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Abstract
Although anti-disialoganglioside (GD2) antibodies are successfully used for neuroblastoma therapy, a third of patients with 
neuroblastoma experience treatment failure or serious toxicity. Various strategies have been employed in the clinic to improve 
antibody-dependent cell-mediated cytotoxicity (ADCC), such as the addition of interleukin (IL)-2 to enhance natural killer 
(NK) cell function, adoptive transfer of allogeneic NK cells to exploit immune surveillance, and retinoid-induced differen-
tiation therapy. Nevertheless, these mechanisms are not fully understood. We developed a quantitative assay to test ADCC 
induced by the anti-GD2 antibody Hu14.18K322A in nine neuroblastoma cell lines and dissociated cells from orthotopic 
patient-derived xenografts (O-PDXs) in culture. IL-2 improved ADCC against neuroblastoma cells, and differentiation with 
all-trans retinoic acid stabilized GD2 expression on tumor cells and enhanced ADCC as well. Degranulation was highest 
in licensed NK cells that expressed CD158b (P < 0.001) and harbored a killer-cell immunoglobulin-like receptor (KIR) 
mismatch against the tumor-specific human leukocyte antigen (HLA; P = 0.016). In conclusion, IL-2 is an important com-
ponent of immunotherapy because it can improve the cytolytic function of NK cells against neuroblastoma cells and could 
lower the antibody dose required for efficacy, thereby reducing toxicity. The effect of IL-2 may vary among individuals and 
a biomarker would be useful to predict ADCC following IL-2 activation. Sub-populations of NK cells may have different 
levels of activity dependent on their licensing status, KIR expression, and HLA–KIR interaction. Better understanding of 
HLA–KIR interactions and the molecular changes following retinoid-induced differentiation is necessary to delineate their 
role in ADCC.
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Introduction

Decades of research have improved our understanding of 
the interactions between the immune system and tumors. 
Consequently, numerous therapeutic advances for adult 
cancers have made their way into the clinic in the past 
30 years, including interventions to modulate immune sys-
tem-mediated ablation of tumor cells with antibodies that 
target tumor-specific antigens for antibody-dependent cell-
mediated cytotoxicity (ADCC) and complement-dependent 
cytotoxicity [1]. Other strategies are geared towards chi-
meric antigen receptor T cells [2] and immune check-point 
inhibitors [3] to exploit T cell-mediated tumor cell ablation. 
In addition, antibodies that abrogate cell receptor signal-
ing (e.g., human epidermal growth factor receptor 2 [4]) or 
interfere with the tumor microenvironment (e.g., neutral-
izing antibodies against vascular endothelial growth factor 
[5]) are routinely used to provide therapeutic benefit.

Although several successful immunotherapy trials have 
been conducted for pediatric leukemias and lymphomas, far 
fewer have been conducted for pediatric solid tumors. To 
date, the most significant immunotherapy study for pediat-
ric solid tumors investigated the efficacy of anti-disialogan-
glioside (GD2) antibody for neuroblastoma [6]. GD2 is a 
suitable target for antibody therapy because it is abundantly 
expressed in most neuroblastoma cells and its expression is 
restricted in normal cells, including peripheral nerves [7]. 
Anti-GD2 antibodies induce ADCC via natural killer (NK) 
cells [8]. NK cell surveillance mechanisms [9, 10] and NK 
cell stimulation with interleukin (IL)-2 [11] can also con-
tribute to the antitumor effect. This has led to clinical trials 
incorporating IL-2, anti-GD2 antibodies, and adoptive trans-
fer of haploidentical NK cells for the treatment of neuroblas-
toma (NCT01576692, NCT02650648, NCT00877110, and 
NCT01857934). Retinoid-based differentiation therapy has 
been used for children with neuroblastoma [6, 12]. Because 
GD2 is a marker of mature neurons, anti-GD2 antibody is 
currently administered in combination with cis-retinoic acid.

Despite many advances in neuroblastoma immunother-
apy, the cellular mechanisms of intervention-augmented 
ADCC in neuroblastoma are not fully understood, although 
they may directly affect treatment. For example, insight 
into the relative contribution of ADCC versus NK cell 
surveillance could determine whether and when adoptive 
transfer of NK cells is useful during treatment. This may 
help define criteria for donor selection. In addition, better 
understanding of the differential and combined effects of 
IL-2, retinoic acid, and anti-GD2 antibody therapy may be 
useful to refine current treatment regimens, thereby reduc-
ing therapy-related toxicity.

