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Neuroblastoma is the most common extracranial childhood solid tumor. The majority of high-risk neuroblastoma is resistant/
refractory to the current high intensity therapy. Neuroblastoma lacks classical HLA Class I expression and exhibits low mutation
burden, allowing neuroblastoma cells to evade CD8+ T cell-mediated immunity. Neuroblastoma cells do not express PD-L1, and
tumor-associated macrophages are the predominant PD-L1+ cells in the tumor. In this study, we performed gene expression
profiling and survival analyses on large neuroblastoma datasets to address the prognostic effect of PD-L1 gene expression and the
possible involvement of the SLAMF7 pathway in the anti-neuroblastoma immunity. High-level expression of PD-L1 was found
significantly associated with better outcome of high-risk neuroblastoma patients; two populations of PD-1+ PD-L1+ macrophages
could be present in high-risk tumors with PD-1/PD-L1 ratios, ≈1 and >1. Patients with the PD-1/PD-L1 ratio >1 tumor showed inferior
survival. High-level co-expression of SLAMF7 and SH2D1B was significantly associated with better survival of the high-risk
neuroblastoma patients. Together, this study supports the hypothesis that macrophages are important effector cells in the anti-
high-risk neuroblastoma immunity, that PD-1 blockade therapy can be beneficial to the high-risk neuroblastoma subset with the
PD-1/PD-L1 expression ratio >1, and that SLAMF7 is a new therapeutic target of high-risk neuroblastoma.
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INTRODUCTION
Neuroblastoma is the most common extracranial childhood solid
tumor with two distinct types: favorable and unfavorable. The
majority of high-risk neuroblastomas are unfavorable tumors that
are resistant/refractory to the current high-intensity therapy, and
the survival of patients with the high-risk tumors remains poor [1].
Immunotherapy would be a promising approach against high-risk
neuroblastoma, but it has its own challenge because of the limited
immune cell types to deliver their cytotoxicity against the
malignant tumor cells in an antigen-specific manner. Neuroblas-
toma lacks expression of classical HLA Class I [2, 3], allowing the
tumor cells to evade CD8+ T cell-mediated immunity. In addition,
neuroblastoma exhibits low mutational burden [4], further
restricting the availability of tumor-specific T cell clones. CD8
CTLs are thus expected to play little role in the anti-neuroblastoma
immune response. Our previous study suggests that CD4 CTLs are
important effector cells against high-risk neuroblastoma, but the
CD4 CTL mediated-“protective effect” declines over time, in part
due to the progressive formation of an immunosuppressive tumor
microenvironment (TME) [5] and/or chemotherapy-induced sup-
pression of hematopoiesis [6].
In this study, we performed gene expression profiling and

Kaplan-Meier survival analyses on two independent neuroblas-
toma datasets to address clinical relevance of tumor-infiltrating
macrophages for the disease. The gene expression analysis was
chosen for this study, because the limited availability of human
neuroblastoma specimens has made virtually impossible to

perform a live cell-based analysis (e.g., CyTOF or single-cell RNA-
seq) on a large cohort of human neuroblastomas to evaluate an
anti-tumor immune response.
We first focused on the prognostic significance of PD-L1

expression in neuroblastoma, for which the results have been
inconsistent among different research groups [7–12]. PD-L1 is an
important immune checkpoint, and it is constitutively expressed on
macrophages [13, 14]. PD-L1 expression is also found on other
immune cells (dendritic cells, B cells, T cells) [14] and some tumor
cells [15]. However, based on our multiplex immunohistochemistry
(IHC) analysis, neuroblastoma cells do not express PD-L1, and PD-L1+
cells detected in neuroblastoma tissues are predominantly macro-
phages [5]. In fact, this study revealed that high-level expression of
macrophage-derived PD-L1 was significantly associated with better
patient outcome, including those with high-risk neuroblastoma.
PD-L1 is a ligand of the inhibitory receptor PD-1, and the

engagement of PD-L1 on PD-1 negatively modulates the function
of PD-1+ cells [16]. It has been shown that tumor-associated
macrophages (TAMs) co-express PD-1 and PD-L1, and the PD-1/
PD-L1 signaling in macrophages impairs their phagocytic capacity
[17–19]. Therefore, it was of interest to address clinical significance
of the PD-1 expression in relation to PD-L1 expression in high-risk
neuroblastomas. We have found that two populations of PD-1
+PD-L1+ macrophages could be present in high-risk neuroblas-
toma tissues with PD-1/PD-L1 ratios, ≈1 and >1 phenotypes.
Patients bearing tumors with the PD-1/PD-L1 ratio >1 showed
inferior survival.
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We have also explored clinical relevance of the SLAMF7
pathway in the anti-high-risk neuroblastoma immune response.
SLAMF7 is a transmembrane receptor present on macrophages
and other immune cell types [20, 21]. SLAMF7 functions as
homotypic receptor, and its transduction-signaling pathway is
triggered by the interaction between neighboring cells (trans-
interaction) or on the same cell (cis-interaction). Upon homo-
typic interaction, SLAMF7 recruits the SAP cytoplasmic adaptor
EAT-2, encoded by SH2D1B [22], to its tyrosine-phosphorylated
ITSM [23]. This results in the activation of macrophage
phagocytosis [24]. In contrast, SLAMF7 activation in the absence
of EAT-2 results in cellular inhibition via recruitment of
inhibitory phosphatases (SHP1, SHP2, SHIP1, and csk) [23]. Our
results show that high-level co-expression of SLAMF7 and
SH2D1B is significantly associated with better outcome of high-
risk neuroblastoma patients. This observation suggests that
activation of the SLAMF7 pathway is an important biological
process in the macrophage-mediated anti-tumor immunity
against high-risk neuroblastoma.
Collectively, our data support the hypothesis that macrophages

