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Abstract
Neuroblastoma (NBL) accounts for a disproportionate number of deaths among childhood malignancies despite intensive 
multimodal therapy that includes antibody targeting disialoganglioside GD2, a NBL antigen. Unfortunately, resistance to 
anti-GD2 immunotherapy is frequent and we aimed to investigate mechanisms of resistance in NBL. GD2 expression was 
quantified by flow cytometry and anti-GD2 antibody internalization was measured using real-time microscopy in 20 human 
NBL cell lines. Neutrophil-mediated antibody-dependent cellular cytotoxicity (ADCC) assays were performed on a subset 
of the cell lines (n = 12), and results were correlated with GD2 expression and antibody internalization. GD2 was expressed 
on 19 of 20 NBL cell lines at variable levels, and neutrophil-mediated ADCC was observed only in GD2-expressing cell 
lines. We found no correlation between level of GD2 expression and sensitivity to neutrophil-mediated ADCC, suggest-
ing that GD2 expression of many cell lines was above a threshold required for maximal ADCC, such that expression level 
could not be used to predict subsequent cytotoxicity. Instead, anti-GD2 antibody internalization, a process that occurred 
universally but differentially across GD2-expressing NBL cell lines, was inversely correlated with ADCC. Treatment with 
endocytosis inhibitors EIPA, chlorpromazine, MBCD, and cytochalasin-D showed potential to inhibit antibody internaliza-
tion; however, only MBCD resulted in significantly increased sensitivity to neutrophil-mediated ADCC in 4 of 4 cell lines 
in vitro. Our data suggest that antibody internalization may represent a novel mechanism of immunotherapy escape by NBL 
and provide proof-of-principle that targeting pathways involved in antibody internalization may improve the efficacy of 
anti-GD2 immunotherapies.
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Introduction

Neuroblastoma (NBL) is the most common extracranial solid 
tumor of childhood, with 90% of cases occurring in children 
under age 5 and half of those presenting with high-risk disease. 

Despite intensive multimodal therapy, nearly 50% of patients 
with high-risk NBL will experience relapse with associated 
dismal survival [1]. The introduction of therapeutic antibod-
ies targeting the disialoganglioside GD2, an antigen highly 
expressed on NBL tumors, has significantly improved survival 
outcomes of patients with high-risk NBL [2–4]. The addition 
of anti-GD2 antibody (dinutuximab) to post-consolidation 
therapy of high-risk NBL improved 2-year event-free survival 
when compared to patients treated with isotretinoin alone [4]. 
In relapsed or chemo-refractory NBL patients, the combi-
nation of anti-GD2 antibody with chemotherapy resulted in 
significant disease remission and improved survival [5–7]. 
Despite these advances, a significant proportion of children 
will experience persistence of disease or relapse, with the 
mechanisms underlying resistance remaining poorly under-
stood. Only 10–12% of NBL patients have complete or partial 
loss of GD2 expression on NBL cells from bone marrow [8], a 
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far lower percentage than the rate of non-response to antibody 
therapy, and thus, constitutively low or absent GD2 expression 
can only partially explain anti-GD2 antibody resistance.

As its main anti-tumor mechanism, anti-GD2 antibody 
engages neutrophils and natural killer (NK) cells to mediate 
antibody-dependent cellular cytotoxicity (ADCC) [9–11]. 
Success of ADCC requires anti-GD2 antibody to remain 
bound and available on the surface of tumor cells and as 
such, anything that decreases surface-bound antibody may 
negatively impact the efficacy of antibody therapy and 
ultimately contribute to therapy resistance. The amount of 
available membrane-bound monoclonal antibody (mAb) on 
target cells will be affected by factors that impact antibody 
distribution including tissue-specific expression, mAb-tar-
get binding affinity, accessibility of mAb to the target, and 
ultimately, the fate of mAb-target complexes once bound 
including target shedding, internalization, and recycling 
[12]. In regard to the latter, receptor-mediated endocyto-
sis pathways that mediate routine cell membrane receptor 
recycling can also mediate internalization of bound mAb 
resulting in clearance and destruction of antibody with or 
without subsequent alterations in surface antigen expression.

Antibody internalization has been described for a variety 
of therapeutic antibodies currently in clinical use [13–15]. 
Antibody internalization by target cells is proposed to under-
lie differences in therapeutic efficacy across CD20-targeted 
antibodies in arthritis and lupus patients [16], and was linked 
to decreased binding of mAb to solid tumor models by anti-
HER2 mAb [15]. Anti-ganglioside antibody internalization 
has also been shown to be associated with protection of neu-
ronal and glial cells from antibody-dependent complement-
mediated nerve injury in a murine model of Guillain–Barre 
syndrome [17]. However, to our knowledge, internalization 
of anti-GD2 mAb by NBL cells as a mechanism of immu-
notherapy resistance has not been demonstrated.