Because a relatively small number of patients with high-
risk neuroblastoma are diagnosed each year and available 

for clinical trials, it may take many years to improve our 
understanding in clinical studies of ADCC mechanisms in 
neuroblastoma. To expedite this process, we developed a 
quantitative ex vivo assay to test ADCC in several neuro-
blastoma cell lines and orthotopic patient-derived xeno-
grafts (O-PDXs). We quantified the relative contribution 
of ADCC or direct NK cell-mediated cytotoxicity to neu-
roblastoma cell death. These studies were performed with 
proliferating neuroblastoma cells and differentiated neuro-
blastoma cells that were treated with all-trans retinoic acid 
(ATRA), which is used with anti-GD2 antibody therapy 
in the clinic [6]. These studies are the first to use O-PDXs 
and patient-matched NK cells. Together, our data suggest 
that IL-2 is an important component of anti-GD2 antibody 
therapy in neuroblastoma. Moreover, we found that ADCC 
contributes more to NK cell degranulation ex vivo than 
does NK cell surveillance. By using our ADCC assay with 
patient-match O-PDXs and NK cells, we demonstrate the 
feasibility of studying immunotherapy strategies for indi-
vidual patients with neuroblastoma.

Materials and methods

Tumor cells

Neuroblastoma cell lines were maintained in Roswell Park 
Memorial Institute 1640 medium (Lonza, Walkersville, 
MD; CHLA90, NBLS, SK-N-BE2, SK-N-JCI, SK-N-MM), 
Dulbecco’s modified eagle medium (Lonza; NB-1691, SK-
N-NAS, SK-N-NFI), Eagle’s minimum essential medium 
(EMEM; American Type Culture Collection [ATCC], 
Manassas, VA; IMR32, SK-N-SH), and EMEM/Kaighn’s 
modification of Ham’s F12 media (ATCC; SH-SY5Y) sup-
plemented with 10% heat-inactivated fetal bovine serum 
(Biowest, Kansas City, MO), 100 IU/mL penicillin, 100 µg/
mL streptomycin, and 2 mM L-glutamine if base medium 
did not contain l-glutamine (all Gibco media, Grand Island, 
NY). The O-PDX lines SJNBL108_X and SJNBL013761_
X1 were grown orthotopically in CD-1 immunodeficient 
mice and approved by the IACUC of St. Jude Children’s 
Research Hospital. Palpable tumors were harvested and fur-
ther processed into single-cell suspensions for plating, as 
previously described [13].

NK cell preparation and isolation

For each experiment, NK cells from residual peripheral 
whole blood were collected from heparinized apheresis 
rings obtained from healthy de-identified blood donors. 
Each experiment was performed with a new donor. Periph-
eral blood mononuclear cells were isolated via density-gra-
dient centrifugation (GE Healthcare Ficoll-Paque PLUS, 
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Marlborough, MA), and red blood cells were removed with 
lysis buffer (Qiagen, Hamburg, Germany). NK cells were 
isolated with RosetteSep Human NK Cell Enrichment Cock-
tail (Stem Cell Technologies, Cambridge, MA) and human 
MACSxpress NK Cell Isolation Kit (Miltenyi Biotec, Ber-
gisch Gladbach, Germany). IL-2 was provided by the Bio-
logical Resource Branch at the National Cancer Institute for 
preactivation of NK cells.

Therapeutic antibodies

The anti-GD2 antibody Hu14.18K322A was provided to 
St. Jude Children’s Research Hospital and Children’s GMP, 
LLC (Memphis, TN) by Merck Serono (Darmstadt, Ger-
many) and was manufactured by Children’s GMP, LLC. The 
anti-HLA antibody W6/32 (Biolegend, San Diego, CA) rec-
ognizes a monomorphic epitope on the 45 kDa polypeptide 
products of HLA-A, -B, and -C and was used at a concentra-
tion of 1.5 µg/mL to block HLA.

ADCC and NK cytotoxicity assays and confluence 
analysis

For the ADCC and NK cytotoxicity assays, neuroblastoma 
cells were cultured on 96-well flat-bottom plates (Corning 
Inc., Corning, NY) at 37° in 5% CO2 incubators. The effector 
cell-to-target cell (E:T) ratio was determined by performing 
a semiautomated nuclear cell count after 4′,6-diamidino-
2-phenylindole stain with Fiji (Curtis Rueden and Image J, 
Madison, WI) and manual count of neuroblastoma cells. To 
induce ADCC, different dilutions of Hu14.18K322A ranging 
from 10 pg/mL to 10 µg/mL were added to the culture wells 
1 h prior to co-incubating effector cells with tumor cells. NK 
cytotoxicity assays were performed with effector cells to 
target tumor cells using the conditions and quantification 
described above for the ADCC assay; however, no 
hu14.18K322A was added. Calcein-AM (Thermo Fisher, 
Waltham, MA) was used at a concentration of 2 nM to per-
form live-cell staining. Images of calcein-AM-stained cells 
were acquired with a C2 Nikon confocal microscope (Nikon, 
Melville, NY). Images were further processed with the Fiji 
plugin Trainable Weka Segmentation that combines 
machine-learning algorithms with selected image features 
to conduct pixel-based segmentations. Segmented areas 
were quantified and represented confluence. Specific lysis 
was  calcula ted wi th  the  fol lowing formula: 
specific lysis (%) =

(

1 −
confluence untreated−confluence treated

confluence untreated

)

× 100. 

