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Abstract

Neuroblastoma is a cancer of the sympathetic nervous system that develops in young children, 

either as low-risk or high-risk disease. The tumor microenvironment (TME) is now recognized 

as an important player of the tumor ecosystem that may promote drug resistance and immune 

escape. Targeting the TME in combination with therapies directly targeting tumor cells therefore 

represents an interesting strategy to prevent the emergence of resistance in cancer and improve 

patient’s outcome. The development of such strategies however requires an in-depth understanding 

of the TME landscape, due to its high complexity and intra and inter-tumoral heterogeneity. 

Various approaches have been used in the last years to characterize the immune and non-immune 

cell populations present in tumors of neuroblastoma patients, both quantitatively and qualitatively, 

in particular with the use of single-cell transcriptomics. It is anticipated that in the near future, 

both genomic and TME information in tumors will contribute to a precise approach to therapy 

in neuroblastoma. Deciphering the mechanisms of interaction between neuroblastoma cells and 

stromal or immune cells in the TME is key to identify novel therapeutic combinations. Over the 

last decade, numerous in vitro studies and in vivo pre-clinical experiments in immune-competent 

and immune-deficient models have identified therapeutic approaches to circumvent drug resistance 

and immune escape. Some of these studies have formed the basis for early phase I and II clinical 

trials in children with recurrent and refractory high-risk neuroblastoma. This review summarizes 

recently published data on the characterization of the TME landscape in neuroblastoma and novel 

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
*Correspondence to: Curie Institute, 26 rue d’Ulm, Paris, France. Isabelle.Janoueix@curie.fr (I. Janoueix-Lerosey).
1all three authors equally contributed to the work.

Declaration of Competing Interest
The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

CRediT authorship contribution statement
Isabelle Janoueix-Lerosey: Writing – original draft, Conceptualization. Kevin Louault: Writing – original draft. Yves A De Clerck: 
Writing – original draft, Conceptualization.

HHS Public Access
Author manuscript
EJC Paediatr Oncol. Author manuscript; available in PMC 2024 July 19.

Published in final edited form as:
EJC Paediatr Oncol. 2024 June ; 3: . doi:10.1016/j.ejcped.2024.100161.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://creativecommons.org/licenses/by-nc-nd/4.0/


strategies targeting various TME cellular components, molecules and pathways activated as a 

result of the tumor-host interactions.
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1. Introduction

Neuroblastoma is a pediatric cancer that arises from the sympathetic nervous system [1]. 

Whereas some patients present with localized tumors that are mostly associated with a 

favorable outcome (low-risk cases), half of them are affected by a metastatic disease at 

diagnosis, that is associated with a severe outcome (high-risk cases). One of the hallmarks 

of neuroblastoma is heterogeneity, that is observed at various levels. Tumor heterogeneity 

has not only been described between patients (inter-tumor heterogeneity) but also within 

tumors (intra-tumor heterogeneity). Importantly, intra-tumor heterogeneity does not only 

concern the features of tumor cells but also the composition of the tumor microenvironment 

(TME) that includes a variety of immune and non-immune cells. Over the last 2 decades, 

substantial improvement has been achieved in the treatment of high-risk neuroblastoma with 

myeloablative chemotherapy, radiation therapy, surgery, bone marrow transplantation and 

immunotherapy with anti-GD2 monoclonal antibodies (mAb) like Dinutuximab. However, 

resistance to therapy remains a major cause of failure to control or cure this cancer. Whereas 

much attention has been paid to intrinsic mechanisms of resistance like multidrug resistant 

proteins and anti-apoptotic mechanisms developed by neuroblastoma cells, less attention has 

been paid to extrinsic mechanisms of therapeutic resistance. There is now clear evidence that 

the TME plays an important role in promoting drug resistance and immune escape in cancer 

and this aspect has been the subject of increased attention in neuroblastoma. This review 

first reports recently published data that characterize the TME landscape in neuroblastoma 

and then discusses novel approaches targeting various TME components, in the frame of 

pre-clinical and clinical studies. Since a number of excellent reviews have already been 

published on the characterization of the neuroblastoma TME in the last years [2–4], for 

this manuscript we selected papers published between 2020 and 2023, using the following 

keywords present in the title and abstract of non-review papers: Neuroblastoma AND tumor 

microenvironment; Neuroblastoma AND TME; Neuroblastoma AND immunotherapy and 

Neuroblastoma microenvironment.

2. The TME landscape in neuroblastoma

Three main approaches have been used in the last years to understand the TME landscape 

and characterize various cell populations of neuroblastoma: the use of in silico and 

deconvolution methods applied to various datasets of bulk transcriptomic data (obtained 

by microarrays or RNA-seq); the more recent single-cell transcriptomic approaches; the 

isolation of populations from neuroblastoma samples relying on the expression of specific 

proteins at the membrane and their further characterization. Whereas in silico approaches 

on bulk expression datasets allow to explore large cohorts of neuroblastoma patients, 
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their efficacy to detect different cell populations is limited by the complexity of the 

cell populations in the tumor ecosystem and relatively low abundance of certain subsets. 

Single-cell transcriptomic analyses allow to provide a complete characterization of the TME 

without any prior assumptions on surface markers and can document the transcriptomic 

profile of small cell populations yet with a limited number of genes detected in each subset 

and possible bias in the detection of different cell types. The isolation of specific populations 

by FACS relies on the previous identification of markers of interest and subsequent in 
vitro analyses. Combining these different approaches with standard techniques such as 

immunohistochemistry or immunofluorescence and functional validation is critical to obtain 

robust conclusions. Below, we report recent results obtained using various strategies to better 

decipher the neuroblastoma TME.

