observation suggests that NB tumor-
expressed CD200 can directly affect DC expansion and func-
tion. Although  CD11c+ DC expansion was not significant 
in  CD200low tumors, we observed significantly higher num-
bers of plasmacytoid DC (pDC) in  CD200low tumors than 
in  CD200high tumors (Fig. 4). These observations, together 
with fact that numbers of T cells in  CD200low tumors were 
significantly higher than in  CD200high tumors, suggest that in 
 CD200low NB tumors diminished CD200–CD200R interac-
tion between tumor cells and DC is in favor of a stronger T 
cell response. This point is supported by the observation that 
a tumor-derived vaccine containing CD200 inhibits immune 
activation [42].

In addition to HLA-DR+CD14+ macrophages and DCs, 
we also observed that tumor-infiltrating T cells had sig-
nificant expression of CD200R (Fig. 3). This observation 
strongly suggests that tumor-expressed CD200 can directly 
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Fig. 7  Co-stimulatory and co-inhibitory molecules in T cells in 
 CD200low and  CD200high NB tumors. a Flow cytometry analysis of 
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cells in the TME of NB. The representative histograms for different 
co-stimulatory and co-inhibitory molecules are shown. Thick lines 
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ecules, while thin dotted lines represent isotype control. b Summary 
for expression of co-stimulatory and co-inhibitory molecules in infil-
trating T cells in NB tumors. Percentages of co-stimulatory/co-inhibi-
tory molecules in T cells in the TME of  CD200low and  CD200high NB 
tumors were shown. *p < 0.05 by Student’s t test
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interfere with T cell effector function via CD200R. The 
higher numbers of IFN-γ- and/or TNF-α-producing T cells 
in  CD200low tumors (Fig. 6) support this notion. This con-
clusion is also supported by the observations from in vitro 
co-culture experiments using allogeneic lymphocytes and 
CD200-positive cancer cells such as melanoma cells, 
where blockade of CD200–CD200R interaction increases 
IFN-γ production by T cells [19, 29, 43, 44].

In this work, we examined a number of other co-stimu-
latory and co-inhibitory pathways in NB tumors. We found 
that TILs from NB tumors express high levels of CD28 
and significant levels of 4-1BB, low levels of Lag-3 and 
BTLA, and a lack of PD-1 expression. These results sug-
gest that infiltrating T cells in NB tumors are not function-
ally exhausted, but rather functionally restrained, likely by 
the CD200–CD200R interaction. This result may explain 
why PD-1/PD-L1-based checkpoint blockade therapy does 
not work in treating neuroblastoma [1, 2], and suggest that 
CD200 may be an alternative checkpoint pathway to be 
blocked, as proposed for other solid tumors and B-cell 
malignancies [45].

In summary, we have found that CD200 is overex-
pressed in more than 90% of NB tumors. In the TME of 
NB, CD200 is mainly overexpressed in  CD45− NB tumor 
cells, while its cognate receptor (CD200R) is mainly 
expressed in  DR+CD14+ macrophages and dendritic cells. 
Moreover, in  CD200high NB tumors, we observed lower 
numbers of  CD14+ myeloid cells, less tumor-infiltrating 
 CD4+ and  CD8+ T cells, and  CD4+ and  CD8+ T cells pro-
duced less IFN-γ and/or TNF-α in  CD200high NB tumors. 
Thus, CD200–CD200R pathway appears to downregulate 
anti-tumor immunity in NB tumors, and blockade of this 
pathway using anti-CD200 antibody [27] may be beneficial 
for NB patients.
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