For ADCC assays with O-PDXs, the CellTiter-Glo lumines-
cent cell viability assay (Promega, Madison, WI) was used 
to quantify specific lysis.

CD107a degranulation assay

NK cells were incubated with neuroblastoma cells at an E:T 
ratio of 5–1, in addition to anti-CD107a antibody (clone 
H4A3, Biolegend). After 1 h, GolgiStop solution (BD Bio-
sciences, San Jose, CA) was added, and cells were incubated 
for another 3 h before staining for flow cytometry analysis.

Differentiation assay

To induce neuronal differentiation, neuroblastoma cells were 
incubated with 10 µM ATRA (Sigma Aldrich, St. Louis, 
MO) for 72 h.

RNA sequencing

Trizol (Invitrogen, Carlsbad, CA) RNA extraction was 
used to isolate total RNA, which was prepared by TruSeq 
and sequenced with an Illumina HiSeq 2500 (San Diego, 
CA). Resultant stranded paired-end 100-bp sequences were 
mapped to the hg19 reference genome with the STRON-
GARM pipeline [14] and counted with HTSeq (Simon 
Anders and EMBL Heidelberg, Germany) [15]. Fragments 
per kilobase of transcript per million mapped reads were 
calculated and then log2-transformed after the addition of 
a small variance stabilizing bias of 2 and logFC calculated 
for the ATRA treatment within each cell line. Differential 
gene expression was defined as fold change of > 2 or < 0.5.

HLA genotyping

Neuroblastoma cell lines were HLA-genotyped. We 
defined CD158a (2DL1) to be specific for HLA-C allo-
types with lysine at position 80 (HLA-CLys80), CD158b1/
b2 (2DL2/2DL3) to be specific for B*4601 and HLA-C 
allotypes with asparagine at position 80 (HLA-CAsn80), 
and CD158e1 (3DL1) to be specific for HLA-B allotypes 
expressing the Bw4 epitope (HLA-Bw4) [16].

Flow cytometry

Expression of killer-cell immunoglobulin-like receptors 
(KIRs) was determined by flow cytometry. The following 
antibodies were used: CD158a (clone 143211; R&D sys-
tems, Minneapolis, MN), CD158b1/2 (DX27; Biolegend), 
CD158e1 (DX9; Biolegend), and CD159a (REA110; Milte-
nyi Biotec). For analysis, CD3− (UCHT1) and CD56+ cells 
(NCAM16.2; BD Biosciences, San Jose, CA) were gated. 

KIR phenotype analysis was conducted with WinList, v9.0 
(Verity Software House, Topsham, ME). For analysis of 
expression of natural cytotoxicity receptors and NK cell 
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G2D, the following antibodies were used: NKp30 (p30-15), 
NKp44 (P44-8), NKp46 (9E2), and NK cell G2D (1D11; 
all Biolegend). HLA status was recognized by W6/32 
(Biolegend).

Statistical analysis

Student’s paired t test, one-way ANOVA, and multiple 
regression analysis were used to calculate statistical signifi-
cance between groups (defined as P ≤ 0.05). All analyses 
were conducted with JMP Pro 12 (SAS Institute Inc., Cary, 
NC).

Results

Development and validation of an assay for NK 
cell‑mediated cytotoxicity against neuroblastoma 
cells

Most assays of NK cell-mediated killing of tumor cells use 
purified peripheral blood NK cells and target tumor cells in 
suspension [17, 18]. The advantage of this approach is that 
flow cytometry-based quantification of target-cell viability 
and studies of NK cell properties can be conducted at the 
same time. However, these methods are suboptimal for neu-
roblastoma cells because they are adherent, and their dis-
sociation from culture plates can lead to cell death (Supple-
mentary Fig. 1). Therefore, we developed an assay in which 
purified NK cells (Fig. 1a) were added to neuroblastoma 
cells in a 96-well plate, and NK cell-mediated cytotoxicity 
was analyzed in situ (Fig. 1b). Following co-incubation of 
effector and target cells, viable neuroblastoma cells were 
stained with calcein-AM and quantified by semiautomated 
confluence analysis (Fig.  1c). Residual NK cells were 
excluded from the analysis by their smaller size.

We selected nine neuroblastoma cell lines spanning the 
spectrum of GD2 and HLA expression (Supplementary 
Table 1). HLA expression of neuroblastoma cells was stud-
ied by flow cytometry and compared to the HLA-negative 
cell line K562 and peripheral blood to classify HLA expres-
sion as low, intermediate, or normal. Purified peripheral 
blood NK cells from healthy donors were used as effector 
cells, and the expression of CD158a, CD158b, CD158e1, 
NKp30, NKp44, NKp46, and NKG2D was determined by 
flow cytometry (Supplementary Figures 2 and 3). IL-2 at 
a concentration of 50 IU/mL was used for NK cell activa-
tion. ADCC was induced by Hu14.18K322A, which is 98% 
humanized and contains an alanine substitution at lysine 
322 to decrease allodynia and complement-dependent 
cytotoxicity [19]. We used concentrations of 10 µg/mL of 
Hu14.18K322 as described in previous studies [20]. We 
optimized the incubation times and E:T ratios across all 

neuroblastoma cell lines for ADCC, which were 12 h and 
5–1, respectively, because it was the shortest time to achieve 
statistically significant differences in normalized relative cell 
killing across multiple neuroblastoma cell lines (Fig. 1d).