In the current study, we evaluated GD2 expression, sen-
sitivity to neutrophil-mediated ADCC, and anti-GD2 anti-
body internalization across a large cohort of human NBL 
cell lines. We assessed relationships between these variables 
with particular interest in the relationship between inter-
nalization of anti-GD2 mAb and NBL cell line sensitivity 
to neutrophil-mediated ADCC. Finally, we evaluated the 
effect of endocytosis pathway inhibitors on anti-GD2 inter-
nalization and on sensitization of NBL cells to neutrophil-
mediated ADCC.

Materials and methods

Cell culture and reagents

Human NBL cell lines CHLA15, CHLA20, CHLA51, 
CHLA90, CHLA136, CHLA122, CHLA225, and 

CHLA255 were established at Children’s Hospital Los 
Angeles (CHLA). Human NBL cell lines Lan1, Lan2, 
Lan5, Lan6, SMS-KAN, SMS-KANR, SMS-KCN, SMS-
KCNR, SMS-SAN, SK-N-BE(1), and SK-N-BE(2), were 
kind gifts from Dr. Robert Seeger or purchased from 
ATCC. All cell lines were cultured in IMDM with L-glu-
tamine and 25 mM HEPES (Corning) supplemented with 
10% heat-inactivated fetal bovine serum (FBS) (Corn-
ing), referred to as complete media. Identity of cell lines 
was confirmed by short tandem repeat (STR) testing of 
cell line-derived DNA (University of Arizona Genetics 
Core; http://​uagc.​arl.​arizo​na.​edu) and all cell lines were 
routinely tested and found to be mycoplasma-free (Lonza 
MycoAlert detection kit). Cell line characteristics were 
compiled from previously reported studies [18, 19] as 
well as the Childhood Cancer Repository (www.​cccel​ls.​
org) and have been organized in supplementary materials 
(Supplementary Table 1). Human recombinant GM-CSF 
(Leukine sargramostim 250 µg/ml) was obtained from 
CHLA pharmacy and kept at 4 °C until use. Dimethyl 
sulfoxide (DMSO), EIPA [5-(N-Ethyl-N-isopropyl) ami-
loride], cytochalasin-D, chlorpromazine hydrochloride, 
methyl-beta-cyclodextrin (MBCD) were all purchased 
from MilliporeSigma. Pitstop2™ was purchased from 
Abcam. Cytochalasin-D came as a ready-made solution, 
MBCD stock solution was prepared in serum-free IMDM, 
chlorpromazine stock in PBS while stock solutions of all 
remaining reagents were prepared in DMSO and stored at 
-20 °C (exception: MBCD stored at 4 °C per manufacturer 
recommendations). On day of use, stock solution aliquots 
were thawed and diluted to 2x−5x working solutions in 
serum-free IMDM prior to use with a final DMSO con-
centration of 0.1% or lower in all experiments.

Monoclonal antibodies

Murine-derived anti-GD2 antibody, 14G2a, was purified 
from culture supernatants of 14G2a-producing hybridoma 
cells (kind gift from Dr. Paul Sondel and originally estab-
lished by Dr. Ralph Reisfeld) using a HiTrap Protein G 
HP column (GE Healthcare BioSciences) as per manu-
facturer’s protocol. SDS-PAGE Coomassie blue gels were 
used to confirm protein isolation within eluted fractions. 
Dialysis was then used to exchange the antibody-contain-
ing buffer solution to PBS followed by 0.22 µM filter steri-
lization. Final protein concentration was determined using 
a Nanodrop Nd-1000 spectrophotometer and aliquots were 
stored at −20 °C until use. Unituxin™ (chimeric 14.18 
or dinutuximab), a human-mouse chimeric anti-GD2 anti-
body, stock [3.5 mg/ml] was obtained from CHLA Phar-
macy and kept at 4 °C per manufacturer’s recommenda-
tions until time of use.

http://uagc.arl.arizona.edu
http://www.cccells.org
http://www.cccells.org
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Flow cytometry

Cells were detached using trypsin (0.05%) with EDTA, 
washed in complete media and pelleted by centrifugation. 
They were counted and 105 cells were washed once in cold 
FACS buffer (1 × PBS supplemented with 2% heat-inacti-
vated FBS and 2 mM EDTA but not the endocytosis inhibi-
tor NaN3) followed by incubation with anti-GD2-PE anti-
body (Clone 14G2a, Isotype mouse IgG2a, BD Biosciences) 
or isotype-matched control mAb of irrelevant (non-biologic) 
specificity (murine IgG2a-PE; BioLegend) for 45 min in a 
4 °C ice water bath in the dark. Cells were then washed 
twice in FACS buffer and transferred to filter top tubes with 
addition of DAPI live/dead stain (final concentration 1 µg/
ml; Sigma-Aldrich). Data were acquired using a BD LSR 
II flow cytometer, acquiring 20,000 events from the live 
(DAPI negative) singlet gate for each cell line. Exported 
FCS files were then analyzed using FlowJo_v10 software 
and geometric mean fluorescence intensity determined for 
every sample. BD PE QuantiBrite Beads (BD Bioscience) 
were analyzed per the manufacturer’s protocol with every 
run. This was used to generate a standard curve in Prism 
GraphPad from which the PE geometric mean for each sam-
ple was converted into the number of antibodies bound per 
cell (ABC) representing surface antigen expression. Mean 
and standard deviation were calculated from a minimum of 
3 replicate values for each cell line.

