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ABSTRACT
Background  Neuroblastoma (NB) is the most common, 
extracranial childhood solid tumor arising from neural 
crest progenitor cells and is a primary cause of 
death in pediatric patients. In solid tumors, stromal 
elements recruited or generated by the cancer cells 
favor the development of an immune-suppressive 
microenvironment. Herein, we investigated in NB cell lines 
and in NB biopsies, the presence of cancer cells with 
mesenchymal phenotype and determined the immune-
suppressive properties of these tumor cells on natural 
killer (NK) cells.
Methods  We assessed the mesenchymal stromal cell 
(MSC)-like phenotype and function of five human NB 
cell lines and the presence of this particular subset 
of neuroblasts in NB biopsies using flow-cytometry, 
immunohistochemistry, RT-qPCR, cytotoxicity assays, 
western blot and silencing strategy. We corroborated our 
data consulting a public gene-expression dataset.
Results  Two NB cell lines, SK-N-AS and SK-N-BE(2)C, 
exhibited an unprecedented MSC phenotype (CD105+/
CD90+/CD73+/CD29+/CD146+/GD2+/TAZ+). In these 
NB-MSCs, the ectoenzyme CD73 and the oncogenic/
immune-regulatory transcriptional coactivator TAZ were 
peculiar markers. Their MSC-like nature was confirmed by 
their adipogenic and osteogenic differentiation potential. 
Immunohistochemical analysis confirmed the presence of 
neuroblasts with MSC phenotype (CD105+/CD73+/TAZ+). 
Moreover, a public gene-expression dataset revealed that, 
in stage IV NB, a higher expression of TAZ and CD105 
strongly correlated with a poorer outcome.
Among the NB-cell lines analyzed, only NB-MSCs 
exhibited multifactorial resistance to NK-mediated lysis, 
inhibition of activating NK receptors, signal adaptors and 
of NK-cell cytotoxicity through cell-cell contact mediated 
mechanisms. The latter property was controlled partially 
by TAZ, since its silencing in NB cells efficiently rescued 
NK-cell cytotoxic activity, while its overexpression induced 
opposite effects in non-NB-MSC cells.
Conclusions  We identified a novel NB immunoregulatory 
subset that: (i) displayed phenotypic and functional 

properties of MSC, (ii) mediated multifactorial resistance 
to NK-cell-induced killing and (iii) efficiently inhibited, in 
coculture, the cytotoxic activity of NK cells against target 
cells through a TAZ-dependent mechanism. These findings 
indicate that targeting novel cellular and molecular 
components may disrupt the immunomodulatory milieu 
of the NB microenvironment ameliorating the response 
to conventional treatments as well as to advanced 
immunotherapeutic approaches, including adoptive 
transfer of NK cells and chimeric antigen receptor T or NK 
cells.

BACKGROUND
Neuroblastoma (NB) is a pediatric tumor 
of the peripheral adrenergic lineage, which 
originates from neural crest. It is the most 
common malignancy diagnosed in infants1 
and the most frequent extracranial solid 
tumor in children, accounting for about 
15% of pediatric tumor deaths.2 Factors 
influencing patient’s outcome include age 
at presentation, histology, MYCN status and 
tumor stage at diagnosis.3 Patients with NB 
present with metastatic disease in approxi-
mately a half of cases.4

Treatment of patients with relapsed stage IV 
NB remains a major challenge, with less than 
10% of children surviving disease free at 5 
years after recurrence.5 However, novel ther-
apies targeting biologically relevant pathways 
and recent immunotherapeutic approaches 
may provide new opportunities for improving 
the currently dismal patient outcome.6 7

Natural killer (NK) cells are a key compo-
nent of the innate immune system. They lyse 
cancer cells, control metastases and repre-
sent a promising weapon against aggres-
sive tumors such as NB.8 However, human 
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NB cells display multiple immune evasion mechanisms 
capable of impairing antitumor responses of both innate 
and adaptive immune cells, such as generation of an 
inhibitory tumor microenvironment (TME) and further 
recruitment of immunosuppressive cells.8 9 In this regard, 
cancer-associated fibroblasts (CAF) and tumor-associated 
mesenchymal stromal cells (MSC) frequently generate an 
immunosuppressive microenvironment that impairs anti-
tumor immunity.10 11

In NB, it has recently been shown that TME is infiltrated 
by stromal cells termed CAF-MSC that display powerful 
protumorigenic properties and inhibitory potential 
on T lymphocytes.12 13 Interestingly, in this context, the 
human nephroblastoma stromal component derived 
from tumor tissue display genetic alterations identical 
to those present in tumor cells.14 However, NB cells with 
immune-regulatory properties have not been investigated 
yet. Recently, NB has been described to be composed of 
two different tumor cell types with divergent gene expres-
sion profiles: committed adrenergic cells and CD133+ 
undifferentiated, “primitive” MSC, which are enriched 
in relapses and are more resistant to chemotherapeutic 
agents in vitro.15

Interestingly, primitive mesenchymal NB cells differen-
tially express the transcriptional coactivator WW domain-
containing transcription regulator-1 (WWTR1 also known 
as TAZ), which controls differentiation of MSC.15 16 TAZ 
and its paralog YAP are important effectors of Hippo 
signaling pathway, which has pro-tumorigenic and 
immune-regulatory effects in multiple tumors.17–20 They 
have been reported to be also implicated in NB invasive-
ness and dissemination.16 21 Moreover, Cordenonsi et al 
recently demonstrated that the activity of TAZ is required 
to sustain self-renewal and tumor-initiation capacities of 
breast cancer stem cells.22

Here, we show that out of five NB cell lines, two of them, 
SK-N-AS and SK-N-BE(2)C, display: (1) phenotypic and 
functional properties typical of MSC; (2) multifactorial 
resistance to NK-cell-mediated killing and (3) inhibitory 
activity on NK-cell cytotoxicity, an effect requiring cell-
cell contact in coculture. In these tumors, TAZ silencing 
could re-establish, on coculture with NB-MSCs, the cyto-
toxic activity of NK cells against the NK-sensitive K-562 
target cells, whereas its transient overexpression induced 
opposite effects in non-NB-MSC cells.

These data provide the first identification of a new 
NB-cell subset displaying immunosuppressive properties 
and a novel promising target for innovative NB treatment.

MATERIAL AND METHODS
Cell lines
SK-N-AS, SK-N-BE(2)C, SH-SY5Y, IMR-32 and HTLA-230 
human NB-cell lines and human erythroleukemia cell line 
K-562 were purchased from the American Type Culture 
Collection (ATCC, Manassas, Virginia, USA). HTLA-230, 
IMR-32 and SK-N-AS were grown in Dulbecco’s Modified 
Eagle Medium high glucose (Euroclone, Milan, Italy). 