are important effector cells in the anti-high-risk neuroblastoma
immune response, that PD-1 blockade therapy can be beneficial to
the high-risk neuroblastoma subset with the PD-1/PD-L1 ratio >1,
and that SLAMF7 is a promising new therapeutic target of high-
risk neuroblastoma. We further discuss therapeutic interventions
to maximize tumor phagocytosis function of macrophages against
high-risk neuroblastoma.

RESULTS
TAMs as the predominant source of classical HLA Class II
expression in high-risk neuroblastoma tissues
To gain a better insight into the overall immune cell landscape of
high-risk neuroblastoma, we examined the pattern of HLA-related
gene expression. As shown in Fig. 1, high levels of classical HLA
Class I genes and Class II genes were detected in high-risk
neuroblastoma tissues. It is well established that neuroblastoma
cells do not express classical HLA Class I and II [2, 3], and that
stromal cells and tumor-infiltrating immune cells expressed
classical HLA Class I, and tumor-associated macrophages, dendritic
cells and B cells express classical HLA Class II molecules in
neuroblastoma tissues [3, 25–27]. Therefore, Fig. 1 suggested that
the expression of classical HLA Class I genes originated from the
stroma and tumor infiltrating immune cells, and that the high
expression of the classical HLA Class II genes must be derived from
the immune cells, including tumor-associated macrophages
(TAMs), dendritic cells and B cells [3, 26, 28, 29].
To address the clinical effect of the HLA Class II positive cells on

neuroblastoma cells, we examined the effect of HLA-DRA, -DRB1,
-DPA1 and -DPB1 expressions on survival of high-risk neuroblas-
toma patients. As shown in Fig. 1B, C, high expressions of the HLA
class II genes in their appropriate combinations were significantly
associated with prolonged survival of the patients. These
observations support the hypothesis that HLA Class II positive
cells are involved in the anti-high-risk neuroblastoma immune
response at diagnosis.

Fig. 1 High-level expression of classical HLA Class II genes in high-risk neuroblastoma and its clinical implications. A HLA-related gene
expression was examined for the high-risk subset of Cohort 1 by the R2. High-level expression of classical HLA-Class II genes (HLA-DRA, HLA-
DRB1, HLA-DPA1, HLA-DPB1) was detected in high-risk neuroblastoma tissues. A similar trend was observed in Cohort 2 (see Fig. S1). B (a) HLA-
DRA expression was significantly correlated with HLA-DRB1 expression in high-risk neuroblastomas of Cohort 1. (b) Combination of high HLA-
DRA and HLA-DRB1 expressions was significantly associated with prolonged survival of the high-risk patients of Cohort 1. C (a) HLA-DPA1
expression was significantly correlated with HLA-DPB1 expression in high-risk neuroblastomas of Cohort 1. (b) Combination of high HLA-DPA1
and HLA-DPB1 expressions was significantly associated with prolonged survival of the high-risk patients of Cohort 1. The expression unit of
genes in Cohort 1 is Reads Per Million (RPM). Average expression of each gene was shown as Log2 of RPM. Error bars indicate standard
deviations.
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The relative abundance of TAMs, dendritic cells and B cells in
high-risk neuroblastoma has not been well documented. To
address this, we selected signature genes for dendritic cell and B
cell through the procedure described in Supplemental Information
and compare expression levels of these genes with levels of
macrophage signature genes in high-risk neuroblastoma tissues.
This analysis revealed that the expression levels of the dendritic
cell marker genes and B cell signature genes were significantly
lower than that of the macrophage marker genes (p < 0.000001
for both macrophages vs. B cells, and macrophages vs. dendritic
cells) (Fig. 2 and S2). These data suggested that there was a low
abundance of dendritic cells and B cells, and macrophages were
the majority of the HLA-Class II positive cells in the TME of high-
risk neuroblastoma tissues.