ADCC assay

Venous blood was collected from healthy donors into 
EDTA-coated tubes immediately before use in each assay. 
Donor informed consent was obtained in accordance with 
institutional review board policies. Whole blood was then 
processed to obtain highly enriched neutrophils (typi-
cally > 95%) using MACSxpress human neutrophil isolation 
kit (Miltenyi Biotec) per the manufacturer’s protocol with 
addition of red blood cell lysis as a final step. Neutrophils 
were resuspended in IMDM, and cell count and viability 
were determined using a ViCell Cell Counter prior to use.

A digital image microscopy scanning (DIMSCAN) [20] 
and an Incucyte S3 live-image fluorescent microscopy sys-
tem were used for assessment of ADCC. ADCC assays uti-
lizing small molecule inhibitors of pinocytosis were car-
ried out on the Incucyte S3 system. For DIMSCAN ADCC 
assays, NBL cells were labeled with calcein-AM (Ther-
moFisher Scientific) to a final concentration of 5 µg/ml per 
106 cells for 30 min in the dark at 37 °C followed by four 
washes to remove residual calcein-AM, plated at 104 cells/
well in 96-well clear bottom black plates and placed in an 
incubator to settle prior to start of ADCC experiments. For 
Incucyte S3 ADCC assays, GFP-expressing LAN1 cells 
(Lan1GFP) were used at 104 cells/well in clear 96-well plate 

and allowed to settle prior to start of ADCC experiments 
and imaged in the Incucyte S3 system housed in a cell cul-
ture incubator. ADCC experiments: Dinutuximab and human 
recombinant GM-CSF stocks were diluted in IMDM prior 
to addition to wells. Final concentrations per well in a final 
well volume of 200 µl were as follows: dinutuximab 5 µg/ml, 
GM-CSF 100 ng/ml, human neutrophils 105 cells/well for an 
effector to target (E:T) ratio of 10:1. Untreated tumor cells, 
antibody only, and neutrophil only conditions were included 
as controls in every assay. For DIMSCAN assays, follow-
ing a 6-h incubation in a 5% CO2 incubator at 37 °C, plates 
were scanned to measure retained total fluorescence per well 
representative of total viable cell count. Cytotoxicity was 
calculated as a change in viable cell count and reported as 
cytotoxicity % = 100–[(fluorescent intensity of target wells / 
fluorescent intensity of untreated control wells) × 100]. Mean 
cytotoxicity was calculated from 6 replicate wells for each 
condition and then averaged across triplicate experiments. 
In ADCC experiments utilizing inhibitors, stock solutions 
of each drug (EIPA, chlorpromazine, MBCD, Pitstop2, 
Cytochalasin-D or DMSO) were thawed and adjusted to 
desired concentration in IMDM. Experimental schemas 
in Fig. 5 show the duration of pre-treatment with inhibi-
tors, timing of addition of antibody, and/or neutrophils. The 
value of integrated green fluorescence intensity per well 
generated from Lan1GFP cells was averaged across 3–6 well 
replicates per experiment as measured by Incucyte. Cyto-
toxicity was calculated from values collected 6 h after addi-
tion of neutrophils in each assay and reported as cytotoxic-
ity % = 100–[(fluorescent intensity of target wells at hour 
6 / fluorescent intensity of untreated control wells at hour 
6) × 100]. To allow for comparison across inhibitor-treated 
experimental replicates, cytotoxicity values for each experi-
ment were normalized by setting the cytotoxicity value of 
untreated cells at 100% and converting each raw cytotoxicity 
value to a percent of untreated control.