SK-N-BE(2)C, SH-SY5Y and K-562 were grown in Roswell 
Park Memorial Institute (RPMI) -1640 medium (Euro-
clone). Cell culture media were supplemented with 2 
mM L-glutamine (Euroclone), 1% penicillin and strep-
tomycin (Euroclone) and 10% fetal bovine serum (FBS; 
Thermo-Fisher Scientific, Waltham, USA). Primary bone 
marrow-derived mesenchymal stromal cells (BM-MSC) 
were isolated and cultured as previously described.23 Cell 
lines were certified for their identity by PCR-single-locus-
technology (Eurofins-Genomics, Ebersberg, Germany). 
Cultures were periodically tested to confirm the absence 
of Mycoplasma by Mycoplasma Detection Kit (Venor-GeM 
Advance, Berlin, Germany). The different NB cell lines 
were employed within a limited number of passages after 
their acquisition from ATCC: SHSY5Y (4–20), IMR32 
(8–18), SKNAS (7–28), SKNBE2c (3–14) HTLA (4–12). 
During their period of utilization, the different NB cell 
lines maintained a stable phenotype. Their genetic status 
concerning MYCN, 1p36 and p53 amplification/muta-
tion is summarized in online supplemental table 1.

Purification of NK cells
Fresh NK cells were isolated from peripheral blood 
mononuclear cells (PBMC) obtained from buffy coats as 
previously described.24 To obtain polyclonal activated NK 
(aNK) cells, freshly isolated NK cells were cultured on 30 
Gy irradiated allogeneic PBMC feeder cells in the pres-
ence of 600 U/mL recombinant human IL-2 (Proleukin; 
Novartis-Farma, Origgio, Italy) and 1.5 ng/mL phyto-
hemagglutinin (Merck-Millipore, Burlington, USA) for 
the first week, as previously described.24 aNKs were used 
to perform experiments during the exponential growth 
phase.

Human samples
Buffy coats were collected from volunteer blood donors 
admitted to the blood transfusion service of OPBG after 
obtaining informed consent. The Ethical Committee of 
OPBG approved the study (825/2014) that was conducted 
in accordance with the ethical principles stated in the 
Declaration of Helsinki.

Flow-cytometry
For detection of surface markers, NB or NK cells were 
stained with the fluorochrome-conjugated monoclonal 
antibodies (mAbs) listed in online supplemental table 2 
for 20 min at 4°C. For detection of intracellular markers, 
NK cells were treated with the BD-Cytofix/cytoperm kit 
(BD-Biosciences, San Jose, USA) according to manufac-
turer’s protocols and stained with indicated mAbs.

Cells were acquired with the Beckman-Coulter Cyto-
flex-S flow-cytometer (Beckman-Coulter, Brea, USA). 
A minimum of 5000 events for each condition were 
acquired. The acquired data were analyzed with CytEx-
pert-2.3 (Beckman-Coulter) and FlowJo V.10 software 
(BD-Biosciences).

Data were shown as mean fluorescence intensity ratio 
(MFI Ratio-mAb/unstained). Otherwise, the data were 
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shown as Fold Change MFI, which represents the ratio 
between the sample stained with the selected mAb and 
the control stained with the selected mAb.

Western blot (WB)
Total protein extracts were fractionated by SDS-PAGE gel 
electrophoresis (4%–12% Bis-Tris Polyacrylamide) and 
transferred to a nitrocellulose blotting membrane 0.45 
µm. For TAZ detection, the protein extract was incubated 
with mAbs indicated in online supplemental table 2 and 
diluted as indicated following the manufacturer’s instruc-
tions. Signals were developed with SuperSignal West Dura 
Extended Duration Substrate (Thermo-Fisher Scientific) 
according to manufacturer’s instruction and detected 
with the Uvitec-Mini-HD9 technology (Uvitec, Dubai, 
UAE). Densitometry was performed using the ImageJ-
1.51 software (National Institutes of Health).

Differentiation assays
For adipogenic and osteogenic differentiation, NB cell 
lines were plated and cultured in 6-well plates until 80% of 
confluence. Differentiation medium for adipogenesis was 
RPMI-1640 Medium supplemented with 10% FBS, 0.5 µM 
dexamethasone, 50 mg/mL L-ascorbic acid, 5 mM β-glyc-
erol phosphate, 0.5 mM 3-Isobutyl-1-methylxanthine 
(Sigma-Aldrich, St. Louis, USA), 50 µM indomethacin 
(MP-Biomedicals, Huissen, Netherlands). Medium was 
changed two times a week and differentiation was eval-
uated after 21 days. The adipogenic cultures were fixed 
in 10% formalin (Sigma-Aldrich) for 1 hour and stained 
with fresh Oil Red O solution for 2 hours. The Oil Red O 
solution was prepared by mixing three parts stock solu-
tion (0.5% in isopropanol; Sigma-Aldrich) with two parts 
water. Plates were washed with Dulbecco’s Phosphate 
Buffered Saline (DPBS) and dried before analysis. Adipo-
genic differentiation was confirmed by the appearance of 
fat droplets. Osteogenic differentiation medium consisted 
of RPMI supplemented with 10% FBS, 50 ng/mL L-thy-
roxine, 20 mM β-glycerol phosphate, 100 nM dexameth-
asone and 50 µM L-ascorbic acid (Sigma-Aldrich). The 
osteogenic cultures were fixed in 10% formalin for 1 
hour and calcium deposits were revealed by 10% Alizarin 
Red S staining (Sigma-Aldrich).

Immunohistochemistry (IHC) studies
A 2.5 µm of overflow paraffin-embedded NB tissues from 
OPBG’s patients and NB tissue microarray with duplicate 
cores per case (NB642A, Biomax Planegg, Germany) 
were deparaffinized and the antigenic epitopes were 
unmasked by PT link (DAKO, Bazzano, Italy). Endoge-
nous peroxidase activity was blocked by incubating in 
3% H2O2 solution in methanol. Non-specific sites were 
blocked with 5% Bovine Serum Albumin (BSA) and 1% 
goat serum in DPBS. Slides were incubated with mAbs 
indicated in online supplemental table 2 in a humidified 
chamber at room temperature overnight. For detection, 
Dako EnVision FLEX Mini Kit (Dako) was used followed 
by counterstaining with Gill’s Hematoxylin. IHC slides 

were subsequently scanned by NanoZoomer S60-Digital 
slide scanner (Hamamatsu-Photonics, Hamamatsu, 
Japan). The images were processed by NDP.view2 soft-
ware (Hamamatsu-Photonics) for the identification of 
the same tumor area.

OPBG’s patient data are summarized in online supple-
mental table 3.