Live-cell imaging was used as an independent method 
for assay validation. In a co-culture experiment, we quan-
titated specific lysis by allogeneic NK cells against two 
neuroblastoma cell lines with low (SK-N-SH) and high 
GD2 expression (NB-1691). Specific lysis induced by 
Hu14.18K322A was significantly higher in NB-1691 than 
in SK-N-SH at 12 h (both P < 0.001; Fig. 1e). In absence 
of Hu14.18K322A, this difference was statistically greater 
at 12 h (P < 0.001) than at 4 h (P = 0.042). We used these 
conditions for all subsequent experiments.

Because dissociated cells from O-PDXs tend to grow in 
aggregates, confluence analysis by quantitative microscopy 
was not ideal to assess cell viability. Instead, we used the 
CellTiter-Glo luminescent cell viability assay (Fig. 2a) to 
determine viability relative to the confluence of cells grow-
ing in two dimensions (Fig. 2b).

IL‑2 improves ADCC and NK cell‑mediated 
cytotoxicity

Previous studies used peripheral blood mononuclear cells to 
demonstrate the enhancing effect of IL-2 on ADCC induced 
by anti-GD2 antibody against neuroblastoma [21]. Although 
it is known that IL-2 specifically augments NK cell function 
[11, 22], the reported ADCC effect in these studies cannot 
unambiguously be attributed to NK cells. We prestimulated 
purified human NK cells with physiologic and supraphysi-
ologic doses of recombinant IL-2 (rIL-2) for 24 h before 
conducting ADCC assays. Stimulated NK cells expressed 
higher levels of NKp30 (P = 0.037), NKp44 (P < 0.001), 
and NKG2D (P < 0.001), relative to that of resting NK 
cells (Supplementary Figure 3). The cell line SK-N-MM 
has normal expression of HLA and inhibitory KIR ligands 
of KIR2DL1, KIR2DL2/3, and KIR3DL1, and has high 
levels of GD2. This cell line should be least susceptible to 
HLA–KIR mismatch and therefore most suitable to assess 
specific lysis due to ADCC by resting and IL-2-activated 
NK cells at different time points. IL-2 increased ADCC 
in a dose-dependent manner, and the cytotoxic effect of 
Hu14.18K322A was most apparent when NK cells were pre-
activated with 50 IU/mL IL-2 (Fig. 3a). To quantify ADCC 
with Hu14.18K322A under these conditions, NK cells from 
three donors were tested with the nine neuroblastoma cell 
lines by three serial 1000-fold dilutions of Hu14.18K322A. 
In resting NK cells, the highest antibody concentration of 
Hu14.18K322A (10 µg/mL) improved ADCC, compared 
with that of lower concentrations (Fig. 3b). The specific lysis 
was highest with IL-2 preactivated NK cells and antibody 
doses of Hu14.18K322A of > 10 ng/mL (Fig. 3b, c). As 
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expected, specific lysis in the GD2-deficient cell line SH-
SY5Y did not improve with the addition of Hu14.18K322A 
(Fig. 3c).

ADCC is more effective than “missing‑self” 
recognition for NK cell degranulation

During NK cell education, NK cells balance their activating 
and inhibitory receptors to not only ensure self-tolerance, 
but also recognize pathologic states associated with loss 
of HLA class I expression (i.e., “missing-self”; Fig. 4a), a 
process referred to as rheostat model [23, 24]. Consequen-
tially, NK cell education will give rise to a population of 
NK cells that express a balanced repertoire of activating 

and inhibitory cell surface receptors and are responsive to 
stimulation and to subsets of NK cells that lack receptors for 
self-HLA class I molecules but are hyporesponsive to stimu-
lation to prevent autoimmunity [23, 24]. We examined the 
role of HLA–KIR interactions ex vivo by using two neuro-
blastoma cell lines that were matched by HLA genotype and 
GD2 expression but had normal (SK-N-JCI) and low/absent 
levels of HLA expression (SK-N-SH) compared to white 
blood cells from buffy coat (normal) and K562 (absent); 
Fig. 4b. We conducted the ADCC assay with two concen-
trations of Hu14.18K322A (10 µg/mL and 10 ng/mL) and 
NK cells from 15 allogeneic donors that were prestimulated 
with 50 IU/mL of IL-2. As expected, specific lysis by IL-
2-activated NK cells was higher in both cell lines, compared 