Macrophage-derived PD-L1 expression is associated with
better outcome of high-risk neuroblastoma
We previously reported that macrophages were predominant PD-
L1+ cells in neuroblastoma tissues at diagnosis based on
multiplex IHC analysis [5]. In this report, we further extended this
observation by examining the prognostic effect of PD-L1
expression in two large neuroblastoma gene expression datasets,
including SEQC-498 (Cohort 1) and Kocak-649 (Cohort 2) [30, 31]
(Fig. 3). Survival analysis was performed on the total neuroblas-
toma cohorts, the low-risk and high-risk subsets. As shown in Fig.
3, high PD-L1 expression was significantly associated with better

outcome of the patients in the total cohorts (Fig. 3b, f) and the
high-risk subsets (Fig. 3d, h) in both Cohorts 1 and 2. In contrast,
no association was found between PD-L1 expression and survival
of patients of the low-risk subsets (Fig. 3c, g). This could be due to
the fact that the overall immune activity in low-risk neuroblastoma
is higher than that of the high-risk counterpart and that the
macrophage-mediated anti-neuroblastoma effect could be sec-
ondary in low-risk neuroblastomas (Fig. S3).

Overexpression of PD-1 relative to PD-L1 on TAMs is
associated with poor prognosis of high-risk neuroblastoma
Previous studies suggest that PD-1/PD-L1 signaling in TAMs
impairs their phagocytic capacity [17–19]. This prompted us to
investigate the prognostic effect of PD-1/PD-L1 co-expression on
the survival of high-risk neuroblastoma patients. The 3D correlation
analysis indicated that high-risk neuroblastomas co-expressed PD-
L1, PD-1, and CD163 (an M2 TAM marker) (Fig. 4A, D), suggesting
the presence of M2-like TAMs with the PD-L1+PD-1+ phenotype.
Moreover, three subsets of the tumors could also be present (Fig.
4B): Group 1 tumors overexpressed PD-1 compared to PD-L1
expression (PD-1/PD-L1 > 1); Group 2 tumors expressed high levels
of both PD-1 and PD-L1 (PD-1/PD-L1 ≈ 1); Group 3 tumors
expressed low levels of both PD-1 and PD-L1. A similar distribution
of high-risk tumors based on PD-L1 and PD-1 expressions was also
observed in Cohort 2 (Fig. 4E). Survival analysis based on the
combination of PD-1 and PD-L1 expressions (Fig. 4C) showed that

Fig. 2 Macrophages are predominant classical HLA Class II positive cells in the TME of high-risk neuroblastoma. Macrophage signature
genes (CD14, CD68, and CD163) were expressed at significantly higher levels compared to dendritic cell signature genes (CD1C, CLEC9A, and
LAMP3) and B cell signature genes (CD19, CD20, and CD79A). All three genes in each cell type exhibited similar expression levels. The
expression of HLA-DRA in high-risk neuroblastoma tissues was shown as a representative of the overall antigen-presenting cell population.
Similar data were also obtained for Cohort 2 (see Fig. S2). To maximize accuracy of the analysis, we used three signature genes for a given cell
type to evaluate relative abundance of each cell type. The expression unit of genes in Cohort 1 is Reads Per Million (RPM). Each number in the
figure panels indicates the average expression level of the gene indicated. The horizontal bars at 2 Log2 RPM were included as a reference for
the expression level. Statistical analysis was done using a two-tailed Student’s t test.

X.X. Tang et al.

131

Genes & Immunity (2022) 23:129 – 140



there was a significant difference in survival between Group 2
(high PD-1 and PD-L1 with the ratio PD-1/PD-L1 ≈ 1) and Group 3
(PD-1 low and PD-L1 low). In addition, Group 1 (PD-1/PD-L1 > 1)
exhibited poor survival, a similar trend to that of Group 3 (see
Discussion).

Possible status of TAMs in high-risk neuroblastoma tissues at
diagnosis
Results of the survival analyses shown in Figs. 3, 4C (Group 2 vs.
Group 3 tumors) suggest an anti-tumor effect of macrophages in
high-risk neuroblastoma tissues at diagnosis and therefore the
presence of anti-tumor M1-like TAMs. However, most patients
were deceased over time. This could be explained in part due to
an increase in PD-L1+MDSC (myeloid-derived suppressor cells) [5]
and progressive polarization of the pro-inflammatory/anti-tumor
M1 TAMs to pro-tumor M2 TAMs in the TME. TAMs polarization is a
biologically complex process, and macrophage phenotypes are
much more diverse, which reveals many hybrid states forming a
continuum of activation states [32, 33]. Therefore, M1/M2 markers
cannot surely define the activation status of macrophages. These
observations led us to evaluate the possible status of TAMs
expressing CD68 (a pan-macrophage marker) and CD163 (an “M2”
TAM marker) in high-risk neuroblastoma at diagnosis.
IHC staining of high-risk neuroblastoma tissues with anti-CD68

and anti-CD163 antibodies revealed that a number of macro-
phages positive for these markers were present in a similar density
and distribution pattern (Fig. S4A). Moreover, IHC staining of serial
sections from an unfavorable histology MYCN amplified

neuroblastoma demonstrated that the majority of CD68+
macrophages co-expressed CD163 (Fig. 5A). Survival analysis
further showed that high-risk neuroblastoma patients from Cohort
1 having tumors with both high CD68 and CD163 expression
exhibited better survival (Fig. 5B). This observation supports the
hypothesis that most macrophages co-expressing high levels of
CD68 and CD163 function as anti-tumor phagocytes in high-risk
neuroblastomas at diagnosis.

