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ABSTRACT

Background Current immunotherapy for patients with
high-risk neuroblastoma involves the therapeutic antibody
dinutuximab that targets GD2, a ganglioside expressed

on the majority of neuroblastoma tumors. Opsonized
tumor cells are killed through antibody-dependent cellular
cytotoxicity (ADCC), a process mediated by various
immune cells, including neutrophils. The capacity of
neutrophils to kill dinutuximab-opsonized tumor cells can
be further enhanced by granulocyte-macrophage colony-
stimulating factor (GM-CSF), which has been shown in the
past to improve responses to anti-GD2 immunotherapy.
However, access to GM-CSF (sargramostim) is limited
outside of Northern America, creating a high clinical

need for an alternative method to stimulate dinutuximab
responsiveness in the treatment of neuroblastoma. In this
in vitro study, we have investigated whether clinically well-
established granulocyte colony-stimulating factor (G-CSF)
can be a potentially suitable alternative for GM-CSF in

the dinutuximab immunotherapy regimen of patients with
neuroblastoma.

Methods We compared the capacity of neutrophils
stimulated either in vitro or in vivo with GM-CSF or G-CSF
to Kill dinutuximab-opsonized GD2-positive neuroblastoma
cell lines and primary patient tumor material. Blocking
experiments with antibodies inhibiting either respective
Fc gamma receptors (FcyR) or neutrophil integrin CD11b/
CD18 demonstrated the involvement of these receptors

in the process of ADCC. Flow cytometry and live cell
microscopy were used to quantify and visualize neutrophil-
neuroblastoma interactions.

Results We found that G-CSF was as potent as GM-

CSF in enhancing the killing capacity of neutrophils
towards neuroblastoma cells. This was observed with in
vitro stimulated neutrophils, and with in vivo stimulated
neutrophils from both patients with neuroblastoma and
healthy donors. Enhanced killing due to GM-CSF or G-CSF
stimulation was consistent regardless of dinutuximab
concentration, tumor-to-neutrophil ratio and concentration
of the stimulating cytokine. Both GM-CSF and G-CSF
stimulated neutrophils required FcyRlla and CD11b/CD18
integrin to perform ADCC, and this was accompanied by

trogocytosis of tumor material by neutrophils and tumor
cell death in both stimulation conditions.

Conclusions Our preclinical data support the use of
G-CSF as an alternative stimulating cytokine to GM-
CSF in the treatment of high-risk neuroblastoma with
dinutuximab, warranting further testing of G-CSF in a
clinical setting.

INTRODUCTION

Neuroblastoma, a tumor originating from
the early embryonic neural crest, is the most
common extracranial solid tumor diagnosed
in children. The median age at diagnosis is
19 months and it accounts for almost 15% of
all cancer-related mortality in children.' The
prognosis and treatment options for this
neuroendocrine tumor, generally arising in
the adrenal glands and sympathetic ganglia,
are determined by the stage of the disease.
For very low-risk, low-risk and intermediate-
risk categories—as classified by the Inter-
national Neuroblastoma Risk Group, which
uses molecular, pathological as well as clin-
ical criteria for patient classification®—the
risk of recurrence is minimal. However,
the prognosis for high-risk neuroblastoma
remains poor despite intensive multimodal
treatment comprising surgery, chemo-
therapy, myeloablative therapy with stem
cell rescue and radiotherapy.” * In 2015, the
Food and Drug Administration approved the
addition of the therapeutic antibody dinu-
tuximab to the maintenance phase of the
treatment protocol for patients with high-
risk neuroblastoma (online supplemental
figure 1). This combination of dinutuximab
with the existing multimodal treatment
increased the survival rate from high-risk
neuroblastoma to 50%.° Nonetheless, still
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half of the patients relapse and succumb to the tumor.
Increasing the efficacy of dinutuximab is therefore of
utmost importance.

The chimeric monoclonal antibody dinutuximab binds
GD2, a ganglioside present on the surface of neuroblas-
toma cells. Upon binding, dinutuximab marks the cells for
immune-mediated destruction via antibody-dependent
cellular cytotoxicity (ADCC) by Fc gamma receptor
(FcyR) expressing immune cells.® 7 Natural killer (NK)
cells and macrophages play a prominent role in medi-
ating ADCC in diverse cancer types. In neuroblastoma,
however, neutrophils have been described as the major
cell population involved in dinutuximab-mediated killing
of neuroblastoma cells in vitro.® The cytotoxic activity of
dinutuximab can be significantly enhanced when given
in combination with cytokines that specifically stimulate
the activity of immune cells. Particularly, granulocyte-
macrophage colony-stimulating factor (GM-CSF), stimu-
lating neutrophils and macrophages, and interleukin-2
(IL-2), stimulating NK cells, were demonstrated to posi-
tively contribute to the efficacy preclinically*'’ and also
in clinical trials." '

Notably, a partially randomized phase III trial showed
a survival benefit for patients with high-risk neuroblas-
toma treated during alternating cycles of dinutuximab
combined with GM-CSF or IL-2, and isotretinoin, as
compared with patients treated with isotretinoin alone
(COG ANBL0032 study)."? This trial led to the standard-
ization of this combination regimen for the maintenance
phase in the treatment protocol for patients with high-risk
neuroblastoma in the USA (online supplemental figure
1).5 13 However, the addition of IL-2 has later been shown
to bring minimal clinical improvement for dinutuximab-
treated patients with neuroblastoma,™ '° and access to
GM-CSF for clinical use outside of Northern America is
limited.'® Therefore, the immunotherapy regimen for
patients with high-risk neuroblastoma in Europe is not
fully defined with regard to the cytokine administration,
resulting in a potentially increased risk of suboptimal
treatment.