Fig. 1   Development and validation of an assay to quantify NK cell-
mediated cytotoxicity and ADCC in neuroblastoma cells. a Isola-
tion of NK cells from peripheral whole blood yielded a highly puri-
fied CD56+/CD3− population (98%) compared with that of the buffy 
coat (13%). b Images produced in differential interference contrast 
(DIC) microscopy are shown. For the ADCC assay, neuroblastoma 
cells were plated into a 96-well plate and incubated with NK cells 
(solid arrow) ± Hu14.18K322A (t = 0  h). The number of neuroblas-
toma cells per well was counted to calculate the E:T ratio. After 
12 h (t = 12 h), most NK cells were washed off with a small amount 
aggregated on neuroblastoma cells (dashed arrow). Viable cells were 
stained with calcein-AM and imaged by semiautomated microscopy. 

c Binary segmentation of the original image was performed with Fiji 
to determine cell confluence. d The effect of NK cell-mediated abla-
tion (dark gray bars) and ADCC with Hu14.18K322A (light gray 
bars) was compared in resting and IL-2-activated NK cells (50  IU/
mL) across nine neuroblastoma cell lines. The E:T ratio was 5:1 with 
a 12 h incubation time. e Two neuroblastoma cell lines were studied 
in co-culture by live-cell imaging. The E:T ratio was 5:1. The num-
ber of dead cells with ADCC and NK cell-mediated cytotoxicity was 
determined over time for NB-1691 (red line) and SK-N-SH (black 
line). Most significant differences between cell lines were seen with a 
12-h incubation time.DIC differential interference contrast
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with the specific lysis mediated by resting NK cells (Fig. 4c, 
P < 0.001 for both cell lines). When the effect of ADCC 
was directly compared between the neuroblastoma cell lines, 
IL-2-stimulated NK cells induced lysis in more of the HLA-
expressing neuroblastoma cells (SK-N-JCI) than in the HLA 
low-expressing cells (SK-N-SH) (Fig. 4c). The mechanisms 
leading to higher specific lysis in the presence of IL-2 are 
unclear. It is possible that other receptor–ligand interactions 
not measured in this study accounted for these differences. 
To control for these variables, future experiments could use 
one cell line with conditional HLA knock-out to assess the 
effect of HLA–KIR interactions on ADCC.

Because the ADCC assay only quantitates tumor cell 
death, we also measured CD107a expression in NK cells 
from three donors to study the impact of HLA–KIR inter-
action on NK cell degranulation. Using the KIR and HLA 
genotype information from each donor, we determined the 
NK cell populations that are licensed (expressing KIR that 
corresponds to donor HLA) and unlicensed (expressing KIR 
which the donor did not express HLA for; Supplementary 
Table 2). Subsequently, we co-incubated IL-2-activated NK 
cells with neuroblastoma cells that genotypically lacked 
the HLA class I molecules corresponding to CD158a 
(SK-N-AS), CD158b (NBLS), or CD158e1 (NB-1691) 

and recreated HLA–KIR ligand mismatch this way. HLA 
expression was induced by interferon-γ treatment for 72 h 
(Fig. 4d). A blocking anti-HLA antibody was used to recre-
ate the state of missing self (lack of HLA–KIR interaction), 
and Hu14.18K322A was used to induce ADCC. The high-
est levels of CD107a expression were present in NK cells 
expressing CD158b (P < 0.001; Fig. 4e), harboring KIRs 
that were mismatched against HLA expressed by the respec-
tive neuroblastoma cells (P = 0.016; Fig. 4f), in the presence 
of antibody (P < 0.001; Fig. 4g), and in licensed NK cells 
(P < 0.05; Fig. 4h). KIR expression and HLA–KIR mismatch 
status remain statistically significant in a multiple regres-
sion analysis. Collectively, these data suggest that higher 
NK cell-mediated activity may be achieved via recruitment 
of the licensed NK cell population and in the setting of anti-
GD2 antibody and HLA–KIR mismatch aside from other 
signals.

Neuronal differentiation enhances ADCC

Because neuroblastoma tumors comprise neuroblastic cells 
(N-type), GD2-negative Schwann cell-like stroma cells 
(S-type), or both cell types (I-type), the expression of the 
neuronal marker GD2 can vary between and within tumors 
[7]. To determine what effect neuronal differentiation may 
have on susceptibility to ADCC, neuroblastoma cells were 
cultured in ATRA for 72 h before being subjected to the 
ADCC assay. GD2 expression was determined by flow 
cytometry, and gene expression of differentiated neuroblas-
toma cells were compared with that of untreated cells. All 
cells were assigned a cell type designation (N-, S-, or I-type) 
according to their morphology.

N-type and I-type cells increased neurite outgrowth, 
which did not occur in S-type cells (Fig. 5a). This morpho-
logic change was associated with an up-regulation of genes 
involved in ATRA metabolism (CYP26A1/B1, DHRS3; 
Fig. 5b) and binding (CRABP1/2, RARB, RBP1; Fig. 5c). 
Other genes that were found to be differentially expressed 
in ATRA-treated cells encode for proteins involved in cell 
structure, the MAPK and NOTCH1 signaling pathway, 
neuronal differentiation, and angiogenesis (Supplementary 
Table 3).

