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Abstract
Targeted immunotherapy has improved the outcome of patients with high-risk neuroblastoma (NB). However, immune escape 
of tumor cells still occurs and about 40% of NB patients relapse and die from their disease. We previously showed that natural 
killer (NK) cell stimulation by Toll-like receptor (TLR)-activated plasmacytoid dendritic cells (pDC) increases the efficacy 
of dinutuximab-based immunotherapy against NB cell lines via the TRAIL death-receptor pathway. With the aim to trans-
late our findings into a novel adoptive therapy of TLR-activated pDC, we investigated the pDC/NK cell axis in NB patients 
undergoing dinutuximab-based immunotherapy. We show that pDC counts were low at the beginning of immunotherapy but 
reached normal levels over time. Blood NK cell counts were normal in all patients, although a high proportion of  CD56bright 
 CD16low/− cells was observed. The stimulation of patient’s blood cells with a TLR9 ligand led to IFN-α production by pDC, 
and TRAIL expression on NK cell surface. Patient’s NK cells expressed high levels of CD69 and TRAIL after stimulation 
with activated pDC. Both  CD56bright  CD16low/− and  CD56dim  CD16+ NK cells degranulated against autologous target cells 
in the presence of dinutuximab. Importantly, pDC-induced NK cell activation increased the dinutuximab mediated autolo-
gous killing of patient-derived NB cells. Altogether, our study demonstrates that TLR-activated pDC strongly increase the 
cytotoxic functions of NK cells in high-risk NB patients undergoing immunotherapy. These results, therefore, support pDC 
adoptive immunotherapy as a novel approach to decrease the risk of relapse in patients with high-risk NB.
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KIR  Killer immunoglobulin-like receptor
MFI  Mean fluorescence intensity
MICA/B  Major histocompatibility complex class 

I-related chain A/B
MRD  Minimal residual disease
NB  Neuroblastoma
NK  Natural killer
ODN  Oligonucleotide
PBMC  Peripheral blood mononuclear cells
pDC  Plasmacytoid dendritic cells
PVR  Poliovirus receptor
RPMI  Roswell Park Memorial Institute medium
TLR  Toll-like receptor
TLR9L  Toll-like receptor 9 ligand
TRAIL  TNF-related apoptosis-inducing ligand
ULBP  UL16-binding protein

Background

Neuroblastoma (NB) is a pediatric embryonal malignancy 
of the sympathetic nervous system occurring mostly in chil-
dren under 5 years old [1]. Despite aggressive multimodal 
treatments, patients older than 18 months with a stage IV 
metastatic NB still have a poor survival rate and about 40% 
of them relapse and die from their disease [2, 3]. The current 
therapy comprises an induction treatment with multi-agent 
chemotherapy and surgery, a consolidation with high-dose 
chemotherapy followed by bone marrow rescue with autol-
ogous hematopoietic stem cell transplantation (aHSCT), 
radiotherapy of the primary tumor and finally differentiating 
therapy with isotretinoin (cisRA) [2, 4]. The addition of anti-
GD2 (dinutuximab) immunotherapy significantly increased 
the survival of high-risk NB patients and dinutuximab-based 
immunotherapy has become a standard of care in high-risk 
NB patients, albeit with limited efficacy and considerable 
toxicity [3, 5]. To maximize the efficacy of anti-GD2 tar-
geted immunotherapy, NB patients receive a concomitant 
immune stimulation with IL-2 and GM-CSF that increases 
antibody-mediated cellular cytotoxicity (ADCC) mediated 
by NK cells and granulocytes, respectively [3, 6]. However, 
IL-2 treatment is associated with considerable toxicity 
including pain, flu-like syndrome, fever and capillary leak 
syndrome [7]. A recent randomized Phase III clinical trial 
by Ladenstein et al. further underscored that IL-2 treatment 
is associated with greater toxicity than dinutuximab alone 
and indicated that IL-2 may not be required for patients who 
had responded to induction and consolidation treatments [8]. 
Moreover, IL-2 could also induce apoptosis of NK cells due 
to over-activation and may induce T regulatory cell prolif-
eration that might dampen the NK cell cytotoxic activity [9]. 
Treatment failure and relapse after anti-GD2 immunotherapy 
have also been attributed to low or heterogeneous expression 

of the targeted antigen [10, 11], as well as genetically driven 
patient-to-patient differences in immune responses such as 
the presence of a self-KIR/HLA mismatch or the expres-
sion of FcγRIII variants [12–16]. Collectively, these results 
highlight the need for less toxic and more efficient strategies 
than IL-2 for NK cell stimulation along with dinutuximab 
therapy.