Antibody internalization

Purified 14G2a or dinutuximab was adjusted to 1 mg/ml 
in PBS followed by addition of pHrodo (ThermoFisher 
Scientific) in 100% DMSO using a molar ratio of 10 and 
incubated in the dark at room temperature for 45 min as per 
manufacturer’s protocol. Unused pHrodo-conjugated mAb 
was stored at 4 °C. To assess internalization, 105 tumor cells 
were plated per well in 96 well clear plates, allowed to settle 
overnight in a 37 °C/5% CO2 humidified incubator followed 
by addition of pHrodo-labeled 14G2a (14G2a-pHrodo) for a 
final concentration of 10 µg/ml per well. Plates were placed 
in an Incucyte S3 live-cell imaging system where phase 
contrast and red fluorescent images were captured every 
30 min for 24 h. The GD2-negative cell line, Lan6, and the 
highest internalizing cell line, Lan1, were run with each 
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experimental replicate as negative and positive controls, 
respectively. Data were analyzed using Incucyte S3 software 
with top-hat background subtraction and an analysis defini-
tion customized to the unique morphology of each cell line 
and applied to all replicate experiments. A measure of ‘red 
area percent’ was calculated for every timepoint by normal-
izing red fluorescent area per well to cell confluence (phase 
area) per well to control for differences in cell plating densi-
ties and cell proliferation rates across cell lines and across 
experimental replicates (Supplementary Fig. 1a). Data were 
exported from the Incucyte system and, using Prism Graph-
Pad, the red area percent values over 24 h were converted 
into an area under the curve (AUC) of the internalization 
values. AUC values of each experimental replicate were then 
normalized by setting the Lan1 AUC value for that replicate 
to 1000 and adjusting the other cell line AUCs accordingly 
to account for differences in pHrodo degree of antibody 
labeling that may occur across experimental days and con-
tribute to differences in red fluorescence across replicates. 
AUCs were then averaged across 3–6 wells per experimental 
replicate and across a minimum of 3 experiments performed 
on different days for each cell line. All images included in 
figures were exported using the same image settings and are 
free of alteration or modification.

For internalization assays in the presence of endocytosis 
inhibitors, drug dose-finding was first determined by meas-
uring cell viability of Lan1GFP cells over a 24-h incubation 
with each drug at concentrations commonly reported, along 
with additional concentrations both above and below. A dose 
resulting in less than 10% cell death at 24 h was selected for 
subsequent use. For internalization, 104 Lan1 cells/well were 
plated in 96-well plates as above and allowed to attach over-
night followed by addition of inhibitor of interest the follow-
ing morning. After 30 min of drug pretreatment, 14G2a-
pHrodo was added to wells to a final concentration of 10 µg/
ml, the plate was replaced inside the Incucyte and images 
were captured every 30 min for 24 h as above with cor-
responding Lan1-specific analysis definition subsequently 
applied. Internalization AUCs were calculated, converted 
to percent of the untreated Lan1 AUC for each replicate, 
and then averaged across 3–6 wells per experiment with a 
minimum of three replicate experiments. Finally, for drug 
wash-out assays, 105 Lan1 cells were pretreated with each 
drug in a 15 ml conical tube incubated at 37 °C for 4 h with 
manual agitation hourly followed by two washes in IMDM to 
remove drug, after which cells were plated and internaliza-
tion assay run as above.

Statistical analysis

Statistical analysis was performed with Prism GraphPad 
(v.8.4.1). Comparison of values between treatment groups 
was carried out using unpaired two-tailed t-test with 

significance set at P < 0.05. Comparison of multiple groups 
was performed using analysis of variance (ANOVA), one-
way for single variable and two-way for analysis of two vari-
ables. Pearson correlation coefficient was used to calculate 
the r value when comparing two independently measured 
normally distributed numerical variables (i.e., GD2 ABC 
and internalization AUC).

Results

Level of GD2 expression and sensitivity 
to neutrophil‑mediated ADCC are not correlated

We quantified GD2 expression on the surface of NBL cells 
using BD Quantibrite beads for 20 human NBL cell lines. 
This cohort of cell lines was composed of MYCN non-
amplified (n = 6) and MYCN amplified (n = 14) cell lines. 
Thirteen cell lines were established from tissue obtained 
at time of relapse or disease progression while seven were 
established from diagnostic tissue samples (Supplementary 
Table 1). We found that 19 of 20 cell lines expressed GD2, 
and 18 of the 19 GD2-expressing cell lines expressed > 105 
GD2 molecules per cell surface. There was significant het-
erogeneity in the level of GD2 expression, ranging from 
around 1 × 105 to 4 × 105 molecules of GD2 per cell on the 
18 of 20 cell lines that had high GD2 (p < 0.001) (Fig. 1a). 
Lan6 was confirmed to be a GD2-negative cell line. GD2 
expression also did not significantly differ by MYCN sta-
tus or disease status at time of cell line establishment (Sup-
plementary Fig. 3). We then examined cell line sensitivity 
to human neutrophil-mediated ADCC in the presence of 
anti-GD2 antibody (dinutuximab) for eleven of the GD2-
expressing NBL cell lines and the GD2-negative Lan6. 
Using percent cytotoxicity at 6 h as a measure of cell line 
sensitivity to neutrophil-mediated ADCC, we observed 
significant variation across cell lines (range −7.8–72%, 
p < 0.001) (Fig. 1b). Of the GD2-expressing lines tested, 
SMS-KAN demonstrated the highest sensitivity to ADCC 
(72 ± 3% cytotoxicity), while CHLA20 demonstrated the 
lowest (19.5 ± 3%). The GD2-negative cell line, Lan6, 
demonstrated no cytotoxicity (−7.8 ± 2%) and this lack of 
sensitivity to ADCC for Lan6 is consistent with a require-
ment for GD2 expression for neutrophils to mediate ADCC 
against NBL cells. To further assess whether the level of 
GD2 expression is related to degree of resistance to ADCC, 
we examined these two variables for the cohort of 11 GD2-
expressing cell lines for which ADCC was measured and 
found no significant correlation between GD2 expression 
level (ABC) and ADCC (r = −0.01, (Fig. 1c), suggesting 
that differences in sensitivity to neutrophil-mediated ADCC 
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are not solely explained by differences in GD2 expression 
among GD2-expressing cell lines.