In this study, we aim at providing preclinical evidence
for the use of an alternative stimulating cytokine if
GM-CSF is unavailable, to ultimately increase dinutux-
imab responsiveness in the treatment protocol of neuro-
blastoma. Based on the known ability of granulocyte
colony-stimulating factor (G-CSF) to enhance neutrophil-
mediated ADCC,' ™ we propose the use of this clinically
well-established, and broadly available cytokine. Further-
more, we investigated the potentially negative effect of
G-CSF on neuroblastoma cells as an additional safety
measure, since several studies suggested G-CSF treat-
ment of chemotherapy-induced neutropenia to cause
alterations in tumor cell phenotype, promoting neuro-
blastoma tumorigenicity.> ™ Our preclinical data on
G-CSF efficacy in neutrophil activity against neuroblas-
toma support the clinical use of G-CSF as it potentiates
neutrophil-mediated ADCC of dinutuximab-opsonized
neuroblastoma cells to the same extent as GM-CSF.

MATERIALS AND METHODS

Patients, controls and samples

For in vivo GM-CSF stimulated neutrophils, remnant
heparinized blood was used from patients with high-risk
neuroblastoma at the Princess Mdaxima Center during
the different GM-CSF cycles of the dinutuximab treat-
ment protocol (specified in online supplemental table
1 and online supplemental figure 1), for which Biobank
approval was obtained. These patients received GM-CSF
as part of the immunotherapy regimen, which was given
as maintenance therapy after induction and consolida-
tion phases of the treatment protocol, according to the
COG ANBLO0032 study. Here, GM-CSF (250 pg/m?/day,
sargramostim, Leukine) was administered subcutane-
ously in course 1, 3 and 5 for 14 days. After the first three
consecutive GM-CSF doses, the blood was sampled prior
to the fourth dose of GM-CSF and before dinutuximab
treatment started. As control, healthy unrelated donor
neutrophils were used.

For in vivo G-CSF stimulated neutrophils, heparinized
blood was collected at Sanquin from granulocyte trans-
fusion donors ~30hour after subcutaneous injection of
10 pg/kg clinical grade G-CSF (filgrastim, Neupogen).
As control, heparinized blood was collected from healthy
unrelated volunteers, as well as at least 3 weeks later
(when G-CSF is cleared from circ11121tion)24—27 from the
same G-CSF injected healthy donor.

Neutrophil isolation and in vitro stimulation
Heparinized peripheral blood was diluted 1:2 with
phosphate-buffered saline (PBS)+10% trisodium citrate
and separated by density gradient centrifugation over
isotonic Percoll (1.076 g¢/mL, GE Healthcare). The pellet
fraction, containing both erythrocytes and granulocytes,
underwent erythrocyte lysis with ice cold hypotonic
ammonium chloride solution (155 mM NH CI, 10 mM
KHCO,, 0.1 mM EDTA in water). After isolation, 5><106/
mL neutrophils were resuspended in 4-(2-hydroxyethyl)
—l-piperazineethanesulfonic acid supplemented with 5
g/L human albumin (Albuman, Sanquin Plasma Prod-
ucts), 1 mM CaCl and 5.5 mM glucose.28

Neutrophils were either used directly after isolation
(referred to as unstimulated neutrophils) or were stimu-
lated overnight at 37°C and 5% CO, with either 10 ng/mL
recombinant human GM-CSF (Peprotech) or 10 ng/mL
clinical grade G-CSF (Neupogen), unless otherwise speci-
fied. After overnight incubation, the percentage of apop-
totic cells was determined using Annexin V staining (BD
Biosciences) to correct for the number of viable neutro-
phils (the percentage of apoptotic neutrophils typically
ranged between 10% and 30%) prior to any experiments.

Cell culture

The human neuroblastoma cell lines NMB, IMR-32
and LAN-1 were obtained from the Leibniz Institute,
Germany. These cell lines were routinely cultured at 37°C
and 5% CO, and maintained in Iscove’s Modified Dulbec-
co’s Medium (IMDM, Gibco) supplemented with 20% of
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heat-inactivated fetal calf serum (FCS), 2 mM L-gluta-
mine, 100 units/mL penicillin and 100 pg/mL strepto-
mycin (further referred to as IMDM complete medium)
for a maximum of 30 passages. NMB cells were harvested
using trypsin; IMR-32 and LAN-1 cells were harvested by
tapping the culture flask and resuspending the culture
medium. The human neuroblastoma cell lines SHEP-2,
SK-N-AS, SH-SY5Y and SK-N-BE (kindly provided by the
Department of Oncogenomics, Amsterdam UMC) were
routinely cultured at 37°C and 5% CO, and maintained
in Dulbecco’s Modified Eagle Medium (DMEM, Gibco)
completed with 20% of FCS, 0.1 mM non-essential amino
acids, 2 mM L-glutamine, 100 units/mL penicillin and
100 pg/mL streptomycin for maximum of 30 passages.
These cells grew adherent as well as in suspension and
were harvested by collecting supernatant as well as by
using trypsin.

Primary patient-derived neuroblastoma cells

The primary patient-derived neuroblastoma spheroid
line AMC691B (further referred to as 691B) was derived
from a bone marrow metastasis (B) of patient 691.%2° 691B
cells grow in spheroids and were cultured and main-
tained in DMEM with low glucose and sodium pyruvate
(Invitrogen) supplemented with 25% Ham’s F12 nutrient
mixture (Invitrogen), 1x B-27 supplement minus vitamin
A (50x, Gibco), 1x N-2 supplement (100x, Gibco), 20 ng/
mL animal-free human epidermal growth factor (Pepro-
tech), 40 ng/mL human basic fibroblast growth factor
(Peprotech), 200 ng/mL human insulin-like growth
factor (Peprotech), 10 ng/mL human platelet-derived
growth factor (PDGF)-AA (Peprotech), 10 ng/mL human
PDGF-BB (Peprotech), 100 units/mL penicillin and 100
pg/mL streptomycin for maximum of 24 passages. To
obtain a single-cell suspension, cells were treated with
Accutase solution for 5min (Sigma-Aldrich).