NK cells, the lymphocytes of the innate immune sys-
tem, play a major role in tumor immunosurveillance and 
immune killing of infected or transformed cells without 
prior sensitization [17]. NK cells are subdivided in  CD56dim 
 CD16+ and  CD56bright  CD16low/− populations with distinct 
phenotypic and functional features [18]. The majority of 
circulating blood NK cells are  CD56dim  CD16+, and they 
are considered as effector cells with high cytotoxic poten-
tial, while  CD56bright  CD16low/− subset represents less than 
10% of blood NK cells and deems to be mainly involved in 
cytokine production and immune regulation [19]. However, 
the cytolytic functions of  CD56bright  CD16low/− cells can be 
increased upon cytokine stimulation [19, 20]. The effec-
tor functions of NK cells are orchestrated by the balance 
between activating and inhibitory signals triggered by recep-
tors at the surface cell [21, 22]. Activating signals include 
the recognition of tumor associated stress-induced molecules 
expressed on tumor cells by NK cell activating receptors 
such as DNAM-1, NKG2D and natural killer cell receptors 
(NCR). Inhibitory signals are triggered by the interaction of 
NK cell inhibitory receptors such as killer immunoglobulin-
like receptors (KIR) with human leukocyte antigen (HLA) 
class I molecules expressed on tumor cells. When the bal-
ance between activating and inhibitory signals leans toward 
cytotoxicity, NK cells release cytotoxic granules and kill 
target cells via the perforin/granzyme lytic pathway. In addi-
tion, the expression of ligands for death receptors such as the 
Tumor necrosis factor-Related Apoptosis-Inducing Ligand 
(TRAIL) or FAS ligand on activated NK cells induces the 
apoptosis of target cells expressing the corresponding death 
receptors (TRAIL-R1, TRAIL-R2 or FAS).

Plasmacytoid dendritic cells (pDC) are type I Interferon 
(IFN)-producing cells that sense viral RNA and DNA via 
their Toll-like receptors (TLR)-7 and 9 [23]. TLR-activated 
pDC are the natural activators of NK cell lytic functions. 
We showed that they induce a unique NK cell-activated 
phenotype characterized by the high expression of TRAIL 
that could not be reproduced by cytokine stimulation alone 
[24–26]. Importantly, we revealed an additive effect of NK 
cell stimulation with pDC and anti-GD2 mediated ADCC for 
the killing of NB tumor cell lines expressing low or interme-
diate levels of GD2 [24]. Furthermore, we demonstrated that 
TRAIL-mediated apoptosis played a major role in the killing 
of NB cell lines by pDC-activated NK cells [24]. These find-
ings uncovered the therapeutic potential of activated pDC for 
the treatment of high-risk NB patients.
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Since deficient NK cell reconstitution or impaired NK 
cell lytic function during immunotherapy could impact the 
efficacy of both anti-GD2 and pDC therapies [27, 28], we 
aimed to verify the functionality of the pDC/NK cell axis in 
patients receiving anti-GD2 immunotherapy. We performed 
a longitudinal study of blood pDC and NK cell counts, and 
we evaluated their function. We found that despite the high 
proportion of  CD56bright  CD16low/− subset, patient’s NK cells 
expressed high level of TRAIL upon stimulation with acti-
vated pDC and were cytotoxic against patient-derived NB 
cells. In addition, NK cell stimulation with activated pDC 
strongly increased the efficacy of NK cell-mediated killing 
of autologous patient-derived NB cells.

Methods

Study design and patients

Five consecutive high-risk NB patients treated and fol-
lowed up at CHU Sainte-Justine were enrolled for this study 
between 2017 and 2019. One patient was excluded from the 
analysis because of early relapse and subsequent chemo-
therapy regimen. Patient characteristics are summarized in 
Table 1. Research protocol was approved by the Institutional 
Review Board (IRB) of the CHU Sainte-Justine (Montreal, 
Canada) (#2016-976), and informed written consent was 
obtained from patient’s guardians. Immunotherapy was 

initiated around day 100 after aHSCT and comprised five 
courses of dinutuximab (United Therapeutics, Silver Spring, 
MD), a therapeutic anti-GD2 antibody, in combination with 
alternating GM-CSF and IL-2 (COG protocol as described 
in [3]). A schematic diagram of the anti-GD2 immunother-
apy timeline is shown in Supplemental Fig. S1. P001 refused 
to receive IL-2 because of anticipated side effects received 
treatment with GM-CSF for all 5 courses. Patients were also 
treated with five cycles of cisRA as differentiating agent 
concomitant to immunotherapy. Patients’ blood specimens 
were sampled at twelve time points before and along the 
anti-GD2 immunotherapy (days 0, 3, 6, 27, 56, 59, 62, 87, 
90, 97, 112, 115, and 118). Blood samples from healthy vol-
unteers were obtained after informed consent in accordance 
with the Declaration of Helsinki and CHU Sainte-Justine 
IRB approval and used as controls for each experiment.

Cell line

SJ-N-TQ42 is a primary cell line established from NB bone-
marrow metastases of patient P004 at the diagnosis. Briefly, 
bone marrow mononuclear cells were isolated by gradient 
centrifugation using Ficoll-Paque Plus (GE Healthcare Bio-
Science AB, Uppsala, Sweden) and cultured in Ham’s F-12 
medium supplemented with 20% heat-inactivated FBS for 
7 days in a 5%  CO2 humidified atmosphere at 37 °C. Cells 
were then cultured in Dulbecco’s Modified Eagle Medium 
(DMEM, Wisent Bioproducts, St-Bruno, QC, Canada) sup-
plemented with 10% heat-inactivated FBS. Passages were 
performed when confluence reached 80 to 90%.