Cytotoxicity assays
NK cells were tested for cytolytic activity in a flow-
cytometric assay for NK-cell killing. NB or K-562 cells 
were used as targets for NK cell functional assays and 
different Effector:Target (E:T) ratios were tested. Briefly, 
NB or K-562 cells were stained with 5 µM Cell Tracker 
Green (CMFDA; Thermo-Fisher Scientific) and plated 
at 5000 cells/V-bottom 96-microwell plates. Target cells 
were incubated with NK cells at 37°C at different E:T 
ratios. After 4 hours of incubation, propidium iodide 
(PI, Sigma-Aldrich) was added. Cells were acquired with 
the Beckman-Coulter Cytoflex-S flow cytometer and live 
target cells were identified as CMFDA+ PI−, whereas dead 
target cells were CMFDA+ PI+. Percentage (%) of cell lysis 
was calculated as follows:

	﻿‍ % cell lysis = (% of dead cells cultured with NK)−(% of spontaneous lysis)
100−(% of spontaneous lysis) × 100‍�

Coculture of NK and target cells
For coculture experiments freshly isolated NK cells were 
cultured (3×105 cells/well) with 600 U/mL of IL-2 either 
alone or in the presence of NB cell lines (105 cells/well) 
in 24-wells plates in a 3:1 ratio. For transwell culture 
conditions, we used insert for 24-well plate with Polyester 
(PET) membrane bottom and pore size 0.4 µm (Sarstedt, 
Nümbrecht, Germany). Freshly isolated NK cells were 
seeded in the upper insert (3×105 cells/well) and both 
NB (105 cells/well) and NK cells were seeded in the lower 
chamber (3×105 cells/well) using a 3:1 ratio.

In the experiments with indoleamine 2,3-dioxygenase 
(IDO) and Prostaglandin E2 (PGE2) synthesis inhibi-
tors, in addition to 600 U/mL of IL-2 for 4 days, as previ-
ously described,25 we used: 1 mM of 1-methyl-tryptophan 
(Sigma-Aldrich, an IDO inhibitor capable to block 
kynurenine production) and 5 µM NS-398 (Sigma-
Aldrich, an inhibitor of PGE2 synthesis). NK cells were 
collected and used as effectors in the cytotoxicity assays. 
K-562 cell line was used as control target for NK cell func-
tional assays.

Masking experiments
NK cells were tested for cytolytic activity against target cell 
lines in a 4 hours 51Cr-release assay. Briefly, target cells 
were marked with 15 µCi and plated at 5×103 cells/well in 
96-well V-bottom microplates. Then, NK cells were added 
at indicated E:T ratios in the presence of 5 µg/mL of 
purified anti-B7-H3 (M5B14) IgM blocking antibody in 
media.26 Fifty microliters of hybridoma supernatant anti–
HLA class I (A6.136) IgM was used for masking HLA class 
I.27 IgM mAb (R&D Systems, Minneapolis, USA) was used 
as control.
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For antibody-dependent cellular cytotoxicity (ADCC) 
assay, we employed the anti-CD105 IgG TRC105 (Caro-
tuximab, Tracon-Pharmaceuticals, San Diego, USA) 
and the anti-GD2 IgG dinutuximab beta (Eusa Pharma, 
Amsterdam, Netherlands). NK cells were tested for cyto-
lytic activity against the NB cell lines in a 4 hours 51Cr-re-
lease assay in the presence of 10 µg/mL of purified 
anti-CD105 mAb, 100 µg/mL of purified anti-GD2 mAb 
as previously reported28 or IgG mAb (R&D Systems). For 
ADCC with anti-CD105, BM-MSC was used as positive 
control.

At the end of 4 hours, the supernatant was collected 
and the radioactivity measured by a gamma counter 
(Microbeta2, PerkinElmer).

Data were expressed as: ‍% of cell lysis =
[

x−min
max−min

]
× 100‍.

Min represent minimum of recorded hits measured as 
target basal dead without NK. Max represents maximum 
of recorded hits, and it was measured as target maximum 
51Cr released after total lysis with Triton X-100.

Small interfering RNAs and cell transfections
NB cell lines SK-N-AS and SH-SY5Y were transfected with 
Lipofectamine-3000 reagent (Thermo-Fisher Scientific). 
60%–70% confluent cells were detached with Trypsin-
EDTA, resuspended in complete growth medium with 30 
pmol/well of siRNA or 0.5 µg/well of plasmid DNA in 
Lipofectamine mix solution prepared following manufac-
turer’s instructions. 2×105 cells were reseeded in 24-wells 
and transfection efficiency was evaluated at different 
times, as indicated. Gene silencing of TAZ and CD73 was 
performed with Silencer-Select predesigned siRNAs. The 
following siRNA oligonucleotides were used: siRNA1-TAZ 
(siWWTR1-s24788), siRNA2-TAZ (siWWTR1-s24789), 
siRNA1-CD73 (siNT5E-s9735), siRNA2-CD73 
(siNT5E-s9736) and siRNA-Ctrl used as negative control 
(Life Technologies). TAZ overexpression was performed 
with pLL3.7-EGFPC2 TAZ mammalian expression vector. 
Cells transfected without DNA or with plasmid vector 
encoding GFP only were used as mock control, as indi-
cated. pLL3.7-EGFPC2 TAZ was a gift from Yutaka Hata 
(Addgene plasmid # 66850).29

Quantitative real time quantitative-PCR (RT-qPCR) analysis
Total RNA extraction from NB cells was performed with 
miRNeasy mini kit with on-column DNase-I treatment 
following manufacturer’s protocol (Qiagen, Hilden, 
Germany). 500 ng of total RNA was reversely transcribed 
with random primers by using Super Script IV first-strand 
synthesis system following manufacturer’s instructions 
(Thermo-Fisher Scientific). RT-qPCRs were carried 
out in triplicates with PowerUp Sybr-Green reagent 
(Applied-Biosystems, Foster City, USA). Glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) was used as endog-
enous controls. RT-qPCRs were run on a QuantStudio-6 
Flex instrument (Applied-Biosystems). Expression values 
were obtained by ΔΔCt method using QuantStudio Real-
TimePCR-system software v.1.3.

Online supplemental table 4 indicates primers used in 
the study.

Statistical analysis
Data were expressed as mean±SD or ±SE, as indicated. 
Statistical significance was calculated using the Student’s 
two-tailed T-test with Bonferroni correction for multiple 
comparisons, as indicated. P<0.05 were considered statis-
tically significant. Data were graphed using GraphPad 
Prism 6 software (GraphPad Software). The overall 
survival (OS) and event-free survival (EFS) probabil-
ities were calculated using the Kaplan-Meier survival 
curves with a log-rank test with Bonferroni correction to 

Figure 1  Evaluation of the mesenchymal phenotype in NB 
cell lines. (A) Flow-cytometry analysis of the indicated MSCs 
and NB surface markers in NB cell lines. Gray histograms 
represent unstained controls, and white histograms represent 
stained samples. A representative experiment is shown 
of n=5 experiments performed. (B) WB of TAZ expression 
in different NB cell lines. GAPDH was used as loading 
control. Histograms represent the relative quantification 
of TAZ protein expression normalized for GAPDH. Data 
are expressed as mean±SD (n=3) (upper panel). A 
representative WB experiment is shown (lower panel). (C) 
Optical microscope photographs showing osteogenic and 
adipogenic differentiation capacity of putative NB-MSCs 
cell lines. Controls are represented by the NB lines cultured 
in their own medium. The differentiation into adipocytes is 
revealed by the formation of lipid droplets stained with Oil 
Red O. The differentiation into osteoblasts is documented by 
the detection of calcium depositions positive for Alizarin Red 
S. Original magnification 4×. The photos are representative of 
n=3 independent experiments. MSC, mesenchymal stromal 
cell; NB, neuroblastoma; WB, Western blot.
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measure differences between stages using tools present in 
R2 dataset (http://​r2.​amc.​nl). The samples were divided 
in high versus low antigen expression using the last quar-
tile of their distribution as cut-off.