A high percentage of GD2-positive cells were present 
among the neuroblastoma cell lines (median 83.9%; range 
44.0–98.9%) with exception of SH-SY5Y cells (mean 
2.9 ± 0.7%; Fig. 5d). The percentage of GD2-positive cells 
did not change after ATRA treatment (median 78.5%; range 
1.3–98.5%; Fig. 5d). The mean fluorescence intensity for 
GD2 ranged broadly (median 1001; range 189–32,461), but 
did not significantly change after neuronal differentiation 
(median 1332; range 203–16,402; P > 0.05). ADCC was 
higher in differentiated neuroblastoma cells when induced 
by resting NK cells (P = 0.004). For all other conditions, 

Fig. 2   Development of an assay to quantify NK cell-mediated cyto-
toxicity and ADCC in O-PDXs a Dissociated tumor cells from 
O-PDXs were plated for the ADCC assay. IL-2 activated or resting 
NK cells were added ± Hu14.18K322A (t = 0  h) and incubated for 
12 h. The CellTiter-Glo luminescent cell viability assay was used to 
quantify ADCC. b ADCC results are plotted as relative light units 
(RLU) correlate with confluence in cells that are growing in two 
dimensions. RLU relative light units
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specific lysis of ATRA-treated cells was not different than 
that in untreated cells (Fig. 5e).

Individualized testing of ADCC is possible 
with O‑PDXs and matched NK cells from individual 
patients with neuroblastoma

To test ADCC of individual patients in the laboratory, 
we conducted ADCC assays with O-PDXs and NK cells 
matched from the same donor. The O-PDX SJNBL108_X 
expressed high levels of GD2, as detected by flow cytometry, 

and a second O-PDX SJNBL013761_X1 was deficient in 
GD2 (Fig. 6a). CD158b-expressing NK cells were the pre-
dominant KIR-expressing NK cell population in the periph-
eral blood of the SJNBL108_X donor, and CD158a-express-
ing NK cells were predominant for the SJNBL013761_X1 
donor (Fig. 6b). Both O-PDXs were susceptible to ADCC 
when induced with Hu14.18K322A, which was unexpected 
for SJNBL013761_X1 because it did not express any appre-
ciable levels of GD2 (Fig. 6c). This could be due to expres-
sion of other compensatory surface molecules, such as HLA 
class I, although we did not test this. The SJNBL013761_X1 

Fig. 3   IL-2 enhances NK cell-mediated ADCC in neuroblastoma 
cells. a NK cells were prestimulated with IL-2 concentrations rang-
ing from 0 to 5000 IU/mL for 24 h and subsequently tested with the 
SK-N-MM neuroblastoma cell line at different E:T ratios. The assays 
were conducted with (gray bar) and without Hu14.18K322A (black 
bar). The cytotoxic effect of Hu14.18K322A was statistically sig-
nificant across multiple E:T ratios when NK cells were preactivated 
with 50  IU/mL IL-2. NK cells from three allogeneic donors were 
tested in nine neuroblastoma cell lines (b) Three serial dilutions of 
Hu14.18K322A were used [High (H): 10  µg/mL, Med (M): 10  ng/

mL, and Low (L): 10 pg/mL] to induce ADCC. The highest antibody 
concentration yielded better median specific lysis (black bar) in rest-
ing NK cells, but a reduced concentration (10  ng/mL) was equally 
efficacious when concomitantly administered with IL-2. c Results for 
individual neuroblastoma cell lines are shown in which IL-2 preacti-
vated NK cells showed equivalent cytotoxicity with lower antibody 
doses. The highest antibody concentration yielded better median spe-
cific lysis in NB-1691 with resting and IL-2 preactivated NK cells. 
ADCC was comparable to NK cell-mediated cytotoxicity in the GD2-
deficient cell line SH-SY5Y
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Fig. 4   Comparison of ADCC and missing-self recognition for neuro-
blastoma cell ablation. a Schematic depicting HLA–KIR interactions 
and the principles of NK cell-mediated cytotoxicity. b The SK-N-SH 
neuroblastoma cell line demonstrated downregulation of HLA (red) 
surface expression, whereas the SK-N-JCI cell line expressed charac-
teristic HLA levels. Isotype is shown in gray. K562 served as nega-
tive control and white blood cells from buffy coat as positive control. 
c Head-to-head comparison of susceptibility to NK cell-mediated 
cytotoxicity and ADCC. Activated NK cells induced more tumor 
cell death in SK-N-JCI than in SK-N-SH cells. Resting NK cells did 
not affect tumor cell death levels. d HLA expression was induced by 
interferon-γ treatment for 72  h and comparable to buffy coat. e–h 
Degranulation of NK cells from three donors was assessed by quanti-