In vitro pDC expansion and differentiation 
from purified CB CD34

Human pDCs were generated from purified cord blood (CB) 
 CD34+ progenitors as previously described [29]. Briefly, CB 
units were obtained from the CHU Sainte-Justine Research 
Center cord blood bank with IRB approval. Mononuclear 
cells were isolated by gradient centrifugation using Ficoll-
Paque Plus (GE Healthcare Bio-Science AB, Uppsala, Swe-
den), and  CD34+ cells were positively selected using mag-
netic beads (Miltenyi Biotec, San Diego, CA, USA). Purified 
cells were seeded at in serum-free expansion medium 
(StemSpan™ SFEM, StemCell Technologies, Vancouver, 
BC, Canada), complemented with recombinant human stem 
cell factor SCF (10 ng/mL), thrombopoietin (TPO) (50 ng/
mL), FMS-like tyrosine kinase receptor 3 ligand (FLT3-L) 
(100 ng/mL) (all from R&D System, Minneapolis, MN, 
USA; or Miltenyi Biotec) and StemRegenin (SR1) (1 µM, 
Selleckchem, Houston, TX, USA). Every 2–3 days, culture 
medium was refreshed and after 7 days of culture, culture 
medium was replaced by StemSpan medium supplemented 
with human IL-7 (10  ng/mL, Miltenyi Biotech), TPO, 

Table 1  Characteristics of NB patients (n = 5)

Age (years)

 Median 4
 Range 3.33–15.75

Sex
 Male 3
 Female 2

Histology
 Favorable
 Unfavorable 5

INSS stage
 Stage 1
 Stage 2
 Stage 3
 Stage 4 5
 Unknown

MYCN status
 Non-amplified 3
 Amplified 2
 Unknown

Exclusion criteria
 Relapse (chemotherapy) 1
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FLT3-L, and SR1. Cultures were maintained for 14 days 
at 37 °C in a humidified incubator with 5%  CO2. In vitro 
differentiated pDC were then purified by flow cytometry 
after staining with the following antibodies: phycoeryth-
rin-indotricarbocyanine (PE/Cy7)-anti-human HLA-DR 
and allophycocyanin (APC)-anti-human CD123, BD Bio-
sciences, San Jose, CA, USA). Dead cells were excluded 
using Sytox Blue dye. Cell sorting was performed on an 
Aria cell sorter (BD Biosciences). Sorted pDC (HLA-DR+/
CD123high  Sytoxneg) were then resuspended in RPMI1640 
medium (Wisent) supplemented with 10% of heat-inacti-
vated serum and used for NK cell stimulation experiments.

NK cell isolation and stimulation

Peripheral blood mononuclear cells (PBMC) were isolated 
by density gradient centrifugation using Ficoll-Paque Plus. 
Fresh PBMC were used to isolate NK cells by negative selec-
tion using magnetic beads (EasySep® enrichment kit, Stem-
Cell Technologies) according to manufacturer instructions. 
The purity of selected cells was assessed by flow cytometry 
and was each time above 95%. Purified NK cells were then 
plated in a 96-well round-bottom plate (2 × 106 cells/mL) in 
RPMI 1640 supplemented with 10% inactivated-FBS and 
IL-2 (20 IU/mL; Novartis Pharmaceuticals Canada, Dor-
val, Quebec, Canada). Low amount of IL-2 was added in 
all culture conditions because NK cells were isolated from 
patients receiving IL-2 (course 2 or/and 4). In vitro differen-
tiated pDC were added in a pDC:NK ratio of 1:10. pDC were 
stimulated by adding a TLR9 ligand (CpG-A ODN2216, 
10 µg/mL, InvivoGen, San Diego, CA, USA). Unstimulated 
and pDC-stimulated NK cells were incubated for 20 h at 
37 °C and 5%  CO2 atmosphere.

Phenotype analysis using flow cytometry

The phenotype and absolute counts of NK cells and pDC 
were assessed on whole blood samples after red blood cell 
lysis using flow cytometry. For NK cells, we used the fol-
lowing conjugated antibodies: APC-anti-human CD56, 
fluorescein isothiocyanate (FITC)-anti-human CD3, and 
PE/Cy7-anti-human CD16 (NK population was defined as 
 CD56+/CD3−). For pDC, we used FITC-anti-human Lin-
eage (CD3/14/16/19/20/56), PE-anti-human CD11c, PE/
Cy7-anti-human HLA-DR, APC-anti-human CD123 and 
PE-anti human BDCA2 antibodies (pDC were defined as 
 Linneg/CD11cneg/HLA-DR+/CD123high or  Linneg  BDCA2+). 
Counting beads were added to each sample to allow for pDC 
and NK cell counting in whole blood samples.