High-level co-expression of SLAMF7 and SH2D1B is linked to
the anti-high-risk neuroblastoma immunity
Several molecular pathways activate macrophage phagocytosis,
including Fcγ receptors, LRP1 and SLAMF7 pathways [34]. We have
become interested in a potential involvement of the SLAMF7
pathway in tumor phagocytosis of macrophages in high-risk
neuroblastoma because biological effect of the SLAMF7 pathway
on the clinical behavior of neuroblastoma has not been addressed
previously. The KEGG pathway analysis revealed that SLAMF7
expression in high-risk neuroblastoma tissues of Cohort 1 (Table
S1) and Cohort 2 (Table S2) was significantly associated with
numerous immunological pathways, including those related to
macrophage-functions, such as Osteoclast differentiation (p= 1.4e
−22), Antigen processing and presentation (p= 2.0e−16), Lyso-
some (p= 4.2e−16) and Phagosome (p= 1.4e-15). Furthermore,
high-level co-expression of SLAMF7 and CD68 was significantly
associated with better outcome of high-risk neuroblastoma
patients (Fig. 6Aa, b). As mentioned above, Fig. 5B data showed
a similar pattern for co-expression of CD68 and CD163 and

Fig. 3 Prognostic significance of PD-L1 expression in neuroblastoma. Two large neuroblastoma cohorts (Cohort 1: SEQC; Cohort 2: Kocak)
were examined for the expression of PD-L1 and its relationship to the patient survival. Distribution of disease stages of Cohort 1 and Cohort 2
demonstrates a similarity of the two cohorts in terms of the patients make up (a and e). For both Cohort 1 and Cohort 2, tumor stage was
classified according to the International Neuroblastoma Staging System. Cohort 1 included the following tumors: stage 1 (n= 121, MYCN-
amplified, n= 3), stage 2 (n= 78, MYCN-amplified, n= 5), stage 3 (n= 63, MYCN-amplified, n= 15), stage 4 (n= 183, MYCN-amplified, n= 65),
and stage 4S (n= 53, MYCN-amplified, n= 4). Cohort 2 was composed of the following tumors: stage 1 (n= 153, MYCN-amplified, n= 5), stage
2 (n= 113, MYCN-amplified, n= 4), stage 3 (n= 91, MYCN-amplified, n= 15), stage 4 (n= 214, MYCN-amplified, n= 65), stage 4S (n= 78, MYCN-
amplified, n= 4). The cutoff value for Cohort 1 was set at 2.044 Reads Per Million (RPM) for the total cohort and the high-risk subset, and 2.021
RPM for the low-risk subset (the closest value to 2.044 RPM among the low-risk subset). This allowed us to compare the effect of similar levels
of PD-L1 positive cells on survival of neuroblastoma patients of different subsets. Note that a formal gene expression unit does not apply to
Cohort 2 as the normalization of gene expression levels was done using the custom algorithm. The cutoff value for Cohort 2 was set at 301.2
for the total cohort and the low-risk subset, and 300.4 for the high-risk subset. The analysis was done using the R2 platform (http://r2.amc.nl).
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patients’ survival, suggesting M2-like TAMs could exhibit an anti-
tumor effect. To confirm the above observations, we performed
the additional survival analysis, which showed that high expres-
sion of both SLAMF7 and CD163 was indeed associated with
longer survival of high-risk neuroblastoma (Fig. 6Ba, b).

EAT-2 (encoded by SH2D1B) is the required adaptor for the
SLAMF7 activation signal upon the homotypic interactions
between SLAMF7 molecules. To address if the SLAMF7 pathway
in macrophages could be activated and contribute to the anti-
high-risk neuroblastoma immune response, we investigated the
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prognostic effect of SLAMF7 and SH2D1B. We found that high
expression of both SLAMF7 and SH2D1B expression was signifi-
cantly associated with better outcome of the patients in Cohort 1
(Fig. 7A) and Cohort 2 (Fig. 7B). Moreover, high-level co-expression
of SLAMF7 and SH2D1B was significantly associated with better
survival of high-risk neuroblastoma patients (Fig. 7C).
We next addressed if the trans-interaction between SLAMF7 on

macrophages and neuroblastoma cells could occur by examining
SLAMF7 expression on the tumor cells relative to those of
B4GALNT1 (GD2 synthase gene) and ST8SIA1 (GD3 synthase gene)
in high-risk neuroblastoma tissues. B4GALNT1 and ST8SIA1 are
responsible for the expression of GD2, the well-recognized target
of neuroblastoma immunotherapy. As shown in Fig. 8, about 67%
and 72% of the high-risk neuroblastoma patients in Cohort 1 and
Cohort 2, respectively, who exhibited a better survival (Fig. 7A, B),
likely expressed SLAMF7.