Chromium-based ADCC assay

Target cells (1x10%) were labeled with 100pCi °'Cr
(PerkinElmer) for 90 min at 37°C and washed with PBS.
Chromium-labeled target cells (5x10%) were co-incubated
with neutrophils in a 96-well U-bottom plate (Corning)
in the absence or presence of dinutuximab (Unituxin,
Ch14.18, United Therapeutics) in the appropriate culture
medium for 4hours at 37°C and 5% CO,. A target:effector
(T:E) ratio of 1:50 (ie, 5000:250,000 cells) and a final
concentration of 0.5 pg/mL of dinutuximab were used,
unless specified otherwise. Spontaneous and maximum
’ICr release were determined by incubating the target
cells without effector cells and by treating the target cells
with a 0.1% Triton X-100 solution in culture medium,
respectively. After incubation, 30 pL. of supernatant was
subsequently transferred to Lumaplates (PerkinElmer).
The plates were dried overnight at room temperature
and analyzed in a MicroBeta® plate reader (PerkinElmer).
The percentage of cytotoxicity was calculated as: [ (experi-
mental counts per minute (CPM))-spontaneous CPM)/

(maximum CPM-spontaneous CPM)]x100%. All condi-
tions were performed in triplicate.

For Fcy receptor blocking experiments, F(ab’), frag-
ments against FcyRIla (CD32, clone 7.3, Ancell) or
FcyRIIIb (CD16, clone 3G8, Ancell) were used and
compared with isotype control mIgGl F(ab’), fragments
(clone MOPC 31C, Ancell). Using purified human IgG Fc
fragments (Bethyl, USA), we aimed to saturate the high-
affinity FcyRI. Blocking reagents were pre-incubated with
neutrophils at 10 pg/mL for 45min at room tempera-
ture. Subsequently, the effector cells were used in the
chromium-based ADCC assay.

For integrin blocking experiments, F(ab’), fragments
against CD18 (clone IB4, Ancell) were pre-incubated with
neutrophils at 10 pg/mL for 15 min at room temperature,
after which the cells were used in the chromium-based
ADCC assay.

Trogocytosis assay

The trogocytosis of neuroblastoma cells by neutrophils
was quantified using flow cytometry and measured by
the uptake of tumor cell membrane by the neutrophils.
Tumor cells were stained with 2 pM lipophilic membrane
dye 3,3’-dioctadecyloxacarbocyanine perchlorate (DiO,
Invitrogen); neutrophils were labeled with 0.625 ng
Calcein Violet-AM (Invitrogen) for 30 min at 37°C. After
labeling, populations were washed twice with PBS. Cells
were co-incubated at a T:E ratio of 1:5 (ie, 50,000:250,000
cells) in the absence or presence of 0.5 pg/mL dinutux-
imab in a U-bottom 96-well plate (Greiner Bio-One) for
60min at 37°C and 5% CO, in IMDM complete medium.
After incubation, cells were fixed with STOPbuffer (PBS
containing 20 mM sodium fluoride, 0.5% paraformalde-
hyde (PFA) and 1% bovine serum albumin) and analyzed
using flow cytometer Canto II (BD Biosciences). The
neutrophil population (all Calcein VioletAM' events)
was assessed for the mean fluorescence intensity of
membrane dye DiO. Data were analyzed with FlowJo
software (V.10.6.1, Becton Dickinson, Ashland, Oregon,
USA).

Live cell imaging

NMB target cells labeled with 5 pM lipophilic membrane
dye 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindodicarbocy-
anine, 4-chlorobenzenesulfonate salt (DiD, Invitrogen)
and 2.5 nM cytoplasmic dye Calcein Red-Orange-AM
(ThermoFisher) were co-incubated with unstained
neutrophils at a T:E ratio of 1:5 in glass chambered cover-
slips (Ibidi) of 9.4x10.7x6.8 mm® well dimensions. Two
drops of the DNA-binding Nuc-Green dye were added
in the extracellular medium before imaging. Cells were
co-incubated for periods up to 4hours at 37°C and 5%
CO, in the presence of 0.5 ng/mL dinutuximab in IMDM
complete medium. Imaging was performed within 5 min
after co-incubation of tumor cells and neutrophils and
lasted up to 210min using a Leica TCM SP8 confocal
microscope (Leica).
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Flow cytometry staining

For neutrophil characterization, cells were stained with
10 pg/mL fluorescein isothiocyanate (FITC)-labeled
antibodies: anti-FcyRI (CD64, clone 10.1, Bio-Rad),
anti-FcyRII (CD32, clone AT10, Bio-Rad), anti-FcyRIII
(CD16, clone 3G8, BD Biosciences), anti-CD11b (clone
CLB-mon-gran/1, B2, Sanquin Reagents) and anti-CD18
(clone MEM48, Diaclone).

For target cell characterization, human anti-GD2 anti-
body dinutuximab (Unituxin, Ch14.18, United Thera-
peutics) was used to quantify GD2 expression by titrating
dinutuximab from 10 pg/mL to 0.001 pg/mL. Secondary
antibody Alexa Fluor 647 goat antihuman IgG F(ab’),
fragment (Jackson ImmunoResearch) was used for
detection. To determine expression of G-CSF receptor
on neuroblastoma cells, 20 pg/mL of anti-CD114 PE-Cy-
anine7 (BD Biosciences) was used. Cell viability of tumor
cells was determined using Hoechst 33342 solution
(Invitrogen). All incubations took place for 20min on
ice in the dark. The appropriately labeled IgG isotypes
were used to correct for any potential background. After
washing, cells were resuspended in PBS supplemented
with 6 g/L. human albumin (Albuman, Sanquin Plasma
Products) and fluorescence was measured on a Canto II
flow cytometer (BD Biosciences). Data were analyzed with
Flow]o software (V.10.6.1).

Effect of G-CSF on JAK/STAT3 pathway

Tumor cell samples were exposed to 10 ng/mL G-CSF
(Neupogen) for 0, 5, 10 and 20 min. Hereafter, cells were
fixed with 4% PFA, permeabilized with ice-cold 90% meth-
anol and stained with fluorescently labeled antibodies
for total STAT3-PerCp-Cyanine5.5 (BD Biosciences) and
phospho-STAT3-PE (pSTAT3, BD Biosciences) as previ-
ously described.” Neutrophils were used as control in this
setting. Fluorescence was measured on a Canto II flow
cytometer (BD Biosciences) and data were analyzed with
Flow]Jo software (V.10.6.1).