RESULTS
SK-N-AS and SK-N-BE(2)C cell lines exhibit a MSC phenotype
To evaluate the MSC phenotype of different NB cells, we 
analyzed five commercially available human cell lines (SK-
N-AS, SK-N-BE(2)C, SH-SY5Y, IMR-32 and HTLA-230) 
by flow-cytometry for the expression of the NB surface 
markers B7-H3 and GD2, the MSC markers CD105, CD73, 
CD90, CD29, CD146 and the stem cell marker CD133 
(figure 1A) and for the intracellular MSC marker TAZ by 
WB (figure 1B).

We observed that all cells of the five cell lines analyzed 
expressed B7-H3 and GD2, thus confirming that they are 
homogeneously composed of NB tumor cells (figure 1A). 
In addition, we found that all expressed CD90, CD29 
and CD146, although at different levels. Based on the 
expression of CD105, CD73 and TAZ, we could iden-
tify three types: SK-N-AS and SK-N-BE(2)C with a well-
defined MSC phenotype (NB-MSC, CD105+/CD73+/
TAZ+), SH-SY5Y which lacked the expression of some 
MSC markers (CD105+/CD73-/TAZdull), and IMR-32 and 

HTLA-230 with no MSC markers (CD105-/CD73-/TAZ-) 
(figure 1A,B). Of note, only HTLA-230 cell line expressed 
the stem cell marker CD133 (figure 1A).

The phenotypic similarity of SK-N-AS and SK-N-BE (2)C 
with MSCs raised the question of whether MSC-like NB cells 
could display the differentiation potential typical of MSCs. 
To address this question, we performed in vitro differenti-
ation experiments. After 5 weeks of culture in adipogenic 
medium, induction of adipocyte differentiation was assessed 
using Oil Red O staining. In comparison with untreated 
control cultures (figure 1C, left panels), SK-N-AS and SK-N-
BE(2)C, but not SH-SY5Y, showed strong Oil Red O staining 
(figure  1C, middle panels). Osteogenic differentiation was 
analyzed by Alizarin Red S uptake, according to an osteo-
genic stimulation protocol. All three cell lines formed miner-
alized nodules (figure 1C, right panels). In contrast, neither 
IMR-32 nor HTLA-230 exhibited differentiation potential 
(data not shown).

Based on these data, we conclude that both SK-N-AS and 
SK-N-BE(2)C may be classified as NB-MSC.

NB-MSC are present in primary NB samples and inversely 
correlate with the clinical outcome
In order to analyze whether MSCs are present in primary NB 
tissues, we performed IHC using primary overflow sections 
from four patients using commercially available NB tissue 
microarrays. Analysis of the expression of CD105, CD73 and 
TAZ revealed a different marker intensity and distribution 
depending on the tumor stage. CD73 was expressed in all 
stages with the higher intensity in samples of patients with 
stage IV disease. In stage IV patient samples, also coexpres-
sion of CD105 and TAZ was detected (figure 2). CD105 was 
predominantly expressed samples of patients with stage IV 
NB, while the levels of TAZ increased (both in terms of posi-
tive cells and intensity) from stage I to IV.

To confirm these results, we performed a gene-expression 
analysis querying the R2 platform, a public gene-expression 
dataset, to assess the expression of CD105, CD73 and TAZ.

We found a significant correlation between the expression 
of CD105 and CD73 or TAZ (p<0.001) while there was only 
a trend between the expression of CD73 and TAZ (p=0.064) 
(figure 3A–C). We then used the same dataset to evaluate 
the impact of the expression of these markers on patient’s 
OS and EFS. In the stage IV, non-MYCN-amplified group, 
a higher expression of TAZ (OS and EFS: p<0.001) and 
CD105 (EFS: p=0.021) was associated with poorer outcome 
(figure 3D–G). In addition, in the stage IV MYCN-amplified 
group, a higher expression of CD73 was associated with a 
poorer clinical outcome (OS: p<0.001; EFS: p=0.025) (online 
supplemental figure 1).

NB-MSC cell lines are resistant to NK cell-mediated lysis
Having confirmed the presence of NB-MSC subset also in 
tumor samples, we investigated whether these cells had 
any effect on antitumor responses mediated by NK cells.

We first analyzed the cytolytic activity of aNK cells 
against all five NB cell lines in 4 hours coculture assays. 
As shown in figure 4A, NB-MSC cell lines were resistant 

Figure 2  Expression of CD105, CD73 and TAZ in human NB 
tissue sections by IHC. Representative images of sections 
of 6 NB tumors from OPBG’s donors and 27 cases of NB 
tissue microarrays (n=33) stained for CD105, CD73 and TAZ. 
20× magnification was used for each image. Dashed yellow 
lines indicate the same areas in the different tumor sections 
analyzed. Vascular structures and rare stromal elements 
stained positive for CD105 and CD73 markers in all samples. 
IHC, immunohistochemistry; NB, neuroblastoma.
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to lysis, while IMR-32 and SH-SY5Y cells were efficiently 
killed. HTLA-230 displayed an intermediate susceptibility.

We then analyzed NB cells for the expression of surface 
ligands for activating NK receptors, with particular focus 
on the expression of ligands of NKp30 (B7-H6), DNAM-1 
(PVR and Nectin-2) and NKG2D (ULBP-2/5/6, ULBP-3 
and MIC-A/B). In addition, we assessed the expression 
of HLA class I molecules recognized by the major HLA-
class I-specific inhibitory receptors KIR and NKG2A (as 
shown in figure 4B). All NB cell lines expressed variable 
amounts of ligands of NK activating receptors.

Of note, the two NB-MSC cell lines, SK-N-AS and 
SK-N-BE (2)C, expressed high levels of HLA class I mole-
cules (figure 4B), this representing an unusual feature in 
NB cells.8 9 However, in agreement with data previously 
reported on different NB cell lines,30 mAb-mediated 
masking of HLA class I molecules did not rescue the cyto-
lytic activity of aNK cells against the two NB-MSC cell lines 
(data not shown).