DISCUSSION
The significant progress in the immune checkpoint blockade
therapy for adult cancers has brought a renewed interest in
immunotherapy for pediatric malignancies, including neuroblas-
toma. This prompted investigators to examine the expression and
prognostic effect of PD-L1 in neuroblastoma. Several investigators
reported that neuroblastoma cells per se expressed PD-L1 [7–10].
Of which, three studies suggested that high PD-L1 expression was
associated with poor survival of neuroblastoma patients [7, 8, 10].
In contrast, Aoki et al. described that neuroblastoma did not
express PD-L1 [11]. Recently, Shirinbak et al. showed that the
majority of neuroblastoma cells at diagnosis expressed little PD-
L1, and its expression appeared up-regulated post-chemotherapy
in a small population of neuroblastoma cells and that PD-L1
expression was not associated with survival of neuroblastoma
patients [12]. This study extended our earlier observation that
neuroblastoma cells did not express PD-L1 whereas PD-L1
expression was detected on TAMs in the tumor tissues collected
at diagnosis [5], and in fact, high PD-L1 expression on
macrophages was associated with better patients survival as a
whole and of the high-risk neuroblastoma, but not the low-risk
subset (Fig. 3).
An explanation for the discrepancy in the conclusions among

the researchers on the prognostic effect of PD-L1 expression on
neuroblastoma could be how PD-L1+ cells are identified. Precise
detection of PD-L1+ cells in neuroblastoma tissues must be done
by multiplex IHC assay, in which nuclear PHOX2B staining
identifies neuroblastoma cells [5], and PD-L1+ cells are visualized
by cell membrane staining by the corresponding antibody [5]. In
addition, microscopic observation by clinical pathologists is
required to avoid misidentification of dark brown pigments,
hemosiderins as PD-L1+ cells. Another factor that could lead to
the conflicting data is the size and the patients’ makeup of the
study cohort. The cohorts used in this study well represent the

overall neuroblastoma population (Fig. 3a, e). In addition, the two
large neuroblastoma cohorts were used to analyze the prognostic
effect of PD-L1 expression, which minimized the possibility of
drawing misrepresentative conclusions.
Our results suggest that there are CD163+ M2-like TAMs co-

expressing PD-L1 and PD-1 in the TME of high-risk neuroblasto-
mas (Fig. 4). In addition, the PD-1/PD-L1 ratio could be considered
a readout for the effector function of the macrophages and
thereby patients’ survival. Patients bearing tumors with TAMs
expressing high levels of PD-1 and PD-L1 as well as PD-1/PD-L1
ratio ≈1 have a prolonged survival (Group 2, Fig. 4C). It remains to
be proven that macrophages with this phenotype could
phagocytose the tumor cells. We postulate that the balance
between the inhibitory signal by PD-1/PD-L1 interaction and an
activating signal such as the SLAMF7 pathway determines the
overall activation status of macrophages. When the PD-1/PD-L1
ratio >1, the patients do poorly (Group 1, Fig. 4C). This may
involve exhaustion of macrophages and a decrease in their
phagocytic potency as previously described [17]. Therefore, PD-1
blockade therapy could show an efficacy against high-risk
neuroblastomas with the PD-1/PD-L1 ratio >1 phenotype. The
low expression of both PD-L1 and PD-1 in Group 3 (Fig. 4B, E)
suggests poor tumor-infiltrating macrophages in the TME of these
high-risk neuroblastomas. In addition, most macrophages co-
expressing high levels of CD68 and CD163 could function as anti-
tumor phagocytes in high-risk neuroblastomas at diagnosis (Fig.
5). It remains to be seen whether this CD68+CD163+ macro-
phages population is the same as those of the Group 2 tumors
(CD163+ and PD-1/PD-L1 ratio ≈ 1).
Blockade of the PD-1/PD-L1 pathway has been shown to

enhance phagocytic function of macrophages in adult cancers
[17–19] and lengthen survival in mouse models of cancer in a
macrophage-dependent fashion [17]. However, early clinical trials
have reported that anti-PD-1 or anti-PD-L1 antibody alone had
little efficacy in pediatric cancers including neuroblastoma [35–37].
Nonetheless, these clinical trials were conducted on the patients
who were heavily pre-treated with chemotherapy, which could
have adversely affected the immune competency of the patient [6].
In addition, based on our data, PD-1 blockade therapy may only be
efficacious for the high-risk neuroblastomas with the PD-1/PD-L1
ratio >1 phenotype (Group 1, Fig. 4B, E). Furthermore, macro-
phages have been shown to uptake anti-PD-1 antibodies through
their Fcγ receptors, thereby limiting efficacy in animal models [38].
To prevent this, a high affinity PD-1 variant that functions as a PD-
L1 blocker is developed and tested for its efficacy in mouse model
[17, 39].
Macrophages can play an anti-tumor or a pro-tumor function in

cancers, and our data reiterate the complicated topic on
polarization of TAMs. Generally, expression of the M2 marker
CD163 is associated with tumor aggressiveness and shorter overall
survival in many cancers [40, 41]. However, the recent report
suggests that an increased density of CD68+CD163+