fying CD107a expression in single KIR-positive NK cell sub-popula-
tions after co-incubation with neuroblastoma cells that genotypically 
lacked the HLA class I molecules corresponding to CD158a (SK-N-
AS), CD158b (NBLS), or CD158e1 (NB-1691). When stratified by 
KIR sub-population (e), presence of HLA–KIR mismatch between 
NK cells and tumor cells (f), use of antibody Hu14.18K322A (g), 
or licensing status and HLA–KIR mismatch (h), the greatest level 
of NK cell degranulation was noted in CD158b-expressing NK cells 
(e), in NK cells harboring KIRs that were mismatched against HLA 
expressed by the respective neuroblastoma cells (f), in the presence 
of antibody (g), and in licensed NK cells (h). KIR expression and 
HLA–KIR mismatch status remain statistically significant in a multi-
ple regression analysis
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O-PDX was resistant to NK cell-mediated cytotoxicity with-
out antibody, even when the NK cells were stimulated with 
IL-2. Live-cell imaging supported this observation.

Discussion

High-risk neuroblastoma is one of the most common solid 
tumors of childhood [25]. Despite the use of immunotherapy 
and differentiation therapy in the multimodal treatment regi-
men for these patients, a third of affected children experience 
treatment failure within the first 2 years of therapy, and more 
than 50% suffer from dose-limiting toxicities [6, 26]. We 
studied the contribution of IL-2, anti-GD2 antibody ther-
apy, ATRA, and HLA–KIR mismatch in NK cell-mediated 
cytotoxicity of neuroblastoma cells with the aim to better 
understand the cellular mechanisms of NK cell-mediated 
ADCC. The results of our study point to several potential 
strategies that warrant further validation in vivo to improve 
immunotherapy for patients with neuroblastoma.

Many studies have described the enhancing effect of IL-2 
on NK cell growth and survival and suggested a supporting 
role in ADCC [11, 27, 28]. However, therapeutic administra-
tion of IL-2 has been limited in the clinic by the considerable 
toxicity associated with high doses [29]. For example, in 
the latest high-risk neuroblastoma study by the European 
International Society of Pediatric Oncology Neuroblastoma 

Group, 44% of patients who received high-dose rIL-2 at 
6 × 106 IU/m2 by subcutaneous injection were unable to 
tolerate the regimen and had to terminate their treatment 
prematurely [30]. The investigators of this study questioned 
the therapeutic role of rIL-2 in their trial, given that they did 
not find a survival benefit with the use of rIL-2. However, 
the findings may have been confounded by the high dropout 
rate of patients in the IL-2 treatment arm [30]. Our data 
show that IL-2 improves ADCC in culture and support the 
continued use of this cytokine in neuroblastoma immuno-
therapy. The IL-2 concentration that we used is tolerable 
and physiologically achievable, falling within the range of 
serum levels from adult and pediatric pharmacokinetic stud-
ies [29, 31]. Therefore, we argue that low doses of IL-2 may 
be an efficacious yet better tolerated option for children with 
neuroblastoma. ADCC is enhanced by greater IL-2 activa-
tion and anti-GD2 antibody concentration (of > 10 ng/mL) 
until this effect reaches a plateau in vitro. In the future, we 
suggest comparing several doses of Hu14.18K322A in com-
bination with IL-2 in preclinical studies to determine which 
dose combination may yield the best anti-tumor effect. Clini-
cally, dose de-escalation of anti-GD2 antibody therapy could 
result in better tolerability because it may decrease anti-
body-related pain, which is dose-dependent and currently 
managed in the clinic with preemptive administration of 
morphine and decreased anti-GD2 antibody infusion rates, 
extending up to 10 days (NCT01857934) [32].

Fig. 5   Effect of neuroblastoma differentiation on NK cell-medi-
ated ADCC and ADCC. a After exposure to ATRA for 72 h, neur-
ite outgrowth was present in N-type and I-type cells (solid arrows). 
No changes in morphology were noted in some I-type cells and 
most S-type cells (dashed arrows). b, c Differential gene expres-
sion of ATRA-binding proteins (b) and enzymes involved in ATRA 
metabolism (c) after differentiation of neuroblastoma cells. d 
Flow cytometry analysis of GD2. For all but two cell lines (SK-N-