Effect of G-CSF on neuroblastoma cell proliferation rates
Tumor cells were cultured in the presence or absence
of 10 ng/mL clinical grade G-CSF (Neupogen) in the
appropriate culture medium for 1-3weeks. The medium
supplemented with cytokine was refreshed twice a week
where applicable; 0.3x10° IMR-32 cells or 0.5x10° 691B
cells were plated in each well of a 6-well plate (Corning)
and the proliferation rate of these cultures was deter-
mined by counting the cells using a CASY Cell Counter
(Roche Innovatis). The population doubling time of
G-CSF-treated cultures was calculated with a doubling
time calculator (http://www.doubling-time.com/
compute.php).

RNA isolation, cDNA synthesis and RT-quatitative PCR

Total RNA was extracted from neuroblastoma cell lines
on days 0, 7, 14 and 21 after G-CSF exposure by using
the QIAamp RNA Blood Mini Kit (Qiagen) according
to manufacturer’s instructions. Complementary DNA

(cDNA) was synthesized from 2 to 3pg RNA, using the
High-Capacity RNA-to-cDNA Kit (Applied Biosystems),
as described previously.” Quatitative PCR for reference
gene beta-glucoronidase (GUSB), adrenergic neuroblas-
toma markers®? % paired-like homeobox 2b (PHOX2B),
cholinergic receptor nicotinic alpha 3 (CHRNA3), dopa-
mine beta hydroxylase (DBH) and tyrosine hydroxylase
(TH), and mesenchymal neuroblastoma markers** paired
related homeobox 1 (PRRXI) and periostin (POSTN) was
performed using the Viia7 (Applied Biosystems) as previ-
ously described.” Normalization for expression was based
on the expression of GUSB with the equation: normal-
ized threshold cycle (dCt)=(Ct, . ~Ct,s)- All reactions
were performed in triplicate (except GUSB, which was
performed in duplicate) and mean values were used. As a
positive control, a calibration curve of neuroblastoma cell
line IMR-32 was used for the adrenergic markers, plas-
mids were used for GUSB and the mesenchymal panel to
establish the PCR efficiency.

Statistical analysis

Differences between groups were assessed using GraphPad
Prism 8. Specific test and number of individual biological
replicates (n) are indicated in figure legends for each
experiment. When p values were < 0.05, differences were
deemed significant; error bars indicate the SEM.

RESULTS

GM-CSF and G-CSF equally enhance neutrophil-mediated
ADCC of neuroblastoma cells

To compare the effect of GM-CSF with G-CSF on the
tumor cell killing capacity of neutrophils, we performed
ADCC experiments with various GD2-positive and GD2-
negative neuroblastoma cells (all cell line characteristics
are summarized in online supplemental table 1, titra-
tion of dinutuximab depicted in online supplemental
figure 2A—C) using neutrophils that were unstimulated
or stimulated overnight with the respective cytokines
in vitro. Unstimulated neutrophils were not able to kill
dinutuximab-opsonized ~GDZ2-positive neuroblastoma
cell lines NMB, IMR-32 and LLAN-1, whereas stimulation
of neutrophils either with GM-CSF or G-CSF enhanced
the cytotoxicity levels significantly, with neither cytokine
being superior to the other (figure 1A). The effect of
either GM-CSF or G-CSF stimulation on the killing effi-
cacy remained equal, irrespective of the concentration of
dinutuximab tested (figure 1B and online supplemental
figure 3A), different T:E ratios (figure 1C and online
supplemental figure 3B) or the various concentrations
of GM-CSF and G-CSF used to stimulate neutrophils
(figure 1D and online supplemental figure 3C). The high
concentrations of dinutuximab (figure 1B, exceeding
5pg/mL) led to decreased cytotoxicity, probably due to
the formation of immune complexes. We observed no
killing of GD2-negative neuroblastoma cell lines SH-SY5Y
and SK-N-BE in the presence of dinutuximab, regardless
of the stimulating cytokine used (online supplemental
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Figure 1 GM-CSF and G-CSF equally enhance neutrophil-mediated ADCC of neuroblastoma cells. (A) ADCC of NMB, IMR-32
and LAN-1 cells opsonized with (+) or without (-) dinutuximab (dimab) by unstimulated neutrophils (white bars) or stimulated
in vitro with GM-CSF (light gray bars) or G-CSF (dark gray bars). NMB n=6, IMR-32 n=4-6, LAN-1 n=4-6 of three individual
experiments. Statistical significance was tested with an ordinary one-way ANOVA with post hoc Sidak test. (B) ADCC of
NMB, IMR-32 and LAN-1 cells opsonized with increasing concentrations of dinutuximab, from 0 to 20 ug/mL, by neutrophils
stimulated in vitro with GM-CSF (light gray squares) or G-CSF (dark gray circles). NMB n=4, IMR-32 n=6, LAN-1 n=4 of three
individual experiments. Statistical differences were assessed with an unpaired T-test on AUC; online supplemental figure 3A).
(C) ADCC of dinutuximab-opsonized NMB, IMR-32 and LAN-1 cells by neutrophils stimulated in vitro with GM-CSF (light gray
squares) or G-CSF (dark gray circles) at different T:E ratios ranging from 1:12.5 to 1:100. NMB n=4, IMR-32 n=4, LAN-1 n=6
of three individual experiments. Statistical differences were tested with an unpaired T-test on AUC (online supplemental figure
3B). (D) ADCC of dinutuximab-opsonized NMB, IMR-32 and LAN-1 cells by neutrophils stimulated in vitro with increasing
concentrations of GM-CSF (light gray squares) or G-CSF (dark gray circles), from 10 to 90 ng/mL. NMB n=4, IMR-32 n=4, LAN-
1 n=4 of two individual experiments. Statistical significance was assessed with an unpaired T-test on AUC (online supplemental
figure 3C). (E) ADCC of SHEP-2 and SK-N-AS cells opsonized with (+) or without (=) dinutuximab (dimab) by neutrophils
stimulated in vitro with GM-CSF (light gray bars) or G-CSF (dark gray bars). SHEP-2 n=6, SK-N-AS n=6 of three individual
experiments. Statistical differences were assessed with an unpaired T-test. (F) ADCC of primary patient-derived 691B cells
opsonized with (+) or without (-) dinutuximab (dimab) by neutrophils stimulated in vitro with GM-CSF (light gray bars) or G-
CSF (dark gray bars). N=6 of three individual experiments. Statistical significance was tested with an unpaired T-test. ADCC,
antibody-dependent cellular cytotoxicity; ANOVA, analysis of variance; AUC, areas under curve; G-CSF, granulocyte colony-
stimulating factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; ns, not significant. ***p<0.001; ***p<0.0001.