Fig. 4 Co-expression of PD-1 and PD-L1 on M2-like macrophages and its prognostic implication for high-risk neuroblastoma. A, D 3D
correlation analysis of PD-1, PD-L1 and CD163 expressions in high-risk neuroblastomas. A significant 3-way correlation among the expression of
PD-1, PD-L1 and CD163 was observed in high-risk neuroblastomas of Cohorts 1 and 2. Notably, there was a population of PD-L1+ tumors that
overexpressed PD-1 relative to PD-L1 (indicated by the circle). B, E Relationship between PD-1 and PD-L1 expressions in high-risk
neuroblastomas. PD-1 expression was correlated significantly with PD-L1 expression. However, there was a population of tumors in which PD-1
expression levels exceeded PD-L1 expression (indicated by the circle). Based on the expression levels of PD-1 and PD-L1, the tumors can be
divided into three groups: Group 1 exhibited high levels of both PD-1 and PD-L1 expression, but levels of PD-1 expression were higher than
those of PD-L1 (PD-1/PD-L1 > 1); Group 2 showed equally high levels of both PD-1 and PD-L1 expressions (PD-1/PD-L1 ≈ 1); Group 3 showed low
expression of both PD-1 and PD-L1. C Prognostic implication of PD-1 and PD-L1 expressions in high-risk neuroblastomas of Cohort 1. Survival of
patients in the Groups 1, 2, and 3 defined in Fig. 4B was compared. Group 2 with both PD-1 and PD-L1 high expression exhibited significantly
better survival than Group 3 with both PD-1 and PD-L1 low expression. Group 1 showed a similar trend to Group 3. The expression unit of
genes in Cohort 1 is Reads Per Million (RPM). Multivariable survival analysis (as shown in Fig. 4C for Cohort 1) could not be done on Cohort 2
because of the lack of necessary information in the R2. The custom algorithm was used to normalize the expression level of genes in Cohort 2,
and therefore no formal unit applied to the expression level.
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macrophages in tumor tissues is in fact associated with up-
regulated immune signaling and improved survival of patients
with gastric cancer [42]. Indeed, our data suggest that CD163+
macrophages could function as anti-tumor phagocytes in high-risk
neuroblastoma at diagnosis. This issue has become even more
intriguing when various approaches have been conducted to
induce the full phagocytic capacity of TAMs by reprogramming
pro-tumor to anti-tumor TAMs in adult cancers [43–45]. However,
these therapeutic strategies showed limited efficacy in human
clinical trials against solid tumors [43, 45]. Drug-induced conver-
sions of M2 to M1 TAMs in pre-clinical studies in neuroblastomas
have also been reported, which shows inhibition of tumor growth
[46]. It remains to be seen if those experimental therapeutics
would have efficacy against high-risk neuroblastoma in human
clinical trials.
Our data suggest that the majority of high-risk neuroblastomas

could express SLAMF7 (Fig. 8). Homotypic interaction could then
occur between the SLAMF7+ tumor cells and macrophages,
leading to macrophage activation and tumor phagocytosis. On the
other hand, SLAMF7 negative tumor cells could also be killed by
the bystander effect of the activated macrophages nearby when
agonistic anti-SLAMF7 antibodies were administered. In the
presence of anti-SLAMF7 antibodies, the SLAMF7+ tumor cells
could also be killed by ADCC. In fact, an FDA-approved humanized
anti-SLAMF7 monoclonal antibody elotuzumab [47, 48] is available
for clinical testing. A combination of PD-1 blockade and anti-

SLAMF7 could therefore maximize the effector function of
macrophages in a subpopulation of high-risk neuroblastomas
(Group 1, Fig. 4C). We have reported CD4 CTL as an important
effector of high-risk neuroblastoma [5], and work by others on
adult cancers has indicated that cytotoxic activity of tumor-
specific cytolytic CD4 T cells is in part dependent on SLAMF7 [49].
Thus, the use of anti-SLAMF7 antibody as therapeutics for high-
risk neuroblastoma could enhance effector functions of both CD4
CTL and macrophages.
The SLAMF7 pathway is our focus in this study. Nonetheless, our