2.1. TME composition and survival

Several papers have explored how different cell populations of the TME relate to survival in 

neuroblastoma patients. Using CIBERSORTx, an established RNA deconvolution algorithm 

[5] 22 immune cell populations were imputed from a cohort of 153 primary tumors selected 

from the TARGET cohort of the NCI [6]. Not surprisingly, the proportions of immune cells 

varied between individuals. M2 macrophages were the most abundant cell type. Lower 

levels of monocytes, CD4+ naïve T cells, and CD4+ activated memory T cells were 

associated with reduced overall survival in the analyzed cohort. Another group [7] used 

11 neuroblastoma datasets and a method called BASE [8–10], measuring the similarity 

between patient gene expression profile and profile of specific immune cell types, to infer 

the abundance of six common cell types (naïve B cells, memory B cells, natural killer 

(NK) cells, CD4+ T cells, CD8+ T cells and monocytes). This approach revealed that 

infiltration of naïve B cells, NK cells and CD8+ cells was associated with improved patient 

prognosis, with naïve B cells being the most significant factor, in all evaluated datasets 

using univariate analysis. The observed effect was independent of MYCN amplification 

and clinical variables such as age and tumor stage. Patients with high B cell infiltration 

exhibited high co-infiltration of other immune cell types, including memory B cells, CD8+ 

T cells and NK cells. Complementary experiments are still required to address the precise 

role of B cells in neuroblastoma. On the same line, Feng et al. developed an approach 

in which they first generated a self-curated gene list from single-cell transcriptomic data 

(see below) and then characterized three prognostic TME-subgroups associated with specific 

Gene-Subgroups [11]. This study revealed a TME-subgroup/Gene-Subgroup3, associated 

with a lack of immune cell infiltration and low scores of immune pathways as well as high 

scores of MYCN- and ALK-related signatures. Not surprisingly, this subgroup exhibited 

the worst overall survival prognosis. Using a variety of scores such as Stromal Score and 

Immune Score, that infer the fraction of stromal cells and immune cells, respectively, 

and ESTIMATE Score, that infers tumor purity in tumor tissue [12], one study concluded 

that the low-risk group of neuroblastoma had a better immune status compared to the 

high-risk group [13]. Employing the same approach as well as multiple machine learning 

algorithms, Jin et al. also reported two categories of neuroblastoma, with a high or low level 

of immune characteristics. The high immunity group exhibited higher infiltration of stromal 

and immune cells. Furthermore, an immune signature of nine genes (SOCS1, MARCO, 

KLRK1, IRF7, UNC93B1, IGHV3–20, IGKV1–16, AMH and SCTM1) was defined and 
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shown to more accurately identify neuroblastoma patients with poor prognosis than common 

clinical features [14].

Another study [15] reported that high CD3E expression correlates with an enrichment 

of immune-stimulatory cytokines and chemokines in a large cohort of 498 primary 

neuroblastomas of all stages analyzed by RNA-seq [16]. As these chemokines may be 

involved in the recruitment of dendritic cells (DCs) and NK cells, these two populations 

were further explored and their relationship with tumor-infiltrating lymphocytes (TILs) was 

analyzed at the transcript and protein levels. This work revealed that both intra-tumoral 

DCs and NK cells correlate with T-cell infiltration and survival and that DC and NK 

signatures predict favorable clinical outcome in neuroblastoma. Among various functions, 

intra-tumoral DCs have been shown to play a role in the accumulation and activation of 

tumor-infiltrating CD8+ cells [17], consistent with the observed correlation between the 

abundance of TILs and DCs [18]. The mechanisms of crosstalk between DCs and NKs 

have been previously described, demonstrating both contact-dependent as well as contact-

independent mechanisms, as well as a role of NK cells in DCs maturation [19]. Altogether 

these data suggest a DC-NK axis associated with good prognosis that may serve as a clinical 

biomarker to improve risk stratification of neuroblastoma patients.

The impact of infiltrating T cells on the behavior of neuroblastoma has also been 

addressed relying on the transcriptional program of T cells [20], after the observation 

by immunohistochemistry that tumor-infiltrating T cells have a prognostic value in 

neuroblastoma and that a higher number of proliferating T cells is associated with good 

prognosis [21]. The use of a previously defined T cell-inflamed gene expression signature 

from various cancer types [22] allowed to identify three subtypes of patients in two 

independent cohorts (TARGET from the NCI and GMKF (Gabriella Miller Kids First)), 

defined as T cell-inflamed, non-T cell-inflamed and intermediate. The specific analysis 

of high-risk patients revealed that patients with T cell-inflamed tumors had significantly 

better overall survival compared with those with non-T cell-inflamed tumors. In COX 

multivariate models including age, MYCN status and ploidy, the T cell-inflamed signature 

remained of independent statistical significance. For patients of the TARGET cohort for 

which whole exome sequencing data of matched tumor/normal DNA were available, a high 

neoantigen load was shown to be significantly associated with better event-free survival 

(EFS) and overall survival (OS). Neoantigens are antigens that are only expressed by 

tumor cells and neoantigen-derived epitopes can be recognized by antigen-specific CD8+ 

T cells contributing to antitumor immunity [23]. In this study, no difference in neoantigen 

load was observed between non-T cell-inflamed and T cell-inflamed tumors. It should 

be highlighted here that, although tumor mutation burden (or neoantigen load) and T 

cell-inflamed expression have been described as both prognostic in several cancer types 

they have little correlation [24]. In addition, in neuroblastoma, the number of neoantigens 

is particularly low, with a threshold of 5 used in the Bao study to discriminate tumors with 

a low versus a high neoantigen load [20]. The link between T cell-inflamed expression 

signature, neoantigen load and prognosis remains to be understood.