SH and SH-SY5Y), the percentage of GD2-expressing cells after 
ATRA-induced differentiation was unchanged, compared with that 
in untreated cells. e ADCC assays using 2 allogeneic donors against 
10 neuroblastoma cell lines (listed in Supplementary Table  1) were 
conducted. Each dot refers to the average specific lysis per cell line 
for the respective experimental condition. Statistically significantly 
(***) higher median specific lysis (black bar) by resting NK cells and 
Hu14.18K322A was noted after differentiation with ATRA​
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NK cell-based therapy found applicability in the clinic 
after evidence emerged that individuals with acute mye-
loid leukemia who receive bone marrow transplants with 
HLA–KIR mismatch have improved long-term survival [10]. 
For neuroblastoma, NK cell therapy could be exploited as 
either part of anti-GD2 antibody therapy or cancer-directed 
immunosurveillance [33, 34], but the cellular mechanisms 
are less clearly understood in neuroblastoma than in acute 
myeloid leukemia. We found that ADCC was a strong sig-
nal for NK cell degranulation. Therefore, adoptive transfer 
of allogeneic NK cells may be more effective when given 
with antibody. We also observed that NK cells of all of our 
donors express CD158b and were licensed and predomi-
nantly active, whereas other NK cell populations exhibited 
less degranulation. CD158b (KIR2DL2/3) and HLA-C1 
ligands are the most common KIR allele and HLA among 
the Caucasian population [35]. The cumulative number of 
Caucasians with HLA-C allotypes with asparagine at posi-
tion 80 corresponding to CD158b approximates a third in 
this ethnic group [35]. Therefore, it is likely to have a donor 
with licensed and potentially active NK cell that express 
CD158b and could explain our findings. However, it is 

unclear how NK cell education preferentially expands the 
CD158b-expressing sub-population. Our findings also raise 
the question if selection of suitable NK cell donors which is 
based primarily on donor KIR genotype and recipient HLA 
genotype should be expanded to determine the fraction of 
active and hypoactive NK cell populations according to the 
HLA and KIR genotype of the donor. We will further vali-
date these data with cells isolated from additional donors in 
ex vivo and animal model studies.

Previous studies of neuroblastoma cell death in culture 
compensated for un-induced levels of cell death by remov-
ing neuroblastoma cells from culture plates by normalizing 
assay results. Although this is an effective approach, the 
nine neuroblastoma cell lines we tested had very different 
intrinsic sensitivities to flow cytometry-based cytotoxicity 
assays. Therefore, we developed a new assay that minimized 
basal levels of cell death. We conducted a large series of 
ADCC assays with this method, demonstrating its feasibility. 
Unlike flow cytometry-based assays that have a very high 
sensitivity in detecting membrane disintegrity with viability 
staining, our ADCC assay required the tumor cells to have 
undergone cell death to quantify specific lysis. Therefore, 

Fig. 6   ADCC assays with matched O-PDXs and patient NK cells. 
a, b Flow cytometry plots are shown depicting GD2 expression (a) 
and KIR phenotype (b) in the SJNBL108_X and SJNBL013761_

X1 O-PDXs. c ADCC assay results for SJNBL108_X and 
SJNBL013761_X1 are plotted as relative light units (RLU). RLU 
relative light units
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our assay measures ADCC more conservatively than do flow 
cytometry-overing from an NK cell assault.

Importantly, we isolated NK cells from the peripheral 
blood of healthy de-identified allogeneic blood donors 
to assess ADCC by resting and IL-2 activated NK cells. 
Because of donor de-identification, each experiment was 
conducted with fresh cells from a different donor. Because 
the level of NK cell-mediated cytotoxicity may vary among 
individuals, comparing ADCC within an experiment with 
NK cells from one donor rather than between experiments 
with NK cells from different donors may lead to more bio-
logically meaningful conclusions.

GD2 expression remained stable after ATRA-induced dif-
ferentiation, which was expected because GD2 is a marker 
found in mature neurons [36]. Susceptibility to ADCC was 
improved after ATRA treatment. This is clinically relevant 
because patients receive anti-GD2 antibody therapy com-
bined with ATRA [6]. Although not studied here, ATRA can 
induce higher expression of NKG2D ligands [37]. NKG2D 
serves as global co-stimulatory signal for various ITAM-
associated pathways in NK cells, including CD16 signaling 
[38]. Although this could have been a plausible explana-
tion as to why ATRA-treated tumors are highly susceptible 
to ADCC by anti-GD2 antibody alone without the need of 
IL-2 activation of NK cells, RNA sequencing did not reveal 
differential expression of the respective genes. Therefore, 
at this point, the mechanisms behind this are unclear, and 
future molecular studies are needed to explain the observed 
differences. In concordance with prior reports [39], the 
morphology of ATRA-differentiated neuroblastoma cells 
varied greatly and could be due to differential expression 
of ATRA effector genes. For example, RARB and CRABP2 
are upregulated in good differentiator cells and function as 
regulatory binding proteins that induce the transcription 
of ATRA target genes [40]. The transcriptional effects of 
ATRA also depend on its cellular concentration. Enzymes 
belonging to the CYP26 family are mainly responsible for 
ATRA homeostasis and were upregulated as well. Whether 
or not these genes can be used to predict differentiation effi-
ciency warrants further studies.

We have demonstrated the feasibility of conducting 
tissue-matched ADCC experiments with patient NK cells 
and O-PDXs. Characterizing effector and tumor cells and 
conducting ADCC assays for individual patients in the labo-
ratory may provide a valuable opportunity to identify and 
validate predictive biomarkers for therapy success and to 
study the potential vulnerabilities of tumor cells. Together, 
our findings highlight several potential ways to improve 
immunotherapy for patients with neuroblastoma and war-
rant further validation in vivo.
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