Differential anti‑GD2 antibody internalization 
inversely correlates with ADCC

All 19 of the NBL cell lines that expressed GD2 dem-
onstrated internalization of anti-GD2 antibody (14G2a-
pHrodo) over 24 h as measured on an Incucyte S3 live-cell 
imaging system (Supplementary Fig. 1b). The internaliza-
tion time course data quantified as 24-h AUC demonstrated 
significant heterogeneity across the 19 GD2-express-
ing neuroblastoma cell lines (normalized AUC range: 
89.8–1000, p < 0.001) (Fig. 2a-c, Supplementary Fig. 1c). 
As expected, no anti-GD2 antibody internalization was 

measured for the GD2-negative Lan6 cells (AUC 1.2 ± 
0.4). Lan1 cells demonstrated the highest and SMS-KANR 
cells the lowest antibody internalization rate among GD2-
expressing cell lines (normalized AUC of 1000 and 89.9, 
respectively). The relationship between GD2 expres-
sion level and extent of antibody internalization was not 
directly linear; for example, CHLA255 cells had the high-
est level of GD2 expression but only the fourth highest 
rate of antibody internalization (Supplementary Fig. 1), 
possibly reflecting complex mechanisms involved in the 
receptor-mediated endocytosis pathway.

With our initial studies using 14G2a, we next aimed 
to determine if dinutuximab, the only FDA-approved chi-
meric anti-GD2 antibody for clinical use, was internal-
ized by NBL cells in a similar manner to the fully murine 
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14G2a antibody, given that the two mAbs share the same 
antigen-binding fragment specificity. We simultaneously 
tested internalization of each antibody in ten GD2-express-
ing NBL cell lines along with GD2-negative Lan6 cells 
and found a near perfect correlation (r = 0.99) (Fig. 2d, 
Supplementary Fig. 3a-b).

We next evaluated the relationship between GD2 
expression, as quantified by the Quantibrite ABC method, 
and internalization of anti-GD2 antibody over 24 h (mean 
AUC) and found a weak positive correlation (r = 0.32) 
(Fig.  3a). We then evaluated for relationship between 
anti-GD2 antibody internalization over 24 h and cell line 
sensitivity to neutrophil-mediated ADCC and found a 
moderate inverse correlation (r = −0.41) (Fig. 3b). There 
were no significant differences when examining these 
AUC values in the context of MYCN amplification status 

or between cell lines established from diagnostic tissue 
and those established from relapse or progressive disease 
tissue (Fig. 3c).

Inhibitors of pinocytosis effectively inhibit antibody 
internalization

Antigen recycling occurs through various endocytosis 
pathways which can include pinocytosis and/or phagocy-
tosis with pinocytosis encompassing clathrin-mediated 
endocytosis (CME), clathrin-independent endocytosis 
(CIE), and macropinocytosis (21). Given that the spe-
cific pathway involved in recycling of GD2 in NBL cells 
remains unknown, we investigated a select group of endo-
cytosis inhibitors, EIPA, MBCD, chlorpromazine, Pitstop2, 
and cytochalasin-D, for their effect on internalization of 
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anti-GD2 mAb in an effort to deduce which major endocy-
tosis pathways are involved in antibody internalization by 
NBL.

We found that antibody internalization by Lan1 cells 
was significantly inhibited by 4 of the 5 compounds when 
compared to untreated Lan1 cells. EIPA (99.8% inhibition 
relative to control, p = 0.001) and chlorpromazine (98.8% 
inhibition, p = 0.009) treatment resulted in near complete 
inhibition of antibody internalization. MBCD treatment 
inhibited internalization by 73.3% compared to control 
(p = 0.006), and cytochalasin-D treatment inhibited inter-
nalization by 61.1% (p = 0.03). Treatment with Pitstop2 did 
not significantly inhibit internalization (28.2% inhibition, 
p = 0.40) (Fig. 4a-b). We next investigated the effect of each 

drug on GD2 expression to ensure that inhibition of inter-
nalization seen with drug treatment was not simply due to 
alterations in surface GD2. Following drug pretreatment at 
the concentrations shown to inhibit antibody internalization 
and for the same treatment duration, we quantified surface 
GD2 expression and found no significant differences in sur-
face expression of GD2 (ABC) when compared to untreated 
Lan1 cells (p > 0.05) (Fig. 4c).