Louault et al. Page 4

EJC Paediatr Oncol. Author manuscript; available in PMC 2024 July 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.2. Global description of the TME landscape by single-cell transcriptomics

A number of research teams have now taken advantage of single-cell transcriptomics to 

decipher the TME landscape of neuroblastoma. Dong et al. first analyzed 16 tumors from 

the adrenal gland obtained from treatment-naïve patients, including 14 neuroblastomas and 

2 ganglioneuroblastomas [25]. Several populations were identified in addition to tumor 

cells, including Schwann cells, fibroblasts, endothelial cells (ECs) and immune cells (Table 

1). Among them, T and B cells, myeloid cells and plasmacytoid DCs were observed but 

no functional characterization was reported. Another study recently reported the global 

immune cell landscape of human neuroblastoma by single-cell transcriptomic approach on 

17 neuroblastoma patients with a protocol to enrich immune cells [26]. The main immune 

subtypes included myeloid, B, T, and NK cell lineages. Although the proportions of the 

different populations varied between patients, T cells and myeloid cells appeared as the most 

frequent immune cells in this cohort. In the same line, the characterization of a cohort of 10 

patient tumors, obtained either at diagnosis or at relapse, unraveled T and B cells, NK, DCs, 

and a complex content in myeloid cells [27]. Endothelial cells and fibroblasts were also 

detected in this study. Various cell types were reported in the analysis by Liu and colleagues 

of a cohort of 17 neuroblastic tumors including 11 neuroblastomas, 3 ganglioneuroblastomas 

and 3 ganglioneuromas from untreated patients as well as three peritumoral adrenal 

tissues (Table 1) [28]. In the neuroblastoma group, the ratio of T and myeloid cells 

decreased gradually from stages I/II, stage IV without MYCN amplification and to stage 

IV with MYCN amplification. Using in silico pseudotime trajectory analyses, the authors 

suggested a possible differentiation process from a subgroup of neuroendocrine tumor cells 

with genetic alterations towards a subcluster of benign fibroblasts. This differentiation is 

proposed as a mechanism of neuroblastoma spontaneous regression. Experimental validation 

will be required to confirm this hypothesis and explain how genetic alterations could be 

lost during such a differentiation. Recently, Wienke et al. published a paper reporting the 

identification of 17 distinct immune subsets infiltrating neuroblastoma, based on the analysis 

of 24 tumors (10 pre- and 14 post-chemotherapy cases, including 5 pairs) (Table 1). In 

agreement with previous reports, they documented that tumors are infiltrated by NK, T and 

B cells, and immunosuppressive myeloid populations. NK cells showed reduced cytotoxicity 

and T cells exhibited a dysfunctional profile (see below) [29].

The studies mentioned above have been performed using single-cell RNA-seq, which 

requires fast handling of fresh samples. Another option is the use of single-nucleus RNA-seq 

(snRNA-seq) allowing to profile nuclei isolated from frozen tumors. Yet, one challenge 

of this technique is that nuclei contain lower amounts of mRNA compared to cells. 

Interestingly, a few neuroblastoma samples have been studied by scRNA-seq and/or snRNA-

seq experiments [30]. Importantly this work documented that both techniques recovered the 

same cell types but at different proportions.

2.3. T cell features

Characterizing the features of T cells present in neuroblastoma tumors is key to setup 

therapeutic strategies based on immune checkpoint blockade or strategies relying on CAR-T 

cells. It is now well described that immunosuppressive cells and molecules in the TME 

lead to T-cell dysfunction, resulting in T-cell exhaustion [31]. In neuroblastoma, Verhoeven 
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et al. reported four cytotoxic T lymphocytes (CTL populations) but did not find any 

differences for both cytotoxicity and exhaustion score [26]. Yet, in two studies, T cells from 

neuroblastoma patients were characterized by features of exhaustion, with the expression 

of several inhibitory receptors and low expression of effector cytokines [27,29]. The Costa 

et al. paper reported that CD8+T cells mostly expressed LAG3 and TIGIT [27] whereas 

Wienke et al. documented significantly increased levels of PDCD1 (encoding PD-1) and 

LAG3 compared to other T/NK cell clusters [29]. Clusters of CD4+ FOXP3+ regulatory T 

cells (Tregs), described to exhibit enhanced suppressive capacity, and naive(-like) T cells 

were identified in 3 independent studies [26,28,29], with Tregs expressing high levels of the 

CTLA4 and TIGIT checkpoint inhibitors [29].

Besides these data obtained from transcriptomic analyses of neuroblastoma samples, TILs 

characterization after in vitro expansion from 30 patient tumors obtained from surgical 

resection or biopsies revealed heterogeneity of their phenotypes and functions [32]. A mixed 

population of both helper and cytotoxic T cells was observed but also a high proportion of 

CD3 cells staining negatively for both CD4 and CD8. High numbers of γδ T cells, mostly 

Vδ1 and non-Vδ1 Vδ2, and natural killer T cells (NKT), consistent with the phenotype of 

non-classical type 2 NKT cells were characterized within this population, suggesting that 

such cells might play a role in neuroblastoma. In addition, expanded TILs became more 

differentiated and expressed modest level of PD-1.

2.4. Macrophages

Macrophages are an important component of the neuroblastoma TME and several subsets 

have now been identified by single-cell transcriptomics [26–29]. Costa et al. reported that 

different clusters, expressing the classical macrophage markers CD68 and apolipoprotein-E 

(APOE), were positive for a M2 signature which is in favor of a pro-tumoral activity [27]. 

Consistently, in the Verhoven paper four macrophage clusters had high expression of the 

CD68 marker. One of these clusters had a significantly higher M2 score than the other 

macrophage populations, and all these clusters exhibited a higher M2 score compared with 

the monocytes detected in this analysis [26]. Four subtypes of macrophages were also 

reported in the paper by Wienke et al., expressing a M2-like signature [29]. At that stage, 

without a common integration of these different datasets, it remains difficult to decipher 

whereas the different clusters of these different studies represent the same entities.