NK cell activation was measured after overnight stimu-
lation of whole blood samples or purified NK cells with 
TLR9L (CpG-A ODN2216) or CB derived TLR9L-activated 
pDC, respectively. Cells were harvested, washed, and then 

stained with conjugated antibodies: APC-anti-human CD56, 
PE/Cy7- or FITC-anti-human CD3, FITC- or APC-fire 
750-anti-human CD69, and PE-anti-human TRAIL.

The phenotype of SJ-N-TQ42 cells was assessed by 
flow cytometry using the following conjugated antibodies: 
PE-anti-human GD2, APC-anti-human CD133, PE-anti-
human HLA-ABC, PE-anti-human MICA/B, PE-anti-human 
ULBP1, APC-anti-human ULBP2, PE-anti-human CD155 
(PVR), PE-anti-human CD112 (Nectin-2), APC-anti-human 
TRAIL-R1 (DR4, CD261), PE-anti-human TRAIL-R2 
(DR5, CD262), and PE-anti-human FAS.

In all experiments, dead cells were excluded using 
7-AAD staining. All acquisitions were performed on a BD 
FACS Canto™ II (BD Biosciences, San Jose, CA, USA), 
and data analysis was performed using the FlowJo software 
(Tree Star, Ashland, OR, USA). All conjugated antibodies 
were purchased from BD Biosciences or Biolegend (San 
Diego, CA, USA).

NK cell cytotoxic assay

NK cell-mediated cytotoxicity assays were performed by 
flow cytometry as previously described [24]. Briefly, target 
SJ-N-TQ42 cells were labeled with 3,3′-dihexyloxacarbo-
cyanine  iodide(18)  (DiOC18),  104 cells per well were plated 
in 96-well flat bottomed plates and incubated overnight to 
allow adherence. For ADCC experiments, anti-GD2 ch14.18 
mAb (1 μg/mL; dinutuximab, United Therapeutics, MD, 
USA) was added or not to NB target cells prior to the addi-
tion of NK cells.

Unstimulated and activated NK cells were incubated in 
triplicate with target NB cells at different effector/target 
(E:T) ratios (2:1 and 5:1). After a brief centrifugation to 
ensure contact between effectors and targets, plates were 
incubated at 37 °C for 4 h. NB cells were then trypsinized 
and collected. Dead cells were stained with propidium iodide 
(PI; Invitrogen), and viable NB cells were counted by flow 
cytometry using the BD™ High Throughput Sampler (HTS) 
Fortessa system (BD Biosciences, San Jose, CA, USA). 
Data analyses were performed using the FlowJo software 
(Tree Star), and the percentages of specific cell lysis were 
calculated using the following formula: = [(#absolute live 
cells − #experimental live cells)/(#absolute live cells)] × 100.

NK cell‑degranulation assay

Degranulation assays were performed as previously reported 
[30]. Briefly, activated NK cells and target cells were co-
cultured at a 1:1 ratio at 37 °C for 1 h. GolgiStop (6 μg/mL; 
BD Biosciences, San Jose, CA, USA) was then added, and 
cells were incubated for an additional 4 h at 37 °C. When 
necessary, NB target cells were incubated with anti-GD2 
ch14.18 mAb (1 μg/mL) before the co-culture with NK cells. 
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After staining with APC-anti-human CD56 antibody and 
PE/Cy7-anti-human CD3, surface expression of CD107a 
was assessed using a Canto II cytometer (BD Biosciences), 
and data analysis was performed using the FlowJo software 
(Tree Star).

IFN‑α quantification using enzyme‑linked 
immunosorbent assay (ELISA)

Following overnight stimulation of 1 mL of whole blood 
samples with TLR9L (CpG-A ODN2216), supernatants 
were collected and stored at − 80 °C. IFN-α quantification 
was performed by ELISA following the manufacturer’s pro-
tocol (PBL InterferonSource, Piscataway, NJ, USA).

Statistics

One-way analysis-of-variance tests were used for multiple-
group comparisons of paired data, and paired t-tests were 
used for single-data comparisons (Mann–Whitney test or 
Wilcoxon matched-pairs test GraphPad Software, San 
Diego, CA, USA).

Results

NK cell counts and phenotype at the time 
of anti‑GD2 immunotherapy

We and others described that post-transplant NK cell recon-
stitution occurs within 3–4 weeks and NK cell counts reach 
normal levels by 1 month after allogeneic transplantation in 
patients with leukemia [31]. However, NK cell reconstitution 
following autologous HSCT in NB patients is less docu-
mented, and there is no data available about NK cell counts 
during immunotherapy [28]. We therefore performed a quan-
titative and phenotypic analysis of blood NK cells before 
and along the course of anti-GD2 immunotherapy in NB 
patients from our clinic. Five patients were enrolled between 
October 2017 and March 2019. One enrolled patient was 
subsequently excluded because of early relapse and subse-
quent chemotherapy and one patient refused to receive IL-2 
because of expected side effects (Table 1). Absolute NK cell 
counts were measured on whole blood specimens sampled 
along the 5 courses of dinutuximab therapy (Supplemen-
tal Fig. S1). We observed that NK cell counts were similar 
to those measured in healthy controls (mean 78 cells/µL at 
the beginning of immunotherapy) and that they tended to 
increase during IL-2 treatment for 2 patients out of 3 that 
received IL-2 (Fig. 1a). We assessed the phenotype of NK 
cells using CD56 and CD16 staining, and we observed a 
higher proportion of  CD56brightCD16low/− NK cells in 
patients throughout immunotherapy as compared with 