figure 2D). Neuroblastoma cell lines SHEP-2 and SK-N-  tumor cells and no differences were seen between the two
AS, expressing lower levels of GD2 (online supplemental  cytokines (figure 1F). Together, these observations show
figure 2B), were also killed by stimulated neutrophils that the in vitro stimulating effect of G-CSF is as effective
irrespective of the cytokine used (figure 1E), although at ~ as GM-CSF in boosting neutrophil-mediated ADCC of
lower levels than the GD2-positive cell lines NMB, IMR-32 ~ neuroblastoma cells.

and LAN-1 (figure 1A). To test the ability of both cyto-

kines to promote neutrophil-mediated killing of primary ~ GM-CSF and G-CSF both mediate neutrophil ADCC through
patient material, we used GM-CSF and G-CSF stimulated FcyRlla and CD11b/CD18 integrins

neutrophils in an ADCC assay with GD2 expressing 691B  In order to perform ADCC, neutrophils need expres-
cells derived from bone marrow metastasis of a patient  sion of Fcy receptors (neutrophils can express FcyRI,
with high-risk neuroblastoma (characteristics in online FcyRIIa/c and FcyRIIIb) and CD11b/CD18 integrin.35 36
supplemental figure 2C and online supplemental table  As stimulation with GM-CSF or G-CSF enhances tumor
1). Both stimuli induced effective killing of primary cell killing (figure 1), we explored whether the killing of
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Figure 2 GM-CSF andG-CSF both mediate neutrophil ADCC through FcyRlla and CD11b/CD18 integrins. (A) Fcy receptor
and CD11b/CD18 integrin expression (expressed as MFI) on neutrophils after in vitro GM-CSF (light gray bars) or G-CSF (dark
gray bars) stimulation compared with unstimulated neutrophils (white bars). FcyRI n=7-9, FcyRlla n=8-10, FcyRlllb n=8-10,
CD11b n=4-6, CD18 n=4-6 of five individual experiments. Statistical differences were tested with ordinary one-way ANOVA
with post hoc Dunnett test. (B) Representative histogram of flow cytometry analysis of (from left to right) FcyRI, FcyRlla,
FcyRlllb, CD11b and CD18 expression on unstimulated neutrophils (in white), and neutrophils stimulated in vitro with GM-CSF
(in light gray) or G-CSF (in dark gray). The dashed line depicts an isotype control. (C) ADCC of dinutuximab-opsonized NMB
cells by in vitro stimulated neutrophils with GM-CSF (light gray bars) or G-CSF (dark gray bars). Fcy receptors are blocked or
saturated (indicated with +) using F(ab’), fragments against FcyRIllb and FcyRlla or purified IgG Fc tails, respectively. N=7 of
four individual experiments. Statistical significance was tested with ordinary one-way ANOVA with post hoc Sidak test. (D)
ADCC of dinutuximab-opsonized NMB cells by in vitro stimulated with GM-CSF (light gray bars) or G-CSF (dark gray bars)
without (-) or with (+) CD18 integrin block with F(ab’), fragments. N=5 of three individual experiments. Statistical differences
with ordinary one-way ANOVA with post hoc Sidak test. ADCC, antibody-dependent cellular cytotoxicity; ANOVA, analysis of
variance; G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; MFI,
mean fluorescence intensity; ns, not significant. *p<0.05; **p<0.01; ***p<0.001; ***p<0.0001.

tumor cells by differently stimulated neutrophils required
presence of these molecules in a similar fashion. Freshly
isolated, unstimulated, neutrophils constitutively express
low-affinity and intermediate-affinity FcyRIIa or FcyRlIlc
(CD32a/c) and FcyRIIIb (CDI16b), respectively. It has
been shown that on stimulation with G-CSF neutrophils
upregulate the expression of FcyRI (CD64) and shed
FcyRIIIb."® ¥ ¥ We showed that overnight stimulation
of neutrophils with either GM-CSF or G-CSF in vitro
significantly lowered FcyRIIIb expression compared with
unstimulated neutrophils, whereas FcyRIla expression
remained unaltered on stimulation. FcyRI expression
increased slightly but this was not statistically signifi-
cant. No differences in neutrophil Fcy receptor levels
were observed between GM-CSF and G-CSF stimulation

(figure 2A,B). Next to this, we investigated which Fcy
receptor(s) neutrophils need to facilitate killing of neuro-
blastoma cells. Previous studies showed that FcyRIIa is the
major Fcy receptor that mediates the killing of antibody-
opsonized solid cancer cells.”” * * Indeed, blocking
FcyRIla using F(ab’), fragments reduced ADCC of
dinutuximab-opsonized NMB cells for both GM-CSF and
G-CSF overnight stimulated neutrophils, while blocking
of FcyRI or FcyRIIIb had no effect on the killing capacity
of neutrophils, regardless of the stimulating cytokine
used (figure 2C).

In addition to Fcy receptors, neutrophils need func-
tional expression of the heterodimer integrin CD11b/
CD18 to perform ADCC.” % After overnight in vitro
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stimulation with either GM-CSF or G-CSF, the expres-
sion of CD11b and CDI18 remained similar to unstimu-
lated neutrophils (figure 2A,B). When blocking CD18
using F(ab’), fragments, known to inhibit CD11b/CD18
integrin function,” tumor cell killing was abolished simi-
larly for both GM-CSF and G-CSF stimulated neutrophils
(figure 2D), suggesting that both cytokines stimulate
neutrophils to kill neuroblastoma cells through func-
tional CD11b/CD18 integrins.