In silico analysis of ligand/receptor pairs highlighted a number of interactions involving 

tumor cells and macrophages [26,28]. Of note, high expression of the CD24-SIGLEC10 

pair, with CD24 being specifically expressed on tumor cells and SIGLEC10 expressed by 

macrophages, has been associated with a better prognosis in neuroblastoma samples [26]. 

Interestingly CD24 has been described as a dominant innate immune checkpoint providing 

a “do not eat me” signal that hampers the phagocytic activity of macrophages upon binding 

on its receptor, particularly in ovarian and breast cancers [33]. The role of this “do not eat 
me” signal in neuroblastoma remains to be explored. Another innate immune checkpoint, 

i.e., CD47-SIRPα has been shown to be of high interest in the context of neuroblastoma (see 

below).
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2.5. Tumor-associated neutrophils (TANs)

A population of TANs has been identified and characterized by single-cell transcriptomics 

performed on fresh biopsies of neuroblastoma patients at diagnosis or at relapse [27] (Table 

1). These TANs highly expressed S100A8, S100A9 and FCGR3B, as well as a neutrophil 

signature and a Polymorphonuclear Neutrophil-MDSC (PMN-MDSC) signature. Myeloid-

Derived Suppressive cells (MDSCs) constitute a heterogeneous population of myeloid cells 

that are pathologically activated and have immunosuppressive properties. Based on their 

phenotypes, two major subsets have been described, being either granulocytic-MDSCs (G-

MDSC, also called PMN-MDSCs) or monocytic-MDSCs (M-MDSCs) [34]. PMN-MDSCs 

and TANs refer to the same population. In their recent publication, Wienke et al. also 

reported a cluster of undifferentiated monocytes highly expressing the S100A8 and S100A9 

transcripts, likely corresponding to this MDSCs/TANs population in their cohort of pre- and 

post-treatment tumors [29]. Of note, neutrophils detected by immunohistochemistry using 

neutrophil elastase (NE) as marker in the Verhoeven cohort were absent in the scRNA-seq 

data presented in the same study, likely due to the sample preparation protocol [26].

Interestingly the MYCN-driven mouse neuroblastoma model was shown to exhibit a 

low content in T cells, several phenotypes of macrophages and a population of MDSCs 

[27]. These cells exhibited immunosuppressive properties, impairing the proliferation of T 

lymphocytes in a functional ex vivo assay. Interestingly, the comparison of cell populations 

between the mouse model and human tumors revealed striking commonalities between 

the transcriptomic profiles, in particular for the MDSCs/TANs population, suggesting that 

such cells may also be involved in immunosuppression of the TME of patients [27]. 

Immunofluorescence experiments confirmed the presence of MDSCs/TANs expressing 

S100A8 but not HLA-DRB1 in a subset of patients.

2.6. Non-immune cells of the TME

Regarding non-immune cells, several insights have been obtained recently on stromal 

cells in the neuroblastoma TME. Cancer-associated fibroblasts (CAFs) heterogeneity with 

CAF-S1, previously associated with immunosuppressive function and CAF-S4, associated 

with pro-metastatic function subsets [35,36] was reported in human neuroblastoma and 

upregulated genes were identified in each cluster. Interestingly, CAFs-S1 express several 

cytokines, including CXCL12, CSF1 and CCL2 [27]. CAFs are related to mesenchymal 

stromal cells (MSCs) from which they derive and with which they share phenotypic and 

functional characteristics. MSCs have been isolated from neuroblastoma tumor biopsies and 

from bone marrow of patients with neuroblastoma [37,38]. They express several markers 

seen in normal MSC, such as CD105/Endoglin, CD90/THY1, CD73/NT5E, CD29/ITGB1 

and CD146/MCAM. However, information on transcriptional signatures for CAFs-MSCs 

is presently missing. Functional analysis documented that a non-senescent type of these 

cells after short time culture are resistant to the cytolytic activity of isolated NK cells 

[38]. Interestingly, inhibitors of soluble immunosuppressive factors like prostaglandin E2 

and L-kynurenine are able to counteract these effects suggesting that the mechanisms 

of interactions between MSC and NK are cell-cell contact-independent. These data 

indicate that CAFs-MSCs contribute to the immunosuppressive environment of high-risk 

neuroblastoma.
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2.7. The TME landscape of metastasis

Although much focus is presently placed at understanding the TME landscape of primary 

- untreated and recurrent/relapse - neuroblastoma tumors, much less is known of the TME 

landscape of metastasis in neuroblastoma, especially the liver and the bone marrow which 

are rarely the subject of tissue sampling. The TME of the metastatic bone marrow however 

has begun to be elucidated. The presence of a subtype of these MSCs (CD146+/CD271−) 

was detected only in the bone marrow of patients with metastatic neuroblastoma, decreased 

during therapy and was detected again at relapse [39]. A recent report documented that 

neuroblastoma tumor cells interact mostly with CD14+ CD16+ myeloid cells in the bone 

marrow niche through the MIF/CD44/CD74/CXCR4 axis and MK/LRP/NCL axis [40].