healthy controls (mean 38% ± 15.1 SD versus 6.1% ± 2.6 SD 
of total NK cells, respectively) (Fig. 1b, c). Collectively, 
these results indicated that blood NK cells counts were nor-
mal in patients receiving dinutuximab immunotherapy after 
aHSCT. However, the high proportion of  CD56brightCD16 
low/− cells raised the question of their capacity to mediate 
efficient anti-GD2-dependent ADCC since they are expected 
to be mainly cytokine-producing cells and CD16 is the 
receptor for the Fc fragment of immunoglobulins and there-
fore a main controller of NK cell-mediated ADCC [18, 19].

Normal pDC counts and function 
during dinutuximab immunotherapy

We assessed the numbers and the function of blood pDC 
before and along immunotherapy courses. pDC counts were 
low before and at the beginning of immunotherapy (courses 
1 and 2) but reached normal levels during courses 3, 4, and 
5 (Fig. 2a). Whole blood cells from patients and healthy 
volunteers were stimulated overnight with a TLR9 ligand 
(ODN CpG2216) and IFN-α production was measured in 
the supernatant by ELISA. IFN-α production was induced 
by TLR9 stimulation for all patients and controls (Fig. 2b). 
We verified that pDC were the main IFN-α-producing cells 
among whole blood cells in response to TLR9 stimula-
tion. Using IFN-α intracellular staining and flow cytometry 
analysis, we observed that about 90% of IFN-α positive 
cells were pDC and that about 7% of pDC produced IFN-α 
(Supplemental Fig. S2). Finally, we measured the NK cell 
response to TLR9-stimulated pDC, using TRAIL expression 
as a marker of pDC-induced NK cell activation [24]. We 
observed a significant increase in TRAIL surface expres-
sion on NK cells upon TLR9 stimulation as compared with 
unstimulated samples in all patients (Fig. 2c). Collectively, 
these results demonstrate that the pDC/NK cell axis is pre-
sent and functional in high-risk NB patients at the time of 
dinutuximab immunotherapy.

In vitro differentiated pDC induced strong patient’s 
NK cell activation

We have demonstrated that in vitro differentiated pDC from 
CB-derived progenitors are strong inducers of NK cell 
activation and lytic functions [25]. We used these in vitro 
differentiated pDC to test whether NK cells isolated from 
high-risk NB patients undergoing anti-GD2 immunotherapy 
can be activated to the same extend as NK cells from healthy 
volunteers. We purified NK cells from patients and healthy 
controls using magnetic depletion and co-cultured them 
overnight with or without in vitro differentiated pDC and a 
TLR9 ligand (ODN CpG2216). We chose CD69 and TRAIL 
surface expressions as NK cell activation markers since we 
have previously showed that Natural Cytotoxic Receptors, 
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Fig. 1  NK cell recovery and phenotype in NB patients receiving 
dinutuximab therapy. a Blood  CD56+CD3− NK cell counts from 
healthy volunteers (CTR, n = 38), patient 1 (P001, n = 11), patient 2 
(P002, n = 8, n = 3 during IL-2 treatments), patient 4 (P004, n = 9 and 
n = 3, during IL-2 treatments), and patient 5 (P005, n = 9 and n = 3 
during IL-2 treatments). Each symbol represents a specimen at dif-
ferent time points. Horizontal bars represent the median of NK cell 
counts. A Mann–Whitney test was used to compare NK cell counts in 
the presence or absence of IL-2 treatments (*P < .05). b Phenotypic 
analysis of blood NK cells. Whole blood cells from healthy volun-
teers (CTR) and patients were analyzed by flow cytometry. NK cells 

were identified as  CD56+CD3− (left panels) and then subdivided in 
 CD56bright  CD16low/− and  CD56dim  CD16+ subsets (right panels). 
Data are representative of 46 independent experiments. c High pro-
portion of  CD56bright  CD16low/− in NB patients along the anti-GD2 
immunotherapy. Sunburst diagrams are composed of circle levels 
from centre to the surface corresponding to blood samples during 
anti-GD2 immunotherapy at day 0, 3, 6, 27, 56, 59, 62, 87, 90, 97, 
112, 115 and 118. Each circle level displays  CD56bright  CD16low/+ 
(dark blue) and  CD56dim  CD16+ (light blue) proportion at a spe-
cific time point (CTR, n = 12), (P001, n = 11), (P002, n = 11), (P004, 
n = 12), (P005, n = 12)
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DNAM-1 and NKG2D activating receptors were not upregu-
lated by NK cells following activated pDC stimulation [24]. 
The surface expression of CD69 and TRAIL was increased 
on pDC-stimulated NK cells from all patients, to the same 
extend as on NK cells from healthy volunteers (Fig. 3a, b).