We also attempted to improve the antitumor activity of 
aNK cells against NB-MSC cell lines by masking B7-H3, a 

surface molecule reported to interfere with the NK-cell-
mediated lysis of NB cells, which is now under investiga-
tion in a clinical trial for the treatment of patients with 
refractory NB.26 31–33 However, the NK-cell-mediated 
lysis of SK-N-AS, SK-N-BE-(2)C and HTLA-230 cells 
was not increased on mAb-mediated masking of B7-H3 
(figure 4C).

Figure 3  Negative impact of the high expression of CD73, 
CD105 and TAZ on stage IV NB Using the public dataset R2 
(Kocak, custom ag44kcwolf, n=649 cases) several analyses 
were performed. A correlation analysis between CD73 versus 
CD105 (A), CD105 versus TAZ (B) and CD73 versus TAZ (C) 
has been carried out. OS and EFS probabilities according 
to the level of expression (high versus low) of TAZ (D-E) and 
CD105 (F-G) in stage IV MYCN non-amplified NB has been 
performed using as cut-off the last quartile of the distribution. 
EFS, event-free survival; NB, neuroblastoma; OS, overall 
survival.

Figure 4  Susceptibility of NB-cell lines to NK-cell-mediated 
lysis. (A), Allogeneic aNK cells were used as effector cells 
against CMFDA-labeled NB cell lines used as targets at 
different E:T ratios. Data were expressed as mean±SD (n=6) 
of percent of cell lysis (PI+ cells). (B) Flow-cytometry analysis 
of surface B7-H6, PVR, Nectin-2, ULBP-2/5/6, ULBP-3, MIC--
A/B and HLA class I molecules (HLA-A-B-C) in different NB 
cell lines. MFI ratio was expressed as mean±SD (n=4). (C) 
aNK cell-mediated cytotoxicity assays against SK-N-AS, SK-
N-BE(2)C and HTLA-230 either in the presence or absence of 
anti B7-H3 masking mAb. Allogeneic aNK cells were used as 
effector cells against 51Cr-labeled NB target cells at 10:1 and 
5:1 E:T ratios. Anti-B7-H3 IgM (M5B14) or control IgM mAbs 
(Ctrl) were added to cultures. Data are expressed as fold 
changes in the percent lysis as compared with controls±SD 
(n=4). (D) aNK cell-mediated ADCC assays against the 
NBCD105+ cell lines SK-N-AS, SK-N-BE(2)C, SH-SY5Y or 
BM-MSC using an anti-CD105 IgG mAb, that induced 
ADCC, or irrelevant IgG mAb as control. Target cells were 
labeled with 51Cr and allogeneic aNK cells used as effectors 
at different E:T ratios as indicated. BM-MSC were used as 
positive control. Data are expressed as fold changes of the 
percent lysis as compared with control ±SD (n=3). *P<0.05 
vs Ctrl. ADCC, antibody-dependent cellular cytotoxicity; 
aNK, activated natural killer; BM-MSC, bone marrow-derived 
mesenchymal stromal cell; NB, neuroblastoma.
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Similarly, coating the three CD105+ NB cell lines SK-N-
AS, SK-N-BE(2)C and SH-SY5Y with the anti-CD105 mAb 
(TRC105), which has been shown to mediate ADCC, 
did not induce target cell lysis (figure  4D). In control 

experiments, TRC105 increased aNK cytolytic effects 
against non-neoplastic BM-derived MSCs, known to be 
susceptible to ADCC34 (figure 4D). In addition, coating 
the above mentioned three NB cell lines with the anti-
GD2 mAb dinutuximab beta which causes ADCC in 
vivo,28 34 induced target cell lysis in SK-N-BE(2)C, but 
not in SK-N-AS and in SH-SY5Y used as control (online 
supplemental figure 2).

Overall, these data would indicate that NB-MSC display 
different mechanisms of resistance to NK-cell-mediated 
killing.

NB-MSC cell lines inhibit the cytolytic activity of NK cells
Next, we analyzed whether, on prolonged contact, NB 
cell lines could also interfere with the cytolytic activity of 
freshly isolated NK cells. Thus, at day 4 of coculture, NK 
cells were collected and tested for their cytolytic activity 
against K-562 (figure 5A). Both SK-N-AS and SK-N-BE(2)
C cell lines strongly inhibited the cytolytic activity of 
cocultured NK cells, while HTLA-230 displayed only a 
mild inhibitory activity and IMR-32 and SH-SY5Y did not 
show any inhibitory effect.

We then analyzed whether the inhibitory effect was 
consequent to downregulation of activating NK receptors 
(figure 5B). In agreement with previous data on the effect 
of melanoma cell lines on NK cells, also NB-MSC cell lines 
induced a sharp decrease of the expression of natural 
cytotoxicity receptors (NCRs) on NK cells when cocul-
tured with SK-N-AS and SK-N-BE(2)C as compared with 
controls. The decrease of NKp30 was 62.6%±1.2% and 
90.4%±1.4% (p<0.001), that of NKp46 was 14.0%±2.9% 
(p<0.05) and 59.8%±4.1% (p<0.001), and that of 
NKp44 of 59.7%±2.9% and 55.6%±5.8% (p<0.001) in 
NK cocultured with SK-N-AS and SK-N-BE(2)C, respec-
tively. In addition, also the expression of the adhesion 
and activating molecule DNAM1 and of the adaptor 
protein DAP12 were significantly decreased: DNAM1 by 
71.4%±10.6% and 79.1%±16.3% (p<0.001) and DAP12 
by 15.6%±5.0% and 47.9%±6.6%, respectively, in NK 
cocultured with SK-N-AS (p<0.05) and SK-N-BE(2)C in 
comparison to control NK cells grown in the absence 
of tumor cells (p<0.001). Although not significant, we 
observed a trend of decreased expression both for CD3ζ 
signaling polypeptide and for the activating receptor 
NKG2D when NK cells were cultured in the presence of 
SK-N-BE(2)C. CD16 showed a not statistically significant 
negative trend of expression on the NK cells cultured 
with both NB-MSC lines.