3. Targeting the TME in neuroblastoma therapy: pre-clinical studies and 

current and future clinical strategies

Various cell populations of the neuroblastoma TME have now been suggested to 

promote resistance to chemotherapy, radiation therapy and immunotherapy through contact-

independent and contact-dependent mechanisms of cell-cell interaction. Soluble growth 

factors, cytokines, chemokines, and extracellular vesicles produced by neuroblastoma cells 

and TME cells create dynamic contact-independent interactions in the TME recruiting 

non-resident cells and activating signaling pathways in neuroblastoma cells leading toward 

therapeutic resistance. Contact-dependent interactions between molecules expressed at the 

surface of neuroblastoma cells and molecules present in immune cells in the TME modulate 

immune recognition (Fig. 1). Consequently, targeting the TME is now considered in 

combination with therapies directly targeting tumor cells to prevent the emergence of 

resistance. Whereas much of the work in this area is still at the pre-clinical level, several 

clinical trials targeting the TME in neuroblastoma have been initiated over the last 5 

years (Table 2). In this section, we summarize pre-clinical data and ongoing clinical trials 

recently (last update 2019 and later) listed as initiated or completed in clinicaltrials.gov 

that test drugs and biologicals specifically targeting mechanisms of interaction between 

neuroblastoma cells and stromal cells in the TME. We have organized the review of these 

recent studies based on specific approaches.

3.1. Approaches promoting the recruitment of immune cells with anti-tumor activity

This approach has been extensively tested with the administration of hu14.18, the chimeric 

anti-GD2 antibody, to recruit immune cells and increase antibody-dependent cell-mediated 

cytotoxicity (ADCC). A long-term follow-up study of patients who received Dinutuximab in 

combination with IL-2 and GM-CSF revealed a 56% response compared with 46.1% in the 

control group (NCT00026312) [41]. M-CSF and G-CSF have been used in Japanese patients 

post induction-consolidation with equal efficacy [42]. GM-CSF and IL-2 have also been 

used with hu14.18 in children with newly diagnosed neuroblastoma with improved end of 

induction response rate (NCT01857934, NCT02258815) [43,44]. The International Society 

for Paediatric Oncology Europe Neuroblastoma Group (SIOPEN) conducted a large analysis 

in patients with high-risk Neuroblastoma (HR-NBL1 trial) that demonstrated the important 

role of Dinutuximab-based immunotherapy. They compared the outcome of patients in the 
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pre-Dinutuximab era treated with Isotretinoin alone in maintenance with patients in the 

Dinutuximab era treated with Dinutuximab (with or without IL-2) and Isotretinoin and 

demonstrated a superior two-year EFS and OS for patients receiving immunotherapy (57% 

and 64%, respectively) compared with patients receiving Isotretinoin only (42% and 50%) 

[45]. A multivariable analysis also identified the absence of immunotherapy as a risk factor 

for relapse and progression. In pre-clinical models, the combination of hu14.18 with IL-15 

or IL-21, showed an increase anti-tumor activity in xenotransplanted mice and an increase 

in CD8+ T cells and anti-tumor macrophages (M1) and decreased regulatory T cells and 

MDSCs in the TME [46]. Recently, the combination of Dinutuximab with GM-CSF and 

chemotherapy (Irinotecan and Temozolomide) has been tested in patients with relapsed 

neuroblastoma with 50% showing an effective response [47].

3.2. Approaches preventing the suppression of anti-tumor activity through immune 
checkpoint blockade (ICB)

The use of ICB agents to circumvent immune escape in neuroblastoma has only begun to be 

investigated with some encouraging preclinical data, and several clinical trials initiated. Yet, 

therapeutic strategies to block immune checkpoint-mediated signaling alone have shown 

promising outcomes only in a subset of patients. However, combining immune checkpoint 

blockade with other therapies such as immunotherapy with Dinutuximab, chemotherapy, 

radio-immunotherapy, tumor vaccines, or cellular therapies, has shown encouraging results 

in enhancing anti-tumor immunity in the preclinical settings [48]. Shirinbak et al. have 

shown that in a murine model of minimal disease, single and dual immune checkpoint 

blockade (anti-PD-1 and/or anti-CTLA-4) promoted tumor rejection, improved survival, 

and established immune memory with long-term anti-tumor immunity against tumor re-

challenge [49]. However, in a model of an established tumor, only dual immune checkpoint 

blockade (anti-PD-1 and anti-CTLA-4) showed efficacy [48]. Interestingly, dual immune 

checkpoint therapy distinctly influenced adaptive and innate immune responses, with 

significant increase in PD-1+ T cells and inflammatory macrophages in tumor-draining 

lymph nodes. Adding chemotherapy before immunotherapy also provided significant 

survival benefit in mice with established tumors receiving anti-PD-1 or dual immune 

checkpoint blockade. Although ADCC by Dinutuximab promoted the activation of NK 

cells leading to an effective tumor cell lysis, it was associated with an induction of PD-L1 

in neuroblastoma cells and of TIGIT and PD-1 in effector cells contributing to immune 

escape. Adding anti-TIGIT or anti-PD-L1 treatments to Dinutuximab in tumor-bearing mice 

effectively inhibited tumor growth and improved survival. The combination of Dinutuximab 

with double immune checkpoint blockade resulted in an almost complete eradication of the 

tumors and the highest overall survival in mice [29,50]. Nivolumab (anti-PD-1 mAb) in 

combination with chemotherapy (Cyclophosphamide or Vinblastine) or high dose radiation 

therapy increased mouse survival and tumor infiltration with CD3+/CD8+ T cells in an 

immunocompetent mouse model and decreased tumor growth [51,52].

Another interesting approach has been the use of a combination of MYCN inhibition and 

ICB. MYCN contributes to immune escape by several mechanisms including the down 

regulation of the major histocompatibility complex. MYCN inhibition is thus associated 

with an increase in antigen recognition. Targeting MYCN in cancer cells is challenging 
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but treatment with bromodomain inhibitors that inhibit MYCN such as I-BET726 and 

JQ1 resulted in cell cycle arrest in neuroblastoma cells and induced cell immunogenicity. 