GM-CSF and G-CSF stimulation induce trogocytosis of
neuroblastoma cells by neutrophils and is accompanied by
tumor cell death

The ability of immune cells to perform trogocytosis,
an active mechanism involving the uptake of plasma
membrane from a donor cell, is well-known.* In the
recent years, it has become clear that trogocytosis can
also be a cytotoxic mechanism, at least in the context
of antibody-dependent tumor cell killing by myeloid
cells.*”” More specifically, neutrophil-mediated trogo-
cytosis in which the neutrophil takes ‘bites’ from the
plasma membrane of antibody-opsonized cancer cells
canresultin cancer cell lysis, also known as trogoptosis.
This has been described for trastuzumab-opsonized
breast cancer cells and it has been shown to be depen-
dent on functional FcyRIla and CD11b/CDI18 inte-
grins.”® To investigate whether GM-CSF and G-CSF
stimulated neutrophils could trogocytose neuroblas-
toma cells, we performed a FACS-based trogocytosis
assay where we labeled overnight stimulated neutro-
phils with Calcein Violet-AM and freshly harvested
NMB cells with the membrane dye DiO (figure 3A).
In conditions with dinutuximab, neutrophils stimu-
lated with either GM-CSF or G-CSF became positive
for the membrane dye DiO, indicative of trogocytosis
(figure 3A,B), although this was significantly higher
in G-CSF stimulated neutrophils. In an attempt to
demonstrate whether trogocytic events by neutro-
phils coincided with tumor cell death, we performed
live cell confocal imaging on dinutuximab-opsonized
cells. We labeled NMB cells with membrane dye DiD
and cytoplasmic dye Calcein Red-Orange-AM, which
were co-incubated with stimulated neutrophils. As a
live/dead indicator, a membrane-impermeable DNA-
binding dye was added to the extracellular medium
during imaging. During co-incubation of tumor cells
with neutrophils stimulated overnight with either
GM-CSF or G-CSF, we observed that neutrophils
became positive for the neuroblastoma membrane
dye, but not the cytoplasmic dye (which would indi-
cate phagocytosis; figure 3C). In addition, we found
that neutrophil trogocytic interactions were followed
with tumor cell death as appreciated by the staining of
nuclear material exposed to the extracellular medium
on membrane disruption induced by the attacking
neutrophils (figure 3C). Collectively, these data
support a link between trogocytic events and subse-
quent tumor cell death.

G-CSF treatment does not alter neuroblastoma cell phenotype
in vitro

Currently, G-CSF is used to treat chemotherapy-
induced neutropenia, often occurring in patients with
high-risk neuroblastoma,*® which was shown to be an
advantageous addition to the treatment protocol.44
However, although not generally supported by clin-
ical or in vitro data, previously published studies
have suggested a possible role of G-CSF with regard
to neuroblastoma proliferation and invasive proper-
ties of neuroblastoma cell lines.?' Also, the tumorige-
nicity and metastasis formation in human xenograft
and murine neuroblastoma tumor models were
suggested to be enhanced in some studies.”” * Neuro-
blastoma cells express the G-CSF receptor (figure 4A)
and therefore we investigated whether exposure of
neuroblastoma cells to G-CSF could alter their pheno-
type and possibly make them more resistant towards
neutrophil-mediated killing. First, we investigated the
effect of G-CSF on its cognate receptor signaling. Acti-
vation of STAT3 is known to take place downstream of
the G-CSF receptor after ligand binding45 and there-
fore we measured the level of STAT3 phosphorylation
(pSTAT3) by intracellular flow cytometry staining of
IMR-32 cells that were exposed to the cytokine for 0,
5, 10 or 20 min. Compared with neutrophils used as
positive control, IMR-32 cells did not show any phos-
phorylation of STAT3, suggesting no STAT3-mediated
signaling through the G-CSF receptor (online supple-
mental figure 4A,B). To verify that no other (ie, long-
term) effects due to G-CSF binding to its receptor
occurred, we cultured IMR-32 and patient-derived
691B neuroblastoma cells in the absence or presence
of G-CSF for up to 3weeks, as this is the period during
which clinical grade pegylated G-CSF stays in circu-
lation.”**” No changes on GD2 or G-CSF receptor
expression were detected over time and expression
remained high at all time points tested (7, 14 and 21
days; online supplemental figure 4C-F). During incu-
bation with G-CSF, the proliferation rates of tumor
cell cultures were similar to control, with no prolifer-
ative advantage of the G-CSF exposed cells (figure 4B
and online supplemental figure 4G-]). Since IMR-32
and 691B cells have an adrenergic (epithelial) pheno-
type” (online supplemental table 1), we studied
whether exposure to G-CSF initiated epithelial-to-
mesenchymal transition (EMT) in these cells. The
transition from an adrenergic to a mesenchymal
phenotype is known to increase invasive properties of
tumor cells facilitating metastasis. """ We performed
quantitative RT-PCR on RNA samples isolated from
IMR-32 and 691B cells cultured with or without
G-CSF. We investigated mRNA expression of several
adrenergic (PHOX2B, CHRNA3, DBH and TH) and
mesenchymal (PRRXI and POSTN) markers that have
been described to be specific for neuroblastoma.***
Overall, no differences in mRNA expression were
seen for any of the mesenchymal markers PRRXI and
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Figure 3 GM-CSF and G-CSF stimulation induce trogocytosis of neuroblastoma cells by neutrophils. (A) Representative

flow cytometry plots (left) and histogram (right) of a trogocytosis experiment, where Calcein Violet-AM-labeled neutrophils

are distinguished from DiO-labeled tumor cells. Note the increase for membrane dye DiO in the neutrophils in conditions