Inhibition of antibody internalization results 
in increased ADCC

We next tested the three most effective inhibitors of internal-
ization, EIPA, chlorpromazine, and MBCD for their ability 
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Fig. 3   Internalization of anti-GD2 antibody by human neuroblastoma 
cell lines is inversely correlated with sensitivity to neutrophil-medi-
ated ADCC in vitro. a Scatter plot of mean GD2 expression (ABC) 
for cell lines shown in Fig.  1a and corresponding 14G2a-pHrodo 
internalization 24  h mean normalized AUC (r = 0.32). b Scatter 
plot of 24  h anti-GD2 internalization AUC (normalized mean) ver-
sus average cytotoxicity (% at 6  h) to neutrophil-mediated ADCC 
(measured on an Incucyte) for the 11 cell lines with both data points 

assessed (SMS-KANR, SMS-KAN, SMS-KCN, LAN5, CHLA15, 
CHLA255, CHLA20, CHLA90s, SMS-KCNR, LAN1) (r = −0.41). c 
Mean 24  h normalized AUC of 14G2a internalization for all tested 
NBL cell lines sorted by disease status at time of cell line initiation 
(Dx = diagnostic, PD = progressive Disease; left panel) or MYCN sta-
tus (NA = non-amplified, Amp = amplified; right panel) (ns = p value 
non-significant)
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to affect Lan1 sensitivity to ADCC. In initial ADCC assays, 
Lan1 cells were pre-treated with drug for 30 min followed 
by simultaneous addition of anti-GD2 antibody and human 
neutrophils (Fig. 5a schema). We found that MBCD sig-
nificantly sensitized Lan1 to ADCC (37.9% increase cyto-
toxicity over control; p < 0.001) whereas EIPA and chlor-
promazine did not (Fig. 5a). The effect of MBCD on both 
internalization of anti-GD2 antibody and ADCC for Lan1 
was also dose-dependent, with decreased effect observed 
as the concentration of MBCD was decreased (Fig. 5b-c).

We next investigated possible reasons why MBCD, EIPA, 
and chlorpromazine had differential effects on sensitization 
of Lan1 to ADCC. To test if the drugs were adversely affect-
ing neutrophil function and thus negatively impacting our 
ADCC assay, we assessed if removal of drug following a 

pretreatment course would result in similar inhibition of 
internalization as when drug remained in wells. We found 
that the inhibitory effects on antibody internalization were 
significantly diminished for EIPA and chlorpromazine after 
drug removal but not for MBCD, despite an extended (4 h) 
pre-treatment period (Fig. 5d). Thus, we concluded that 
continuous EIPA and chlorpromazine exposure were needed 
to ensure inhibition of antibody internalization during the 
ADCC assay.

With this in mind, and in an effort to allow for inter-
nalization of the antibody to occur or to be inhibited in 
drug-treated cells, we further modified the ADCC assay to 
separate the addition of antibody from the addition of effec-
tor cells by 4 h (see schema in Fig. 5e). When assessed in 
this modified assay, we were able to measure a statistically 
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Fig. 4   Treatment with endocytosis inhibitors decreases anti-GD2 
antibody internalization. a Mean (± SD) 24  h AUC (expressed as 
% of control) of 14G2a internalization measured by Incucyte for 
Lan1GFP cells, a high rate antibody-internalizing cell line, following 
a 30-min pretreatment with endocytosis inhibitors at noted concentra-
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red fluorescent images of 14G2a internalization by Lan1 subjected to 
each inhibitor treatment as shown in (A) at 6, 12, and 24 h. c Aver-
age (± SD) GD2 surface expression of Lan1 cells by flow cytometry 
quantified by BD Quantibrite beads following a 30  min treatment 
with endocytosis inhibitors (EIPA, MBCD, chlorpromazine, Pitstop2) 
or control (average of 3 replicates; p > 0.05 for all)
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significant effect on sensitization of Lan1 to ADCC for 
EIPA treated cells (2.3-fold increase in cytotoxicity com-
pared to control, p = 0.002) and MBCD treated cells (3.2-
fold increase in cytotoxicity compared to control, p = 0.007) 
(Fig. 5e). Inclusion of three additional cell lines (Lan2, 
CHLA90, CHLA136) revealed that only MBCD increased 
ADCC in all 4 of 4 cell lines. After a 4.5-h pre-treatment 
with MBCD and overlapping 4-h pre-treatment with 14G2a, 
a washing away of MBCD and mAb immediately prior to 