preliminary analysis indicates that other SLAM family genes are
expressed at compatible levels to that of SLAMF7 in high-risk
neuroblastoma tissues (SLAMF2, SLAMF5, and SLAMF8). In contrast,
high-risk neuroblastoma expressed low levels of SLAMF3 and
SLAMF4, which have been reported as “do not eat me signals” in
hematopoietic malignancies [50]. In addition, among Fcγ receptor
genes, FCGR2A and FCGR3A, encoding activating receptors, are
expressed at relatively high levels in high-risk neuroblastoma
tissues, suggesting the potential roles of these FCGRs in
macrophage-mediated anti-high-risk neuroblastoma immunity.
LRP1 is also expressed at high levels in high-risk neuroblastoma
tissues. Thus, it would be of interest to explore how the interplay
among these pathways affects the activation status of macro-
phages in high-risk neuroblastoma, which may lead to new and
innovative therapeutic interventions for high-risk neuroblastoma
in future studies.

Fig. 5 Prognostic implication of high-level expression of CD68 and CD163 in high-risk neuroblastoma. A The majority of tumor associated
macrophages in unfavorable histology neuroblastoma coexpresses CD68 and CD163. Serial sections from an unfavorable histology
neuroblastoma with MYCN amplification were stained with either (a) anti-CD68 or (b) anti-CD163 antibodies. Red circles indicate macrophages
that co-express CD68 and CD163. The scale bar: 50μm. A similar observation was also made in a favorable histology neuroblastoma (see Fig.
S4B). B (a) CD68 expression was highly correlated with CD163 expression in high-risk neuroblastomas of Cohort 1. (b) The high-risk
neuroblastoma patients with high-level expressions of both CD68 and CD163 showed prolonged survival. A similar analysis could not be done
for Cohort 2 due to the lack of necessary information embedded in the Kocak-649 dataset in the R2. The expression unit of genes in Cohort 1
is Reads Per Million (RPM).
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In summary, neuroblastoma cells evade CD8+CTL-mediated
immunity due to their lack of HLA Class I expression and low
mutational burden. To overcome this hurdle, the immune system
engages alternative effector cells (macrophages and CD4 CTL [5])
to eliminate high-risk neuroblastoma cells. Various immunother-
apy protocols could be designed to maximize tumor-killing
capacity of these effector cells [5], and the availability of
humanized antibodies for adult cancers would help accelerate
progress for immunotherapy against high-risk neuroblastoma.
Apparently, there are patients having “extremely cold” tumors
with poor tumor-infiltrating macrophages and CD4 CTL (this study
and [5]). For these patients, an alternative therapeutic approach
would be needed. Neuroblastoma often metastasizes to the bone
marrow where hematopoiesis occurs. Consequently, such metas-
tases could suppress the development of functional immune cells.
Therefore, controlling bone marrow metastases and protecting
hematopoietic stem cells are essential to a successful immu-
notherapy for high-risk neuroblastoma. This idea is supported by
the observation that bone marrow metastases of breast cancer
cells adversely affect the immune activity of the host [51]. Finally,
this study has provided a framework for pursuing a high content
analysis on a large high-risk neuroblastomas cohort to definitely

define the immune cell landscape of this disease at single cell
levels.

MATERIALS AND METHODS
The study cohort
Two cohorts including neuroblastoma specimens collected at diagnosis
were used in this study. Cohort 1 was composed of 498 tumors, of which
322 were low-risk tumors and 176 were high-risk cases [30]. The high- and
low-risk categories of Cohort 1 were determined by the original study [30],
and the high-risk subset included tumors of stage 4 disease, >18 months at
diagnosis and patients of any age and stage with MYCN-amplified tumors,
whereas the rest are the low-risk tumors.
Cohort 2 included 649 samples, of which 476 cases had survival data

[31]. The low- and high-risk subsets of Cohort 2 were defined by this study:
the low-risk subset (n= 212) included cases less than 18-month old at
diagnosis with stage 1, 2, and 4S diseases and having no MYCN
amplification; the high-risk subset included cases over 18-month old and
with stage 4 disease (n= 148, of which 105 cases with survival data).

Gene expression analysis
We employed the two primary neuroblastoma gene expression datasets:
SEQC-498 (GEO ID: gse62564) [30] using an RNA-seq methodology and Kocak-

Fig. 6 SLAMF7 expression in macrophages is associated with prolonged survival of high-risk neuroblastoma patients. A (a) CD68 and
SLAMF7 expressions were highly correlated with each other. (b) Combination of high CD68 and high SLAMF7 expressions was significantly
associated with better survival of the high-risk neuroblastoma patients. B (a) CD163 and SLAMF7 expressions were highly correlated with each
other. (b) Combination of high CD163 and high SLAMF7 expressions was significantly associated with better survival of the high-risk
neuroblastoma patients. Cohort 1 was used in the analysis. The expression unit of genes in Cohort 1 is Reads Per Million (RPM).
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649 (GEO ID: gse45547) [31] using a microarray methodology. The datasets
have been validated by the previous publications [30, 31]. The gene
expression analysis was performed by the R2 platform (http://r2.amc.nl). We
also employed other resources: the 3D plotting program by Doka (https://
www.doka.ch/Excel3Dscatterplot.htm) and the multiple correlation analysis by
Zaiontz (https://www.real-statistics.com/correlation/multiple-correlation/).