We further investigated whether the inhibitory effect on 
NK cells was mediated by soluble factors, possibly released 
during the interaction between NK and NB-MSC cells. To 
this purpose, we cocultured NB-MSC cells with freshly 
isolated NK cells for 4 days in the presence of specific 
inhibitors of IDO and PGE2, two important immuno-
suppressive mediators often present in the TME. At the 
end of cocultures, NK cells were tested for their ability to 
lyse K-562. No significant difference in the NK cell lytic 
activity was detected in the presence of IDO and PGE2 

Figure 5  Evaluation of NK cell cytotoxic activity after 
coculture with NB cell lines. (A) NK cytotoxicity assays 
against CMFDA-labeled K-562 target cells were performed 
after 4 days coculture of freshly isolated PB NK cells either 
in the presence of different NB cell lines or alone (NK Ctrl). 
Percentages of cell lysis were expressed as mean±SD 
(n=6). (B) Flow-cytometry analysis of the activating or 
inhibitory receptors on NK cells after 4 days coculture with 
the indicated NB cells. Controls are NK cells cultured alone 
(NK Ctrl). Fold change MFI were expressed as mean±SD 
(n=3). *P<0.05 vs NK only. ∧P<0.05 between NK+SK-N-AS 
and NK+SK-N-BE(2)C. (C), Percentage of K-562 cells lysis 
in cytotoxicity assays using freshly isolated NK cells after 4 
days coculture with SK-N-AS or SK-N-BE(2)C cell lines either 
in the presence or in the absence of IDO and PGE2 inhibitors 
(NK Contact and NK Contact+IDO and PGE2 inhibitors). NK 
cultured alone with or without inhibitors (NK Ctrl and NK 
Ctrl+IDO and PGE2 inhibitors) were used as controls. Values 
are expressed as mean±SD (n=3). *P<0.05 vs NK Ctrl and 
vs NK Ctrl+IDO and PGE2 inhibitors. (D) NK-cell cytotoxicity 
assays against CMFDA-labeled K-562 cells after 4 days 
coculture with SK-N-AS or SK-N-BE(2)C cell lines under 
transwell or cell-to-cell contact conditions. In this culture 
setting, freshly isolated NK cells were cultured in contact with 
SK-N-AS or SK-N-BE(2)C in the lower chamber (NK Contact) 
or in the upper chamber (NK Transwell). NK cultured alone for 
4 days were used as control (NK Ctrl). Percentages of K-562 
cells lysis are expressed as mean±SD (n=3). *P<0.05 vs NK 
Ctrl. IDO, indoleamine 2,3-dioxygenase; NB, neuroblastoma; 
NK, natural killer.

 on F
ebruary 7, 2024 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2020-001313 on 15 January 2021. D

ow
nloaded from

 

https://dx.doi.org/10.1136/jitc-2020-001313
https://dx.doi.org/10.1136/jitc-2020-001313
http://jitc.bmj.com/


8 Canzonetta C, et al. J Immunother Cancer 2021;9:e001313. doi:10.1136/jitc-2020-001313

Open access�

inhibitors, suggesting that these two molecules are not 
involved in suppression of NK cell mediated by NB-MSCs 
(figure 5C). For further investigating the possible involve-
ment of soluble inhibitory factors, we used in vitro trans-
well coculture conditions in which the upper chamber 
contained freshly isolated NK cells (NK Transwell) that 
were separated by a porous membrane allowing the 
passage of diffusible factors, from NB cells cocultured 
with freshly isolated NK cells (NK Contact). Freshly 
isolated NK cells cultured alone were used as control (NK 
Ctrl). After 4 days of culture, no significant decrease of 
cytolytic activity was detected in NK cells harvested from 
the upper chamber (NK Transwell) as compared with NK 
Ctrl, whereas the NK cells kept in contact with NB-MSC 
were strongly inhibited (figure 5D).

Similar results were obtained in transwell cocultures 
with NK cells in the upper chamber and NB-MSC cells 
in the lower chamber without NK cell contact (data not 
show).

These data suggest that the inhibition of the NK cell 
cytotoxicity is not the result of soluble inhibitory mole-
cules released and diffused from NB cells, but rather 
requires NB-MSC-NK cell contact.

TAZ silencing reduces the capability of SK-N-AS to inhibit NK-
cell cytotoxicity
In an attempt to clarify the molecular mechanism(s) 
responsible for NB-MSC resistance to NK-mediated 
killing, we investigated whether silencing of the immune-
regulatory molecules CD73 and TAZ in NB-MSC cells 
could result in the recovery of their susceptibility to NK 
cell-mediated lysis. We could successfully downregulate 
these two molecules in SK-N-AS by siRNA transfection 
(transfection resulted poorly efficient in SK-N-BE(2)C 
cells). Functional studies were performed 3 days after 
transfection at the time when maximal protein inhibition 
was detected (figure  6A,B; online supplemental figure 
3A). Notably, silencing of CD73 or TAZ did not affect the 
cytolytic potential of aNK cells against SK-N-AS (online 
supplemental figure 3B) and figure  6C). We then eval-
uated the impact of siRNA silencing on the immuno-
modulatory capability of NB-MSCs. Thus, SK-N-AS were 
transfected with siRNA-CD73, siRNA-TAZ or siRNA-Ctrl 
and, starting at day 3 post-transfection, they were cocul-
tured for 4 days with freshly isolated NK cells. NK cells 
were then collected and analyzed in a cytotoxicity assay 
against K-562. Cocultures with siRNA-CD73+ SK-N-AS did 
not modify cytotoxic potential of NK cells (online supple-
mental figure 3C), while cocultures with siRNA-TAZ+ 
SK-N-AS resulted in a significant increase (p<0.05) of 
lytic activity as compared with siRNA-Ctrl cells at all E:T 
ratios. Similar results were obtained using two different 
siRNA oligonucleotides directed against TAZ, confirming 
the reliability of the data (figure  6D). As further effect 
of the siRNA-TAZ, we found an upregulation of NCRs in 
NK cells, a result in line with the increase of NK-mediated 
lysis of SK-N-AS NB cells (data not shown).

Subsequently, we analyzed the expression of different 
molecular targets20 of TAZ on SK-N-AS by RT-qPCR before 
and after coculture at day 3 and 7 post-transfection, 
including the platelet derived growth factor-β (PDGFβ), 
the programmed death-ligand 1 and 2 (PD-L1 and PD-L2) 
and the sphingosine 1-phosphate receptor 1 (S1RP1).

Data shown in figure 6E revealed that TAZ mRNA was 
significantly lower in siRNA-TAZ SK-N-AS as compared 
with siRNA-Ctrl (p<0.001) during the entire coculture 
period. Furthermore, the amount of PDGFβ transcript 
was significantly reduced with an average decrease of 
35.9%±0.6% at day 3 and 19.8%±6.6% at day 7 (p<0.001). 
The reduction of PD-L1 was also statistically significant in 
siRNA-TAZ as compared with siRNA-Ctrl: 25.0%±1.2% at 
day 3 and 46.8%±8.6% at day 7 (p<0.001). Similarly, the 
average reduction of PD-L2 expression was 34.9%±7.1% 
and 33.9%±12.1% at day 3 and 7, respectively. S1RP1 
reduction was 11.7%±4.2% and 33.0%±6.4% at day 3 and 
7, respectively (p<0.05).

These results indicate that the inhibitory effect of TAZ 
acts on downstream target genes and its silencing upreg-
ulates NCRs, thus further reducing the overall inhibitory 
capacity of SK-N-AS on NK cells.