with dinutuximab (+dimab in flow cytometry plots and continuous line in histogram) as compared with conditions without
dinutuximab (control in flow cytometry plots and dashed line in histogram). In vitro GM-CSF stimulated neutrophils are
depicted in the top panels; in vitro G-CSF stimulated neutrophils are depicted in the bottom panels. Numbers indicated are
the percentages of the mentioned populations. (B) NMB neuroblastoma membrane uptake by neutrophils in vitro stimulated
with GM-CSF (light gray bars) or G-CSF (dark gray bars) in the presence or absence of dinutuximab (dimab). Data depict the
MFI of membrane dye DiO in the neutrophil population. N=6 of three individual experiments. Statistical differences were tested
with ordinary one-way ANOVA with post hoc Sidak test. (C) Live cell confocal imaging stills showing neutrophils (white arrows)
stimulated with GM-CSF (upper panels) or G-CSF (lower panels) in vitro taking up pieces of membrane of DiD (green) and
Calcein Red-Orange-AM-labeled (orange) NMB cells, opsonized with dinutuximab. Note the uptake of the membrane label DiD
only, and no uptake of the orange cytoplasmic dye by neutrophils. As an indication of cell death, note how neutrophil trogocytic
interactions are directly followed by tumor cell membrane permeabilization and NucGreen staining of nuclear material (blue)
once exposed to the extracellular medium. Time (min) is set to 0 from the moment a neutrophil approached the tumor cell and
is indicated in the upper left corner of each still. Imaging took place within 210 min from start of the recording for all movies.
Scale bar represents 20 pM. ANOVA, analysis of variance; DiD, 1,1’-Dioctadecyl-3,3,3’,3’-Tetramethylindodicarbocyanine,
4-Chlorobenzenesulfonate salt; DiO, 3,3’-dioctadecyloxacarbocyanine perchlorate; G-CSF, granulocyte colony-stimulating
factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; MFI, mean fluorescence intensity.“p<0.05; ****p<0.0001.

POSTN during G-CSF culture at any of the time points
(7, 14 and 21 days) when compared with the control
(untreated) condition. Also, no changes of adrenergic
markers were detected, implying no signs of EMT
(figure 4C,D). Last, the susceptibility of G-CSF exposed
neuroblastoma cells towards neutrophil ADCC was

studied by co-incubating IMR-32 cells cultured for
0, 7, 14 and 21 days with G-CSF with overnight in
vitro G-CSF stimulated neutrophils (figure 4E). No
differences were found in the extent of neutrophil-
mediated cytotoxicity between G-CSF cultured tumor
cells and control tumor cells. Altogether, these results
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Figure 4 G-CSF treatment does not alter neuroblastoma cell phenotype. (A) Representative histograms depicting G-CSF
receptor expression (gray) on IMR-32 (left panel) and 691B cells (right panel). (B) Proliferation curves of IMR-32 (left panel) and
691B (right panel) when cultured in the absence (control, white circles) or presence (gray circles) of G-CSF for 7 days. IMR-32
n=4, 691B n=3 of three and four individual experiments, respectively. Statistical significance was assessed with a paired T-test
on AUC (online supplemental figure 3C,D). (C, D) Normalized expression (dCt, delta cycle threshold = Ct__, —Ct_ ..) levels

of adrenergic neuroblastoma markers PHOX2B, CHRNA3, DBH and TH, as well as mesenchymal neuroblastoma markers
PRRX1 and POSTN on IMR-32 cells (C) and patient-derived 691B cells (D) cultured in the absence (control, white symbols)

or presence of G-CSF for 7 (gray circles), 14 (gray triangles) or 21 (gray squares) days. IMR-32 n=2-8, 691B n=4-5 of two
individual experiments. Statistical differences were tested with ordinary one-way ANOVA with post hoc Sidak test. (E) ADCCof
IMR-32 cells cultured in the absence (control, white symbols) or presence of G-CSF (gray bars) for 7 (circles), 14 (triangles) or
21 (squares) days opsonized with (+) or without (=) dinutuximab (dimab) by in vitro G-CSF stimulated neutrophils. N=4-13 of
five individual experiments. Statistical significance was tested with ordinary one-way ANOVA with post hoc Sidak test. ADCC,
antibody-dependent cellular cytotoxicity; ANOVA, analysis of variance; G-CSF, granulocyte colony-stimulating factor; AUC,
areas under curve; ns, not significant.

show that in vitro G-CSF has no detectable effect on

neuroblastoma phenotype, nor on the susceptibility
of tumor cells towards neutrophil-mediated ADCC.

Comparable ex vivo killing of neuroblastoma cells by in vivo
GM-CSF or G-CSF stimulated neutrophils

Although in vitro GM-CSF and G-CSF stimulated neutro-
phils show enhanced killing capacity towards neuroblas-
toma cells (figure 1), whether this also occurs in vivo and
in patients with neuroblastoma is still unclear. To take this
a step closer to the anticipated situation in patients, we
investigated the respective abilities of GM-CSF and G-CSF
at potentiating neutrophils to kill neuroblastoma cells
after in vivo stimulation. We obtained blood from patients

with high-risk neuroblastoma that were administered
GM-CSF subcutaneously for three consecutive days prior
to blood sampling (patient characteristics are summarized
in online supplemental table 2). In addition, we collected
blood from granulocyte transfusion donors ~30hours
after subcutaneous G-CSF injection. We found similar Fcy
receptor expression profiles for both GM-CSF and G-CSF
in vivo stimulated neutrophils. Compared with unstimu-
lated neutrophils, in vivo G-CSF stimulated neutrophils,
as well as in vivo GM-CSF stimulated neutrophils showed
a significant increase of FcyRI expression and a decrease
of FcyRIIIb expression, whereas the expression of FcyRIla
remained unaltered (figure 5A-D), similar as observed
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for the in vitro stimulated neutrophils (figure 2A,B). neutrophils was similarly enhanced (figure 5F). Overall,
The capacity of in vivo stimulated neutrophils to kill this indicates that both cytokines can stimulate neutro-
dinutuximab-opsonized neuroblastoma cells was investi-  phils in vivo to kill neuroblastoma cells ex vivo.