Combining vaccination with MYCN inhibition and IBC induced a robust anti-tumor 

immunity in mouse neuroblastoma tumors [53]. Accordingly, in the TH-MYCN mouse 

model, anti-PD-1 monotherapy did not affect tumor growth, but a combination therapy 

with JQ1 and IBC significantly decreased tumor growth and improved the therapeutic 

efficacy of anti-PD-1 [54]. MYCN being an inducer of HIF-1α, BET inhibition in the 

TH-MYCN model inhibited HIF-1α and the expression of downstream genes like CA9 

and vascular endothelial cell growth factor (VEGF). As a result, decreasing hypoxia by 

JQ1 was associated with improved blood vessel quality and integrity. Such a combination 

represents an interesting and potentially powerful approach targeting both tumor cells and 

TME. Although JQ1 had no major impact on infiltrating immune cells into the TME, it 

significantly increased the percentage of CD8+ PD-1+, conventional CD4+ PD-1+, and 

Treg PD-1+ cells [49]. Clinical trials combining BET inhibitors with ICB in neuroblastoma 

have not been initiated yet, but some BET inhibitors (BMS-986158 and BMS-986378) 

are presently tested for tolerability and toxicity in a phase I trial in pediatric cancers 

(NCT03936465).

Several clinical trials testing ICB in combination with chemotherapy have been initiated 

(Table 2). A limited phase II study (NCT02813135, Arm G of AcSé-ESMART, France) 

testing a combination of ICB and metronomic Cyclophosphamide in 13 pediatric patients 

with cancer including neuroblastoma, revealed that the combination was well tolerated 

but had limited activity in this pediatric setting [55]. Metronomic Cyclophosphamide did 

not affect the limited T-cell infiltration and the immunosuppressive TME found in these 

tumors. Recently, the combination of Dinutuximab with Nivolumab led to a complete 

and a very good partial remission in two patients with relapsed/refractory neuroblastoma 

[56]. Nivolumab and Dinutuximab in combination are tested in a phase I clinical study 

for patients with recurrent or refractory neuroblastoma by the University of Southampton 

(UK, NCT02914405) and Nivolumab in combination with metronomic chemotherapy is 

tested in a phase I and II clinical trial for recurrent or refractory neuroblastoma by the 

Oscar Lambert Center (France, NCT03585465) (Table 2). More recently, some clinical 

trials combining Nivolumab and Ipilimumab (anti-CTLA-4) have been tested in phase 

I/II for patients with recurrent and refractory pediatrics cancers with a good tolerance 

(NCT01445379, NCT04500548, NCT05302921, NCT02304458) [57]. Whereas treatments 

targeting PD-1 and CTLA-4 immune checkpoints have been explored in neuroblastoma 

patients with limited effects, targeting other immune checkpoints, like TIGIT or LAG-3 may 

provide better results in the future [27,29].

3.3. Approaches promoting tumor cell phagocytosis

As described above, macrophages are an important component of the neuroblastoma 

TME and several subsets have now been identified by single-cell transcriptomics [26–29]. 

Importantly, the phagocytic activity of macrophages against tumor cells is controlled by 

a balance of pro-phagocytic and anti-phagocytic surface molecules, like calreticulin (pro-

phagocytic) and CD47 “do not eat me” signal (anti-phagocytic). Anti-CD47 antibodies 

stimulate the phagocytosis of tumor cells by macrophages and anti-GD2 antibodies have 
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been recently shown to upregulate calreticulin expression and interrupts the interaction of 

GD2 with its newly identified ligand, the inhibitory immunoreceptor Siglec-7 [58]. As a 

result, a potent synergy for a combination of anti-GD2 and anti-CD47 in syngeneic and 

xenograft mouse models of neuroblastoma was recently demonstrated. These pre-clinical 

data supported the initiation of a phase I clinical trial combining Dinutuximab with 

Magrolimab, a humanized anti-CD47 monoclonal antibody, in children and young adults 

with recurrent or refractory neuroblastoma by the United States National Cancer Institute. 

The study is however presently on hold because of its toxicity (NCT04751383).

3.4. Approaches targeting macrophages and MSCs/CAFs

The contribution of M2 macrophages to a pro-tumorigenic TME in several cancers has been 

well demonstrated. Macrophages may be polarized into pro-tumorigenic M2 macrophages 

by monocyte colony stimulating factor-1 (M-CSF). Recently, M2 macrophages infiltration 

has been shown to be more abundant in relapse/refractory neuroblastoma tumors [59]. 

Blocking macrophages has thus been tested and considered in clinical trials for many years 

[60]. Therapies targeting M-CSF and CSF-1R have been explored in many cancers in 

numerous clinical trials however with mixed results. In neuroblastoma, pre-clinical studies 

in immunodeficient mice demonstrated that depletion of macrophages with anti-CSF-1R 

and anti-CSF-1 was associated with increased chemotherapeutic efficacy without requiring a 

contribution from T-lymphocytes [59,61]. However, clinical trials have not been initiated.

Approaches to block the recruitment of macrophages to tumors by targeting chemokines 

attracting myeloid cells to the TME like monocyte chemoattractant protein (MCP)-1 or 

macrophage migration inhibitory factor (MIF) have also been tested in pre-clinical models. 

Inhibition of MIF by 4-Iodo-6-phenylpyrimidine (4-IPP) in xenograft models improved drug 

response while delaying neuroblastoma tumor growth, improving survival and decreasing 

the risk of bone marrow metastasis [62]. The inhibition of CXCR4 by Plerixafor, a MIF 

receptor, has been clinically tested for tolerability and toxicity in patients (NCT01288573). 

The combination of Plerixafor with GM-CSF and chemotherapy was well tolerated and 

efficacious when used to mobilize CD34+ cells [63,64]. In another patient-derived xenograft 

(PDX) model, treatment of immunodeficient mice with anti-MCP-1 antibody combined with 

Etoposide significantly increased survival after resection of primary tumors, and limited 

macrophage recruitment into tumors [65].