Since a high proportion of patient’s NK cells were 
 CD56bright  CD16low/−, casting a doubt on their capacity to 
induce target lysis, we examined the expression of TRAIL 
on  CD56bright and  CD56dim NK cell subsets after culture 
with or without pDC (Fig. 3c). In the absence of stimula-
tion, patient  CD56bright  CD16low/− NK cells displayed higher 
levels of TRAIL when compared with  CD56dim  CD16+ NK 
subset (MFI mean 427 ± 124 vs 123 ± 25, respectively, 
n = 8) or control  CD56bright  CD16low/− NK cells (MFI mean 
427 ± 124 vs 182 ± 84, n = 8). After co-culture with activated 
pDC, TRAIL expression on  CD56bright  CD16low/− NK subset 
was strongly upregulated in patients and controls (MFI mean 
3336 ± 705 and 2114 ± 685, respectively, n = 8). TRAIL sur-
face expression also increased on  CD56dim  CD16+ NK sub-
set of both patients and controls after co-culture with acti-
vated pDC (MFI mean 123 ± 25 vs 1432 ± 800 for patients 
and 94 ± 30 vs 1091 ± 682 for controls, n = 8).

As opposed to TRAIL expression, CD69 expression did 
not increase on  CD56bright  CD16low/− NK cells from healthy 
controls in agreement with our previously published results 
[24]. However, we observed an increase in CD69 expres-
sion on  CD56bright  CD16low/− NK cells from NB patients fol-
lowing stimulation with activated pDC (Supplemental Fig. 
S3). The proportion of  CD69+  CD56bright cells was though 
variable among NB patients and sample time. We constitu-
ently observed an increased expression of CD69 on  CD56dim 
 CD16+ NK cells from NB patients and healthy controls.

These results indicate that despite the high proportion of 
 CD56bright  CD16low/− subset, patients’ NK cells upregulate 
TRAIL at high levels as much as healthy volunteers’ NK 
cells in response to TLR9-activated pDC. The high expres-
sion of TRAIL on both  CD56dim  CD16+ and  CD56bright 
 CD16low/− NK populations upon pDC-stimulation suggests 
that both NK cell subsets are cytotoxic against TRAIL recep-
tor expressing tumor cells.

Activated pDC increased NK cell lytic function 
against patient’s NB cells

We isolated primary neuroblasts from bone marrow metas-
tases of patient P004. Bone marrow mononuclear cells were 
cultured and adherent cells were passaged until the establish-
ment of a pure NB cell line named SJ-N-TQ42. The pheno-
type of these cells was determined by flow cytometry. SJ-N-
TQ42 cells expressed GD2 with a large spectrum of intensity 
at the surface (Fig. 4a). They were negative for CD133. They 
expressed low levels of NKG2D ligands (MICA/B, ULBP1 
and ULBP2), and high levels of DNAM1 ligands (PVR and 
Nectin-2), death receptors (TRAIL-R1 and -R2, FAS) and 
HLA-ABC (Supplemental Fig. S4).

The availability of SJ-N-TQ42 cells gave us the opportu-
nity to test the cytotoxic activity of P004′s NK cells against 
his own tumor. Isolated NK cells were co-cultured overnight 
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with or without TLR9-activated pDC. In vitro cytotoxic 
assays were performed against SJ-N-TQ42 in the presence 
or in the absence of anti-GD2 mAb with unstimulated or 
pDC-activated NK cells. In the absence of anti-GD2 mAb, 
SJ-N-TQ42 cells were resistant to NK cell mediated lysis 
(< 5% specific lysis at E:T ratio 2:1 or 5:1, Fig. 4b). Both 
incubation with anti-GD2 mAb and pDC-induced NK cell 

stimulation increased patient NB sensitivity to NK cell 
mediated lysis (34% and 64% specific lysis at E:T ratio 5:1, 
respectively). The association of anti-GD2 mAb and pDC-
induced NK cell stimulation further increased NK cell kill-
ing up to 69% at a E:T ratio 5:1 (Fig. 4b). These results 
indicate that pDC stimulation of NK cells overcomes the 
resistance of patient’s tumor cells to NK cell-mediated lysis. 
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Importantly, we confirm the additive effect of dinutuximab 
and NK cell stimulation with activated pDC using NK cells 
from a NB patient against his own tumor cells.

Although we showed that patients’  CD56bright 
 CD16low/− NK cells expressed high levels of TRAIL upon 
stimulation by activated pDC, concern may remain about 
their ability to kill NB target using other pathways. Since 
pDC-stimulated NK cells do not express high levels of FAS 
ligand [24], we did not explore this pathway despite the 
high expression of FAS on SJ-N-TQ42 cells. We nonethe-
less explored the cytotoxic granule release against their own 
tumor cells in the presence or in the absence of anti-GD2. 
NK cells were isolated from patient P004 and cultured with 
or without activated pDC as above. As assessed by CD107a 
surface expression on  CD56dim  CD16+ NK cells, cytotoxic 
granule release was low in the presence of target cells, and 
increased after incubation with dinutuximab, but not after 

NK cell stimulation with activated pDC (Fig. 4c). In con-
trast, cytotoxic granule release by  CD56bright  CD16low/− NK 
cells was spontaneously higher in the presence of target 
cells, and further increased both after incubation with dinu-
tuximab and after NK cell stimulation with activated pDC 
(Fig. 4c). Cytotoxic granule release was even higher when 
incubation with dinutuximab was associated with NK cell 
stimulation with activated pDC.