addition of neutrophils and GM-CSF had no statistically sig-
nificant effect on the level of neutrophil-mediated ADCC 
against 3 of 4 cell lines tested, suggesting a relatively long-
lasting effect of MBCD. Overall, our data suggest that inhi-
bition of macropinocytosis with an agent such as MBCD 
can suppress anti-GD2 antibody internalization and enhance 
neutrophil-mediated ADCC.
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Fig. 5   Inhibition of antibody internalization results in increased 
ADCC. a (Above) ADCC experimental design schema. (Below) 
Average (± SD) neutrophil-mediated ADCC against Lan1GFP cells 
(% of control) measured by Incucyte 6 h after addition of neutrophils 
(E:T of 10:1) with dinutuximab (5 µg/ml) and GM-CSF (100 ng/ml). 
Prior to addition, cells were pretreated with EIPA, chlorpromazine, 
MBCD, or media control for 30  min (4 replicate wells each over 3 
individual experiments). b Mean (± SEM) normalized 24 h AUC of 
14G2a internalization for Lan1 cells pretreated with twofold dilu-
tions of MBCD as noted or media only (mean of 3 individual repli-
cates). c Average (± SEM) neutrophil-mediated ADCC against Lan1 
cells (% of control) measured 6 h after addition of neutrophils (E:T 
of 10:1), dinutuximab (5 ug/ml) and GM-CSF (100 ng/ml) following 
the  design schema shown in (A). Prior to addition, cells were pre-
treated with MBCD at twofold dilutions as noted for 30 min. (mean 
of 3 individual replicates). d Mean (± SD) 24-h AUC (expressed as 

% of control) of 14G2a internalization for Lan1 cells following a 4-h 
pre-treatment period with indicated endocytosis inhibitors or media 
only followed by addition of 14G2a-pHrodo (10  ug/ml) in the con-
tinued presence of inhibitor (solid bars) or immediately follow-
ing drug removal (striped bars). e A modified ADCC experimental 
design schema is on top. Below, Average (± SD) neutrophil-mediated 
ADCC against LAN2, CHLA90, and CHLA136 neuroblastoma cells 
(expressed as % of control) measured 6  h after addition of neutro-
phils (E:T of 10:1), dinutuximab (1 ug/ml) and GM-CSF (100 ng/ml) 
is shown. Prior to addition, cells were pretreated with EIPA, chlor-
promazine, MBCD or media for 30 min followed by addition of dinu-
tuximab in the continued presence of drug or media for 4 h and then 
washing the cells 3x to remove drug and dinutuximab. This allowed 
to evaluate ADCC with remaining cell-bound dinutuximab and evalu-
ate effect of inhibitors. (**p < 0.01, ns = non-significant)
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Discussion

While the addition of anti-GD2 antibody to the treatment 
of children with high-risk NBL has improved survival 
outcomes, significant challenges remain in controlling the 
disease in nearly half of patients. Potential mechanisms of 
resistance to antibody therapy are likely multifactorial and 
remain poorly understood but in general, can be thought of 
as paralleling the same factors that affect antibody efficacy. 
In the case of anti-GD2 antibody, the presence of neutral-
izing antibodies [22] along with FcγR polymorphisms and 
associated differences in effector cell function [23–25] can 
underlie resistance in some but are insufficient to explain 
all anti-GD2 antibody treatment resistance seen in NBL 
patients. Our findings provide novel evidence that antibody 
internalization by NBL cells is an important additional con-
tributing factor mediating resistance to anti-GD2 therapy.

We demonstrate that anti-GD2 antibody internalization 
occurs in a heterogeneous manner across a large cohort of 
NBL cell lines. We also demonstrated that NBL cell lines 
differ in GD2 surface expression and sensitivity to neutro-
phil-mediated ADCC in vitro but that these two variables are 
not correlated, indicating that factors other than GD2 expres-
sion level are at play in mediating resistance to ADCC. In 
this regard, we investigated and showed that internalization 
of anti-GD2 antibody by NBL cell lines is inversely corre-
lated with their sensitivity to neutrophil-mediated ADCC. 
Finally, we identified an endocytosis-targeting agent, 
MBCD, with the ability to inhibit anti-GD2 internalization 
and sensitize 4 of 4 cell lines to neutrophil-mediated ADCC. 
Cumulatively, the results of these inhibitor studies suggest 
that anti-GD2 internalization occurs through macropinocy-
tosis rather than clathrin-mediated endocytosis or clathrin-
independent endocytosis.

Antibody internalization has been described for other 
therapeutic antibodies including anti-HER2 and anti-CD20 
[14, 15, 26]. An early study of anti-GD2 antibody conju-
gated to an immunotoxin found its internalization to be asso-
ciated with cytotoxicity of a GD2-expressing melanoma and 
carcinoma cell line [27]. Our findings in 20 NBL cell lines 
now conclusively demonstrate that anti-GD2 antibody inter-
nalization occurs in GD2-expressing NBL cell lines but at 
varying rates and represents the first description that inter-
nalization of anti-GD2 mAb by NBL may act as a mecha-
nism of resistance as indicated by its inverse correlation 
with cell line sensitivity to neutrophil-mediated ADCC. It 
is worth noting that none of the NBL cell lines evaluated 
were derived from tumors with prior exposure to anti-GD2 
therapy and thus the impact of anti-GD2 antibody exposure 
on NBL internalization kinetics, if any, remains unknown. 
Neutrophils and NK cells are both considered important 
effectors of ADCC against cancer cells. When engaging in 