TAZ overexpression increases the capability of SH-SY5Y to 
inhibit NK-cell cytotoxicity
Transient transfection of SH-SY5Y with a TAZ expression 
vector caused a strong overexpression of the TAZ mRNA 
and protein up to 72 hours (figure 7A). Notably, RT-PCR 
analysis (figure 7B) shows striking upregulation of PDGFβ, 
PD-L1 and S1RP1 transcripts correlated with TAZ overex-
pression, indicating that the transfected TAZ protein is 
functional. In these experimental conditions, functional 
studies revealed that in SH-SY5Y cells overexpression of 
TAZ did not affect their susceptibility to direct NK lysis 
(figure 7C), while NK cells cocultured with SH-SY5Y over-
expressing TAZ (figure 7D), exhibited a small but statis-
tically significant (p<0.05) decreased cytotoxic activity 
against K562 target cells. Overall, these data strengthen 
the role of TAZ in the control of NK cells functions.

DISCUSSION
In the present study, we show that cells with mesen-
chymal characteristics present in NB TME may be of both 
neoplastic and stromal origin,12 13both displaying immu-
nosuppressive properties that may favor the emergence of 
tumor immune-escape pathways. Although several immu-
nosuppressive mechanisms have been reported in NB,8 9 
to the best of our knowledge, no tumor MSC-like cells 
displaying such properties have been identified so far. In 
this context, van Groningen et al15 reported that NB is 
composed of two tumor cell subsets with divergent gene 
expression profiles, namely committed adrenergic cells 
and primitive uncommitted cells identified according 
to the expression of CD133. The latter are chemoresis-
tant in vitro and appear to be enriched in tumor relapse 
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samples.15 However, the immune-regulatory activity of 
this subset has not yet been explored.

We hypothesized that NB could contain tumor cells 
with an immune-regulatory MSC phenotype. To prove 
this hypothesis, we used NK lymphocytes as effectors cells 
exploiting their ability to kill tumor cells. Five NB cell 
lines were analyzed for the expression of a large panel of 
MSC markers in order to identify cells with a MSC pheno-
type. Two out of five NB cell lines (SK-N-AS and SK-N-BE 
(2) C) were found to display: (i) phenotype and function 
typical of healthy BM-MSC, (ii) high resistance to NK-me-
diated killing and (iii) capacity to efficiently inhibit the 
cytotoxicity of aNK cells by cell-to-cell contact. In addi-
tion, we found that such inhibition occurred at least in 
part through a TAZ-dependent mechanism.

Different from previous data using adrenergic NB-cell 
lines,30 35 the two identified NB-MSC cell lines were resis-
tant to NK-mediated killing. Of particular relevance, 
CD105 mAb did not mediate ADCC using aNK cells 
as effector and NB-MSC as target cells. On the other 
hand, anti-GD2 mab mediated ADCC against SK-N-BE 
(2) C cells but not against SK-N-AS cells highlighting a 
heterogeneous response within NB-MSC cells. In this 
context, recent data reported that ADCC against CD105+ 
or GD2+ cells is important for tumor eradication in vivo 
and provides a promising immunotherapeutic tool.34 
However, this therapeutic approach may be ineffective in 
case of resistant NB-MSC-like cells.34

It is important to underline that the immune-regulatory 
effects of NB-MSC are likely to affect other effectors 

Figure 6  Effect of TAZ silencing on SK-N-AS cell line mediated inhibition of NK cell cytotoxicity. (A) Relative expression of 
TAZ mRNA normalized on GAPDH expression in SK-N-AS after transfection with siRNA1-TAZ, siRNA2-TAZ and siRNA-Ctrl, 
at different time point, by RT-qPCR. Data are expressed as mean±SD (n=3). *P<0.05 vs siRNA-Ctrl. (B) WB of TAZ expression 
in SK-N-AS after transfection with siRNA1-TAZ, siRNA2-TAZ and siRNA-Ctrl, at different time points. GAPDH was used as 
loading control. Histograms represent densitometry analysis of TAZ protein normalized on GAPDH protein expression. Data are 
expressed as mean±SD (n=3) (upper panel). A representative WB experiment is shown (lower panel). *P<0.05 vs siRNA-Ctrl. (C) 
aNK cell cytotoxicity assays against transfected SK-N-AS or K-562 cells labeled with CMFDA. SK-N-AS were transfected with 
siRNA1-TAZ, siRNA2-TAZ or siRNA-Ctrl and after 3 days were used as target in a cytotoxicity assay. K-562 cells were used as 
control target. Percentages of cell lysis are expressed as mean±SD (n=3). *P<0.05 K-562 vs siRNA SK-NAS cells. (D) NK cell 
cytotoxicity assays on 4 days coculture with SK-N-AS transfected with siRNA1-TAZ, siRNA2-TAZ and siRNA-Ctrl. NK cultured 
alone used as controls (NK Ctrl). Three days after transfection, SK-N-AS were cultured with freshly isolated NK cells for 4 days. 
Then, NK cells were analyzed for their cytotoxic capacity against K-562 target cells. Percentage lysis of CMFDA labeled-K-562 
cells was expressed as mean±SD (n=3). *P<0.05 vs siRNA-Ctrl; ∧p<0.05 vs NK Ctrl. (E) Expression of the indicated genes in 
SK-N-AS after transfection with siRNA1-TAZ, siRNA2-TAZ and siRNA-Ctrl, at different time point, is evaluated by RT-qPCR. 
GAPDH expression is used as reference gene. Data are expressed as fold changes compared with siRNA-Ctrl. Values indicate 
mean±SD (n=3). *P<0.05 vs siRNA-Ctrl. NK, natural killer.  on F
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besides NK cells, including T lymphocytes. Accordingly, 
also sophisticated cell-based immunotherapies, including 
chimeric antigen receptor-engineered T cells could be 
inhibited by this pathway.36–38

Regarding the molecular mechanisms underlying the 
immune-suppressive activity of NB-MSC these may involve 
p53, as both cell lines display p53 mutations,39 a param-
eter that has recently been associated with a poor suscep-
tibility to NK-cell-mediated killing of NB cell lines.40

Decreased expression or functional impairment of acti-
vating receptors, coreceptors and adaptor signaling mole-
cules are frequent tumor-induced mechanisms leading to 
inhibition of NK-cell-mediated cytotoxicity against a wide 
variety of tumor cells.41 42 Coculture with NB-MSCs could 
induce a significantly decreased expression of activating 
receptors on NK cells, particularly NCRs, DNAM1 and 

the DAP12 adaptor signaling polypeptide. This finding 
strongly suggests that downregulation of these recep-
tors plays an important role in the impaired cytotoxic 
potential of NK cells. A number of studies suggested 
the existence of different NCR ligands on tumor cells. 
Accordingly, the inhibition of different NCR by using a 
combination of specific neutralizing mAbs resulted in a 
more efficient blocking of NK-cell-mediated tumor cell 
lysis as compared with the mAbs used individually.43 
The decreased expression of NCRs and DNAM1 may be 
caused by the persistent contact with their ligands. In this 
context, while downregulation of NCR can be induced 
by both membrane and soluble ligands, in the case of 
DNAM1, it is strictly dependent on cell–cell contact.43 
This mechanism is likely involved in the inhibitory activity 
exerted by NB-MSC on the cytotoxic activity of NK cells.