Discussion

The present study reveals that the pDC/NK cell axis is func-
tional after aHSCT in high-risk NB patients opening the way 
for a novel therapeutic approach to reinforce dinutuximab-
based immunotherapy. We show that blood pDC counts 
were low at the beginning of immunotherapy but reached 
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normal levels within 4–5 months. NB patients had normal 
blood NK cell counts from the beginning of the immuno-
therapy courses, although a high proportion of  CD56bright 
 CD16low/− was observed in all patients. Patient’s NK cells, 
including  CD56bright  CD16low/− cells, responded to pDC 
stimulation by CD69 and TRAIL up-regulation. Importantly, 
pDC-induced NK cell activation increased the autologous 
killing of patient-derived NB cells.

Several strategies are currently explored to enhance the 
efficacy of anti-NB consolidation immunotherapy, each of 
them having its own limitations. These strategies include the 
adoptive transfers of haplo-identical NK cells after aHSCT 
and the development of T or NK cells expressing anti-GD2 
specific chimeric antigen receptors (CAR). Recent Phase I 
clinical trials showed the feasibility and relative safety of 
haplo-identical NK cell infusions at the time of immuno-
therapy [6, 32, 33]. However, some limitations still need to 
be addressed, such as the limited amount of transferred NK 
cells and their low persistence. A dose of 5 × 106/kg was 
feasible in only 67% of the cases due to NK cell lost during 
selection and activation. Furthermore, no circulating NK 
cells could be detected 7 and 14 days after infusion in the 
majority of patients [6]. NK cell expansion prior to trans-
fer has been proposed to address the dosage limitation, but 
exhaustion and post-transfer apoptosis may limit the efficacy 
of this approach [34]. CAR-T cell therapy is being exten-
sively developed, in particular for hematological cancers. 
However, for NB patients, the low persistence of anti-GD2 
CAR-T cells due to rapid exhaustion has been shown to be 
the major limitation of this approach [35]. Indeed, the self-
aggregation of anti-GD2 CAR at the surface of transduced 
T cells and the subsequently signaling in the absence of anti-
gen induces cell exhaustion and limits their survival after 
their infusion in the patient [36]. In addition, the side effects 
of anti-GD2 CAR might be even worse than anti-GD2 mAb, 
notably for neurological pain induced by the recognition of 
GD2 on peripheral nerves. Finally, data suggest that NB 
can escape anti-GD2 therapy by downregulating GD2 cell 
surface expression [10, 11]. CAR immunotherapy there-
fore requires the identification of novel NB-specific target 
antigens that are not expressed on normal nervous tissues 
and for which corresponding CAR does not induce immune 
effectors exhaustion.

As an alternative immunotherapeutic approach, we inves-
tigated the stimulation of patients’ own immune system to 
increase the efficacy of anti-GD2 immunotherapy using the 
natural activators of NK cells, i.e., pDC. This approach takes 
advantage of the continuous production of NK cells from 
hematopoietic stem cells and, therefore, limits the risk of cell 
exhaustion usually observed with ex vivo expanded immune 
effectors. Indeed, we have shown that TLR-activated pDC 
enhance NK cell lytic functions against NK cell resistant 
tumors such as leukemia and NB cells lines [24–26]. In 

particular, we demonstrated the additive effect of pDC-
induced NK cell activation and anti-GD2 mediated ADCC 
against NB cell lines expressing low or heterogeneous levels 
of GD2 [24]. We further showed that NB killing by pDC-
stimulated NK cells involved several cytolytic pathways 
including TRAIL-mediated apoptosis, DNAM1-induced 
cytotoxic granule release, and ADCC in the presence of anti-
GD2 mAb [24]. The involvement of at least three comple-
mentary cytolytic pathways is an important asset to prevent 
the immune escape of target cells and contrasts with the 
single-target CAR-T cell approach. Indeed, our recent study 
of GD2 expression of NB patients’ specimens revealed that 
anti-GD2 immunotherapy failure is more frequent in patients 
with heterogeneous GD2 expression on NB cells [10], in 
line with our findings that NB cells expressing low levels of 
GD2 are resistant to dinutuximab induced ADCC [10, 24]. 
Using high-risk NB patient’s blood samples, we showed here 
that NK cell stimulation with activated pDC increases NK 
cell cytotoxicity against autologous NB cells, further paving 
the way to the use of this approach to enhance dinutuximab 
efficacy in patients.