ADCC, neutrophils kill by ingestion of parts of antibody-
opsonized target cells independently of granule release, 
in what amounts to a lytic or necrotic process. In contrast, 
NK cells kill via granule exocytosis that releases perforin 
and granzymes into the synapse between NK cell and their 
targets; thus, these two effector cell types kill through non-
redundant mechanisms. By inhibiting apoptotic mecha-
nisms, some cancer cells can achieve a degree of resistance 
to granzymes secreted from NK cells, but these same cells 
may remain susceptible to engulfment by neutrophils. We 
focused on neutrophils which exhibit no intrinsic cytotoxic-
ity against NBL cells and which are unaffected by mismatch 
between killer immunoglobulin receptors on donor immune 
cells and MHC class I molecules on tumor cells, allowing us 
to evaluate this important arm of antibody-mediated cyto-
toxicity mechanistically in relation to GD2 expression and 
internalization. Future studies are warranted to determine 
if GD2 internalization affects neutrophil-mediated ADCC 
in vivo, and to determine if GD2 internalization affects 
assessment of antigen density and organization within the 
membrane, an issue separate from expression level, and out-
side the scope of the present study [28].

There are a number of factors impacting antibody inter-
nalization, and targeting these mechanisms is of great 
interest. However, the variability in endocytosis processes 
involved in antigen recycling across cell types, along with 
the promiscuity of inhibitors available to target these path-
ways, makes their study challenging [21]. Compounding 
this complexity is the potential for many inhibitors to have 
unintended effects on other cellular processes in both target 
and effector cells which creates an added challenge when 
evaluating inhibitors in coculture ADCC assays. Our data, 
demonstrating significant inhibition of anti-GD2 antibody 
internalization by EIPA, MBCD, and cytochalasin-D but not 
by Pitstop2 (primarily a CME inhibitor), suggest that macro-
pinocytosis most likely is involved in anti-GD2 internali-
zation. The inhibitory effect of chlorpromazine along with 
MBCD suggests a possible concurrent role for CIE as well. 
Thus, it is possible that two separate processes, dependent 
on ligand binding, underlie antibody internalization within 
a single NBL cell. This has been reported for CD46 on the 
surface of non-lymphoid cells in which CME predominates 
for routine antigen recycling but is switched to internaliza-
tion via macropinocytosis following antibody binding and 
resultant antigen crosslinking [29].

In examining the effect of three of these drugs on 
ADCC sensitivity of Lan1, our initial in vitro ADCC assay 
(Fig. 5a) was only able to detect a significant sensitizing 
effect by MBCD. When Lan1 cells were instead prein-
cubated with antibody for an extended time to allow for 
internalization to occur in control cells (less antibody pre-
sent for ADCC) or in the presence of an antibody internali-
zation inhibitor (more antibody present for ADCC) prior 
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to addition of neutrophils, sensitization of Lan1 to ADCC 
was observed for both EIPA and MBCD. These data sup-
port the role of antibody internalization as a mechanism of 
resistance to ADCC since macropinocytosis agents found 
to slow internalization also resulted in greater ADCC 
effect. However, we did observe a discrepancy between 
the degree of antibody internalization inhibition and 
ADCC sensitization by EIPA and chlorpromazine. While 
not tested directly in the present study, both EIPA and 
chlorpromazine have been documented to negatively affect 
neutrophil cytotoxic potential, EIPA through decreasing 
neutrophil production of reactive oxygen species [30] and 
chlorpromazine through its inhibitory effects on neutrophil 
maturity [31, 32] as well as impairing neutrophil priming 
and respiratory burst activity [33]. The need to have EIPA 
and chlorpromazine continuously in the media to inhibit 
anti-GD2 internalization precludes us from decoupling 
their desired effect on antibody internalization from their 
possible detrimental effect on neutrophils. Nevertheless, 
the results seen with MBCD treatment in enhancing ADCC 
against 4 of 4 cell lines, despite the potential side effects of 
hemolysis and renal toxicity from β-cyclodextrins such as 
MBCD, provide proof-of-principle for using endocytosis 
inhibition to enhance ADCC.

The role of anti-GD2 antibody therapy in the treatment 
of NBL is continuing to evolve with its success, prompt-
ing its incorporation into upfront treatment of newly diag-
nosed children with high-risk NBL in a recent Children’s 
Oncology Group clinical trial [34]. GD2-targeted anti-
body therapy is additionally being evaluated for use in 
GD2-expressing osteosarcoma and small cell lung cancer 
[35, 36] and has the potential for broader use since other 
pediatric solid malignancies have been shown to express 
GD2 [37]. Overall, our results suggest that while GD2 
expression is required for ADCC, the level of expression 
cannot be used to predict subsequent cytotoxicity. Our data 
suggest that anti-GD2 antibody internalization, found to 
universally occur in all GD2-expressing NBL cell lines, 
is likely a mechanism of resistance to anti-GD2 immuno-
therapy. Further study into mechanisms underlying differ-
ential anti-GD2 internalization and identifying clinically 
relevant inhibitors of antibody internalization may help in 
designing new multimodal therapies aimed at improving 
outcomes in children with NBL.
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