KEGG pathway analysis was performed by first identifying genes whose
expressions were significantly correlated with the expression of a gene of
interest. The resultant gene set was run against the KEGG pathway gene sets
using the R2 with the p value cutoff of 0.01. The statistical analysis was done
by the algorithms embedded in the R2 platform (https://hgserver1.amc.nl/r2/
help/r2_tutorials.pdf).
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Multi-variable survival analysis
The multi-variable survival analysis was done using the software written by
Lucijanić [52]. The statistical analysis was performed by the algorithm
embedded in the software. p < 0.05 was considered statistically significant.
Due to the information on OS-bin and OS-time of Cohort 2 were hidden in
the R2 platform, we could not perform multiple gene expression survival
analyses for Cohort 2.

Immunohistochemistry assay
Diagnostic neuroblastoma samples from the Children’s Oncology Group
(COG) and Stanford University, School of Medicine, Department of
Pathology were used. After pathology review according to the protocol
of the COG Neuroblastoma Biology Study, unused sections were available
for immunostaining. Those cases were filed at the COG Neuroblastoma
Pathology Reference Laboratory, which were identified only by the COG

Fig. 7 Potential involvement of the SLAMF7/EAT-2 pathway activation in macrophages in the anti-high-risk neuroblastoma immune
response. A Cohort 1: (a) The expression of SLAMF7, encoding a macrophage activating receptor was detected in high-risk neuroblastomas of
Cohort 1. (b) High SLAMF7 expression was associated with better survival of high-risk neuroblastoma patients. Similar observations were made for
SH2D1B, encoding the obligatory activating signal transduction molecule EAT-2 (c, d). The housekeeping gene TBP was used as a reference. The
expression unit of genes in Cohort 1 is Reads Per Million (RPM). B Cohort 2: the SLAMF7/EAT-2 pathway in macrophages in high-risk neuroblastomas
of Cohort 2. The expression of SLAMF7 and SH2D1B was detected in high-risk neuroblastoma tissues of Cohort 2 (a, c). High expressions of both
SLAMF7 and SH2D1B were associated with better survival of high-risk neuroblastoma patients of Cohort 2 (b, d). The custom algorithm was used to
normalize the expression level of genes in Cohort 2, and therefore no formal unit applied to the expression level. C (a) SLAMF7 and SH2D1B
expressions were highly correlated with each other. (b) Patients having high-risk neuroblastoma with high expression of both SLAMF7 and SH2D1B
exhibited better survival. Cohort 1 was used in the analysis. The expression unit of genes in Cohort 1 is Reads Per Million (RPM).

Fig. 8 The expression of SLAMF7 relative to those of B4GALNT1 and ST8SIA1 in high-risk neuroblastomas. Expression levels of SLAMF7 in
high-risk neuroblastomas of Cohort 1 and Cohort 2 were compared to those of neuroblastoma signature genes (B4GALNT1 and ST8SIA1,
encoding GD2 synthase and GD3 synthase, respectively). These enzymes are responsible for the expression of GD2 disialogangliosides on the
neuroblastoma cell surface, providing an immunotherapy target. GD3 synthase is considered the rate-limiting enzyme of GD2 synthesis
pathway and often subjected to epigenetic down-regulation. The neuroblastoma marker gene PHOX2B was used as a reference. The horizontal
bars represent the cutoff values used for survival analysis of SLAMF7 expression shown in Fig. 7A-a for Cohort 1 and Fig. 7B-a for Cohort 2.
Based on the pattern of the SLAMF7 expression, ~67% and 72% of high-risk neuroblastomas in Cohort 1 and Cohort 2, respectively, likely
expressed SLAMF7. These patients showed better survival. The expression unit of genes in Cohort 1 is Reads Per Million (RPM). The custom
algorithm was used to normalize the expression level of genes in Cohort 2, and therefore no formal unit applied to the expression level.
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accession number and not associated with patient information. IRB
approval of the cases was obtained at the time of study enrollment by
the contributing institution. Neuroblastoma specimens archived at
Stanford University were used to perform IHC staining on serial sections
of the tumor tissues. Formalin-fixed paraffin embedded tumor sections
were subjected to IHC analysis. Clone KP1 for CD68 (Dako) and clone MRQ-
26 for CD163 (Ventana/Cell Marque) were used to stain the corresponding
antigens. The automated IHC processor was used to process tumor
sections according to the manufacturer’s instructions (Ventana Ultra,
Roche). Immunohistochemical evaluation was performed in the represen-
tative and viable tumor areas away from necrosis and fibrosis.

DATA AVAILABILITY
Publicly available datasets were analyzed in this study. These data can be found in
GEO: GSE62564; GSE45547.
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