Targeting CAFs and MSCs is more complex due to the heterogeneity of these populations, 

as recently shown by single-cell transcriptomics [27,28] and an absence of specific 

targetable surface markers. TRC105 (TRACON Pharmaceuticals), an anti-endoglin (CD105) 

monoclonal antibody expressed by MSCs and by ECs, when tested in xenotransplanted 

models of neuroblastoma in combination with Dinutuximab, inhibited tumor growth and 

infiltration with NK cells and prolonged mice survival [38,66]. However, no clinical trial in 

neuroblastoma could be initiated as the company terminated all clinical trials in 2019 based 

on lack of meaningful clinical efficacy in adult patients.
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3.5. Approaches normalizing the tumor vasculature

Neuroblastoma cells and in particular MYCN-amplified cells, produce VEGF which is 

transcriptionally upregulated by MYCN. Excess VEGF results in the formation of an 

abnormal tumor vasculature characterized by an increase in ECs lacking coverage with 

pericytes, increased leakiness and impaired recruitment and extravasation of native and 

adaptive immune cells [67]. Inhibition of VEGF with agents like Avastin, an anti-VEGF 

antibody or Anlotinib, a multiple kinase inhibitor targeting VEGF, PDGF and FGF 

receptors, were initially tested for their anti-angiogenic effect. However, these agents also 

renormalize the tumor vasculature promoting drug delivery to tumor tissue and egression of 

immune cells, providing the rationale for combinations of BET inhibitors and ICB agents 

discussed above. It was reported that Anlotinib facilitated tumor vessel normalization at 

least partially through CD4+ T cells, reprogrammed the immunosuppressive TME into an 

immunostimulatory TME, and inhibited tumor growth in a syngeneic TH-MYCN mouse 

model [68,69]. Phase I and II clinical trials combining anti-VEGF with chemotherapy 

(Temozolomide, Irinotecan, Cyclophosphamide) have been initiated in refractory and 

relapsed neuroblastoma (NCT04842526, NCT02308527, NCT01114555).

3.6. Approaches reprogramming the TME

Spleen tyrosine kinase (Syk) is a marker of neuroblastoma-associated macrophages 

and plays a crucial role in promoting immunosuppression in the TME by stabilizing 

HIF-1α. Indeed, blocking Syk in TH-MYCN neuroblastoma tumor-bearing mice with 

R788 (Fostamatinib) impaired tumor growth and induced a reprogramming of pro-tumor 

M2 macrophages into immunostimulatory M1 macrophages [70]. Furthermore, combining 

Fostamatinib with anti-PD-L1 mAb provided a synergistic effect leading to complete tumor 

regression and durable anti-tumor immunity in mice bearing small tumors from the murine 

9464D cell line but not larger tumors [70]. While Fostamatinib is not presently tested in 

clinical trials for neuroblastoma, it is tested in phase III and I clinical trials in autoimmune 

diseases and ovarian cancers, respectively.

3.7. Approaches targeting immune-suppressive cytokines and extracellular vesicles 
(EVs)

TME cells are an important source of immune-suppressive cytokines. TGF-β1 is one of 

the main cytokines secreted by CAFs and macrophages that stimulate the production of 

other cytokines like IL-6, IL-8 or MCP-1 by neuroblastoma cells. TGF-β directly promotes 

proliferation and resistance to chemotherapy in neuroblastoma cells and inhibits the 

cytotoxicity of NK and T cells. In vitro, the inhibition of TGF-β1 by Galunisertib, a TGFβ-

RI inhibitor, decreases the production of cytokines and restores the cytotoxicity of NK cells 

and drug sensitivity in tumor cells [71]. In TH-MYCN tumor-bearing immunocompetent 

mice and patient-derived tumor spheroids in immunodeficient mice, the combination 

of low-dose of Mitoxantrone and anti-TGF-β treatment with PD-1 blockade improved 

antitumor immunity by promoting the infiltration and the activation of DCs, IFNγ- and 

granzyme B-expressing CD8+ T cells and NK cells and overcoming the immunosuppressive 

microenvironment [72].
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In addition to cytokines, cells from the TME and neuroblastoma tumor cells produce EVs 

that contain proteins, nucleic acids, and lipids which may have an immunosuppressive 

function in tumors. In an immunocompetent in vivo model using the neuroblastoma cell 

line 9464D derived from a TH-MYCN tumor, small EVs produced by neuroblastoma 

cells were shown to create an immunosuppressive TME that contained an increased 

number of macrophages and fewer tumor-infiltrating NK cells [73]. The combination of 

anti-GD2 and Tipifarnib, a farnesyltransferase inhibitor that blocks the release of EVs by 

neuroblastoma cells, inhibited tumor growth and prevented the immunosuppressive effects 

of neuroblastoma-derived EVs.

Considering the diversity of soluble factors contributing to the interaction between 

neuroblastoma cells and the TME, it is uncertain that targeting a single factor may have 

a significant effect.

3.8. Approaches targeting pathways activated in neuroblastoma by TME cells

Through the production of cytokines and chemokines, macrophages and CAFs activate 

several signaling pathways in neuroblastoma cells promoting growth and resistance to 

apoptosis. Among these are the JAK2/STAT3 or TAK1/NF-κB pathways activated by IL-6 

or TGF-β1, respectively. Neuroblastoma cells do not endogenously express IL-6 but it 

is upregulated by macrophages and CAFs [71]. Other signaling pathways often activated 

by cytokines and tumor growth factors are PI3K/mTOR and RAF/MEK, that induce 

proliferation and apoptosis resistance. These represent more promising avenues targeting 

both the tumor cells and an effect of the TME. Phase I clinical trials targeting PI3K/BRD4 

with SF1126 or more recently RAF/MEK with Avutometinib in neuroblastoma patients have 

been conducted (NCT02337309, NCT06104488) [74].