In the present study, we assessed the blood cell counts 
and the function of NK cells in NB patients undergoing 
anti-GD2 immunotherapy. We show that, despite recent 
aHSCT, patients’ NK cell counts were in the same range 
than that observed in controls and that patients’ NK cells 
respond to TLR-activated pDC. Nassin et al. have reported 
a low NK cell counts at the beginning of immunotherapy in 
a series of 34 patients when compared to values in young 
children but nevertheless in the range of what is observed 
in older children and adults [28]. In that series, NK cell 
counts at the start of immunotherapy depends on the pre-
aHSCT conditioning regimen, and only two patients had 
received the current standard conditioning regimen (busul-
fan-melphalan) [3, 8]. NK cell counts were nonetheless not 
explored during the courses of immunotherapy. The authors 
observed a higher-than-normal proportion of  CD56bright 
 CD16low/− cells at the beginning of immunotherapy, remi-
niscent of what we observed in the present study and of 
what we and others observed after allogeneic HSCT [31, 
37, 38]. We further observed that this high proportion of 
 CD56bright  CD16low/− persisted along the courses of immuno-
therapy. Several hypotheses could be proposed to explain the 
higher proportion of  CD56bright  CD16low/− NK cells in NB 
patients after aHSCT. First, the high proportion of  CD56bright 
could result from a selective proliferative advantage of this 
subset over  CD56dim in NB patients. Indeed, Bari et al. 
have recently described a  CD56bright  CD16low  TRAILhigh 
 CXC3R1neg NK cell subset with high proliferative capacity 
[39]. Second, chemokine receptor expression on NK cells 
could be modulated by NB tumors resulting in the retention 
of  CD56dim  CD16+ NK cells in the bone marrow. Indeed, 
NB tumors produce high amounts of TGF-β1 that has shown 
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to decrease the expression of CX3CR1 while increasing the 
expression of CXCR3 and CXCR4 on NK cells preventing 
the release of NK cells in the blood circulation [40]. Further 
investigations are required to verify these hypotheses in NB 
patients.

When compared to those of healthy individuals, these 
 CD56bright  CD16low/− displayed a higher expression of 
TRAIL, both at baseline and after stimulation with acti-
vated pDC and higher expression of CD69 activation marker. 
When exposed to autologous NB cells, these  CD56bright 
 CD16low/− cells were degranulating at levels at least equal 
to those of  CD56dim  CD16+ cells. These results indicate 
that  CD56bright  CD16low/− NK cells exhibit potent cytotoxic 
activity against tumor cells after stimulation. Interestingly, 
similar results were observed by others upon NK cell stimu-
lation with IL-15 [20]. However, our previous published data 
have shown that TRAIL expression on both  CD56bright and 
 CD56dim NK cells was only induced upon stimulation with 
activated pDC and IFN-α to a lesser extend but not with 
IL-15 that induces TRAIL expression only on  CD56bright NK 
cell subset [24]. These results indicate that activated pDC-
based immunotherapy should be more efficient that mono-
cytokine stimulation. Taken together, the high proportion of 
 CD56bright  CD16low/− at the time of immunotherapy does not 
indicate a lack of cytotoxic potential of patients’ NK cells as 
long as they are stimulated by activated pDC.

Two main approaches could be used to stimulate patients’ 
NK cells through the pDC/NK cell axis during dinutuximab 
immunotherapy: by activating patient’s own pDC through 
the administration of TLR ligands, or by adoptive transfers 
of third-party activated pDC. No TLR9 or TLR7 ligand is 
currently available for clinical use by systemic route [41]. 
Furthermore, we show here that although pDC counts 
were normal after a few weeks of immunotherapy, they 
were low at the first immunotherapy course. This may due 
to the recent aHSCT, as we and other demonstrated that 
pDC reconstitution is delayed after allogeneic HSCT [29, 
37]. To circumvent these limitations, we have developed 
a pDC expansion procedure from cord blood progenitors 
that allows us to get sufficient amount of activated pDC for 
clinical use [25]. These in vitro differentiated pDC induce a 
strong in vitro and in vivo NK cell activation characterized 
by a high expression of TRAIL on NK cells. We have shown 
that adoptive transfers of such activated pDC were able to 
cure mice from acute lymphoblastic leukemia [25, 26]. As 
opposed to other DC-based immunotherapies, our data dem-
onstrate that third-party in vitro differentiated activated pDC 
does not induce T cell activation and proliferation, and are 
not killed by allogeneic T cells or NK cells (manuscript in 
preparation). We show here that NK cells from NB patients 
are responsive to these activated pDC and exhibit enhanced 
killing activity against patient’s NB cells in vitro. These 
results encourage us to propose the combination of adoptive 

transfers of activated pDC with dinutuximab immunother-
apy for patients with high-risk NB. Future experiments will 
allow us to determine whether pDC-induced NK cell stimu-
lation could replace IL-2 administration and allow for the 
reduction of dinutuximab dosage to minimize its toxic side 
effects, including pain, fever and allergic reactions.

Conclusion

Our data pave the way to harness the pDC/NK axis in order 
to increase the efficacy of dinutuximab-based immunother-
apy in high-risk NB patients. As these patients experience 
considerable side effects, due to the concomitant use of 
IL-2 to activate NK cells and the off-target toxicity of dinu-
tuximab, there is also a need for reducing toxicity. Further 
studies will delineate the role of this novel approach in the 
treatment of high-risk NB patients.
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