Figure 7  Effect of TAZ overexpression on immunomodulatory properties of SH-SY5Ycells. (A,) Analysis of TAZ mRNA by 
RT-qPCR (left panel) and protein expression by WB (right panel) at different time points (24 hours, 48 hours, 72 hours) on 
transfected SH-SY5Y cells. Cells transfected without TAZ expression vector were used as mock control. Similar results were 
obtained using transfected cells with a vector encoding GFP only as mock control (data not shown). GAPDH was used as 
reference gene in RT-qPCR and as loading control in WB analysis. RT- qPCR data are expressed as fold change as compared 
with control at the same time point. Histograms above WB represent densitometry for the relative quantification of TAZ protein 
expression normalized for GAPDH. Data are expressed as mean±SD (n=3). A representative WB experiment is shown. (B,) 
Expression of the indicated genes in SH-SY5Y after transfection with TAZ expression vector compared with Mock control 
at different time point, is evaluated by RT-qPCR. GAPDH expression is used as reference gene. Data are expressed as fold 
changes compared with Mock control. Values indicate mean±SD (n=3). (C) aNK cell-mediated cytotoxicity assays against SH-
SY5Y labeled with CMFDA. SH-SY5Y were transfected with TAZ expression vector or plasmid vector encoding GFP only (Mock) 
and after 48 hours was used as target in a cytotoxicity assay at 10:1 and 5:1 E:T ratios. Data are expressed as fold changes of 
cell lysis percent compared with controls (Mock) ±SE (n=3). (D), NK-cell cytotoxicity assays against CMFDA-labeled K-562 cells 
on coculture with SH-SY5Y transfected with TAZ expression vector or plasmid vector encoding GFP only (Mock). 24-hour days 
after transfection, SH-SY5Y were cultured in contact with freshly isolated NK cells for 4 days. Then, NK cells were analyzed 
for their cytotoxic capacity against K-562 used as control target cells at 10:1 and 5:1 E:T ratios. Percentage lysis of CMFDA 
labelled-K-562 cells were expressed as fold changes of cell lysis percent compared with controls (Mock)±SE (n=3). *P<0.05 vs 
Mock. aNK, activated natural killer.
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In order to identify molecular mechanism(s) under-
lying the NB-MSC-mediated cytotoxic dysfunction of 
NK cells, we focused on CD73 and TAZ. Extracellular 
adenosine generated by the ectonucleotidase CD73 is a 
newly recognized “immune checkpoint mediator” that 
interferes with antitumor immune responses. In addi-
tion, studies performed in several human malignancies 
demonstrated that high levels of CD73 expression in the 
TME are associated with a worse clinical outcome.44 We 
obtained similar evidence in NBs, since in the stage IV 
MYCN-amplified group, a higher expression of CD73 
was associated with a poorer clinical outcome. On the 
other hand, TAZ is a fundamental member of the Hippo 
signaling pathway17–19 45 that could affect tumor immu-
nity by regulating the interactions between immune and 
tumor cells taking place primarily in the TME.17 In NB, 
TAZ activation has been reported to positively correlate 
with adverse prognostic features.46

The influence of CD73 and TAZ on the cross-talk 
between NB and NK cells was poorly defined;18 therefore, 
we investigated whether CD73 and TAZ silencing could 
modify NB-MSC/NK cell interactions. In our setting, 
CD73 silencing did not affect NK functions; however, it is 
conceivable that CD73 expressed by NB-MSC cells could 
display regulatory properties on other immune cells 
present in the NB TME. By contrast, concerning TAZ, 
its silencing did not modify NB-MSC susceptibility to a 
NK-mediated killing, whereas the cytotoxic potential of 
freshly isolated NK cells was restored possibly reflecting 
the upregulation of NCRs that plays an important role 
in NK-mediated tumor cell killing.43 In addition, TAZ 
silencing in NB-MSC cells induced downregulation of 
different molecules with immune-suppressive activity on 
NK-cell function, including PDGFβ, PD-L1 and PD-L2.47 48 
Conversely, SH-SY5Y cells overexpressing TAZ exhibited a 
concomitant overexpression of PD-L1, PDGFβ and S1PR1 
transcripts and NK cells cocultured with these transfected 
SH-SY5Y cells displayed a small but statistically significant 
decreased capacity to kill K562 target cells. Overall, these 
data highlight the unprecedented capacity of TAZ to 
control NK cells cytotoxic functions.

While PD1+ NK cells are present in low proportions 
in the peripheral blood, their proportions in TME may 
be substantially higher;48 49 thus, TAZ-silencing-induced 
decreased expression of PD-L1 and PD-L2 on tumor cells 
could be involved in the increased efficiency of NK-cell 
cytotoxicity at the tumor site.50–52 In addition, PDGFβ that 
may be present in a membrane-bound form in cancer 
cells53 efficiently inhibits the cytotoxic function of NK 
cells.47 Being controlled by TAZ21 PDGFβ may repre-
sent a candidate for the requirement of contact between 
NB-MSC and NK cells to obtain inhibition.

It has been shown that overexpression of TAZ increases 
NB-cell proliferation and colony formation,17 18 while 
YAP/TAZ-mediated expression of PD-L1 could result in 
inhibition of T-cell function.17 18 Therefore, such TAZ-
dependent effects, together with our present demonstra-
tion of TAZ-mediated inhibition of NK cytotoxic activity, 

may help explain why TAZ activation in vivo is positively 
correlated with poor clinical outcome,46 thus providing a 
useful prognostic tool in stage IV NB.

While our present study is based on the analysis of a 
limited number of cell lines, we could perform IHC anal-
ysis on 33 primary NB samples. In addition, our data are 
supported by data from a public gene-expression dataset. 
In conclusion, our study allows better understanding NB 
pathophysiology and helping design preclinical and clin-
ical studies aimed at improving the clinical outcome of 
patients with highly aggressive NB.

CONCLUSION
We identified a novel immune-regulatory subset of NB 
cells that displays phenotypic and functional properties 
of MSC. These cells display multifactorial resistance to 
NK-cell-induced killing and efficiently inhibit, on cocul-
ture, NK-cell cytotoxic activity against tumor cells. This 
property appears to be regulated by the transcriptional 
coactivator TAZ whose effect on NK-cell function has 
been neglected so far.17 18 Our data offer novel cellular 
and molecular targets whose inhibition could lead to 
more efficient immunotherapy of NB.
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