3.9. Approaches targeting cells with chimeric antigen receptor (CAR)-T cells

The use of CAR-T cells in neuroblastoma has been the subject of only recent studies in 
vitro and clinical trials [75]. Early studies used GD2 as a tumor specific target. The safety 

and efficacy of GD2-CAR-T cells in ten patients with progressive disease completed at 

the Zhujiang Hospital in Guangzhou, China (NCT02765243) indicated that six patients had 

stable disease six months and four at one year (and being alive with stable disease after 

four years). Toxicities (cytokine release syndrome and neuropathic pain) were manageable 

[76]. However, in a recent phase I study, among twelve patients with neuroblastoma who 

were treated with GD2 autologous CAR-T cells, none had the predetermined objective 

clinical response but three of six patients who received the highest doses demonstrated 

other positive outcomes —regression of soft tissue and bone marrow disease— and two 

had evidence of immunological activity similar to that seen in CAR-T therapy-treated 

lymphomas and leukemias [77]. More recently, Del Bufalo et al. reported encouraging 

results of a clinical trial in 27 children with refractory or relapsed high-risk neuroblastoma 

with GD2 CAR-T cells engineered with a caspase-9 suicide gene [78]. Seventeen children 

(63%) had a response with nine achieving a complete response and eight a partial response. 

Among those who received the recommended dose, the 3-year OS and EFS were 60% 

and 38%, respectively. Straathof et al. also recently reported the results of a clinical study 

in twelve children with relapsed/refractory neuroblastoma treated with escalating doses 
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of second-generation GD2-directed CAR-T cells and increasing intensity of preparative 

lymphodepletion. Overall, no patients had objective clinical response at +28 days after 

CAR-T cell infusion but of the six patients receiving ≥108/meter2 CAR-T cells after 

Fludarabine/Cyclophosphamide conditioning, three demonstrated regression of soft tissue 

and bone marrow disease [77]. As mentioned above, reproducible expansion of TILs from 

neuroblastoma samples obtained from surgical resection or biopsies is now feasible and 

such expanded TILs have been successfully transduced with second-generation GD2 specific 

CAR constructs [32]. These CAR TILs exhibited a higher killing capacity against cell lines 

expressing GD2 compared to their non-transduced counterparts. These results indicate a 

specific reactivity of CAR cells against neuroblastoma and provide the first rationale for 

using adoptive cell therapy with CAR TILs as a new immunotherapy approach [32].

Because of concerns of off target effects with CAR-T cells targeting GD2, especially 

neurotoxicity, as deciphered in a mouse model of neuroblastoma using GD2-specific CAR-T 

[79], other target antigens such as B7H3, ALK antigen and dual antigen GD2 and B7H3 

with a gating mechanism have been developed and tested in pre-clinical models providing 

proof of concept for future clinical trials [80–82]. Another group has developed CAR-T 

cells expressing a pluripotent pro-inflammatory neutrophil-activating protein (NAP) from 

Helicobacter pylori, to induce the formation of an immunologically “hot” microenvironment 

supporting DCs maturation and infiltration by cytotoxic CD8+ T cells [83]. Glypican-2/

GPC2 is another surface molecule expressed by neuroblastoma cells considered as a target 

for engineered CAR-T cells [84,85]. A better understanding of the TME in neuroblastoma 

will allow to develop approaches to circumvent mechanisms of immune escape and improve 

the efficacy of CAR-T cells.

4. Conclusions

It is now evident that the TME in neuroblastoma provides multiple mechanisms allowing 

tumor cells to escape the broad spectrum of therapies currently used and those under 

development. With a better understanding of the TME landscape, its heterogeneity and the 

cells involved and mechanisms of action, we will be able to design and test combination 

of optimal approaches that – for example – in addition to stimulating the infiltration of 

lymphoid cells in “cold” tumors, block the immunosuppression of the TME or suppress 

the activation of pathways leading toward resistance. Recent characterization of various 

immune cell populations by single-cell transcriptomics, and subsequent identification of 

interactions between different cell types now provide new resources for the development of 

biologically stratified immunotherapies in children with neuroblastoma. The development of 

spatial transcriptomic and proteomic methods will provide additional information to define 

the spatial distribution of tumor cells and their relation to the TME as well as specific 

signaling patterns between different cell populations. Efforts are also ongoing to integrate 

several datasets obtained at the single-cell level into a harmonized cell atlas, offering an 

increased power in the characterization of tumor and non-tumor cells and facilitating the 

comparison of distinct cohorts of tumors or distinct classes of tumors defined according 

to specific clinical or biological features. Investigating the features of the TME at sites 

of metastasis will be also crucial to understand the tumor microenvironment interactions. 

Adding information on the TME landscape to the genomic landscape at the time of 
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diagnosis or relapse, becomes essential in the design of future umbrella and biomarker-

informed clinical trials and in our efforts to continue to improve the lives of children with 

high-risk neuroblastoma.
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Fig. 1. : Diagram summarizing the therapeutic strategies used to target the TME in 
neuroblastoma described in section 3.
a. Approaches promoting the recruitment of immune cells with anti-tumor activity. b. 

Approaches preventing the suppression of anti-tumor activity through immune checkpoint 

blockade. c. Approaches promoting tumor cell phagocytosis. d. Approaches targeting 

macrophages and MSCs/CAFs. e. Approaches normalizing the tumor vasculature. f. 

Approaches reprogramming the TME. g. Approaches targeting immune-suppressive 

cytokines and extracellular vesicles (EVs). h. Approaches targeting pathways activated in 
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neuroblastoma by TME cells. i. Approaches targeting cells with chimeric antigen receptor 

(CAR)-T cells.
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