gated ex vivo. Neutrophils from GM-CSF injected patients

with neuroblastoma induced significantly greater cytotox-

icity levels of the GD2-positive neuroblastoma cell lines ~ DISGUSSION

NMB and IMR-32 as compared with unstimulated neutro- ~ High-risk neuroblastoma is an aggressive cancer
phils (figure 5E and online supplemental figure 5). Like-  affecting children mostly before the first year of age.
wise, the cytotoxic ability of in vivo G-CSF stimulated = Therapy consists of intense multimodal treatment,
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Figure 5 Comparable ex vivo killing of neuroblastoma cells by in vivo GM-CSF or G-CSF stimulated neutrophils. (A) Fcy
receptor expression (expressed as MFI) on neutrophils from patients with neuroblastoma that were injected with GM-CSF
(striped light gray bars) compared with control neutrophils from healthy donors (white bars). Both for healthy donors and
patients, FcyRI n=7, FcyRlla n=7, FcyRIlIb n=7 of four individual experiments. Statistical analysis was assessed with an unpaired
T-test. (B) Fcy receptor expression (expressed as MFI) on neutrophils from healthy donors that were injected with G-CSF (striped
dark gray bars) compared with control neutrophils from healthy donors (white bars). Both for healthy donors and G-CSF injected
donors, FcyRI n=3-4, FcyRlla n=3-4, FcyRIllb n=3-4 of two individual experiments. Statistical differences were assessed with
an unpaired T-test. (C, D) Representative histograms of flow cytometry analysis of FcyRI (left panels), FcyRlla (middle panels)
and FcyRIlb (right panels) expression on control neutrophils from healthy donors (in white) compared with neutrophils from
patients with neuroblastoma that were injected with GM-CSF (in light gray) (C), or neutrophils from healthy donors that were
administered G-CSF (in dark gray) (D). The dashed line depicts an isotype control. (E) Antibody-dependent cellular cytotoxicity
(ADCC) of NMB cells opsonized with (+) or without (-) dinutuximab (dimab) by control neutrophils from healthy donors (white
bars) or by neutrophils from patients with neuroblastoma that were administered GM-CSF (striped light gray bars). N=10 healthy
donors, n=8 patients of five individual experiments. Statistical differences were assessed with ordinary one-way ANOVA with
post hoc Sidak test. (F) ADCC of NMB cells opsonized with (+) or without (-) dinutuximab (dimab) by control neutrophils from
healthy donors (white bars) or by neutrophils from healthy donors that were injected with G-CSF (stripped dark gray bars). N=4
control neutrophils, n=3 G-CSF injected of two individual experiments. Statistical significances was tested with ordinary one-
way ANOVA with post hoc Sidak test. ADCC, antibody-dependent cellular cytotoxicity; ANOVA, analysis of variance; G-CSF,
granulocyte colony-stimulating factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; MFIl, mean fluorescence
intensity. **p<0.01; ***p<0.0001.
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including immunotherapy with anti-GD2 antibody
dinutuximab. The treatment regimen in the USA
encompasses dinutuximab administered in combina-
tion with GM-CSF and IL-2 in alternating cycles, as
these have been shown to improve therapeutic effi-
cacy."® However, this is not the case for other coun-
tries, where GM-CSF (sargramostim) is not approved
for clinical use. The limited availability of GM-CSF
poses a risk of suboptimal treatment of these patients.
For this reason, finding a widely available alternative
stimulating cytokine that potentiates the Kkilling of
neuroblastoma cells is of high clinical relevance in
areas where GM-CSF is not available. Enhancing the
cytotoxic capacities of effector cells may improve dinu-
tuximab responsiveness, which could further increase
the overall survival of patients with high-risk neuro-
blastoma. As neutrophils are considered the main
players in dinutuximab-mediated killing of neuroblas-
toma cells,® we tested the capacity of neutrophils stim-
ulated with G-CSF as opposed to GM-CSF in killing
dinutuximab-opsonized GD2-positive neuroblastoma
cells. For this we used both in vivo and in vitro GM-CSF
or G-CSF stimulated neutrophils from either patients
with neuroblastoma or healthy adult donors, and
various neuroblastoma cell lines, including primary
patient-derived material.

In the present study, we critically compared GM-CSF
with G-CSF in the context of neutrophil ADCC of
neuroblastoma cells. Previous studies showed that in
vitro stimulation with GM-CSF increased the magni-
tude of cytotoxicity of dinutuximab-opsonized neuro-
blastoma cells specifically for granulocytes, while this
effect was not obtained when stimulating peripheral
blood mononuclear cells, emphasizing the specificity
of GM-CSF on granulocytes.® Similarly, G-CSF stimula-
tion of neutrophils has been found to greatly enhance
their capacity for ADCC in solid cancers.'”™ In this
report, we found G-CSF to be as effective as GM-CSF in
enhancing neutrophil ADCC of neuroblastoma cells,
both after in vitro stimulation, as well as after in vivo
stimulation. For the latter, we were able to use neutro-
phils from healthy granulocyte transfusion donors
injected with G-CSF and neutrophils from patients
with neuroblastoma treated with GM-CSF. Both in vivo
stimulations enhanced neutrophil-mediated ADCC as
opposed to unstimulated conditions, demonstrating
thatin vivo stimulated neutrophils can perform ADCC.
We did not have access to unstimulated neutrophils
of patients with neuroblastoma, but a previous report
demonstrated that neutrophils of neuroblastoma
patients displayed the same abilities as healthy adult
neutrophils in mediating killing of neuroblastoma
cells ex vivo, supporting comparison between these
different cohorts.”

We found that both GM-CSF and G-CSF stimulated
neutrophils induced the same effect on Fcy receptor
and integrin expression on stimulation: shedding
of FcyRIIIb, and no apparent changes in expression

of FcyRIla or CD11b/CDI18 integrins. We did see an
increase in FcyRI expression after in vivo stimulation, in
line with existing litelratulre,37 and to a lesser extent also
after in vitro stimulation. A previous study demonstrated
that both FcyRIIa and CD11b/CD18 integrins are indis-
pensable for neutrophil-mediated killing of antibody-
opsonized solid tumor cells,36 and this is consistent with
our findings in the context of dinutuximab-opsonized
neuroblastoma cells; blocking CD11b/CDI18 integrin
function completely abolished ADCC, with FcyRIIa being
a dominant Fcyreceptor contributing to the process. The
reason ADCC could not be fully inhibited on FcyRIIa
blockade is not completely understood, especially as
we found that killing itself seemed to be fully antibody-
dependent. It might be that the concentration of FcyRIIa
blockade using the F(ab’), fragments was suboptimal or
not complete during the 4hours ADCC. In addition, the
same might hold true for the purified IgGl Fc tails for
the saturation of FcyRI.

Furthermore, neutrophils stimulated overnight with
either GM-CSF or G-CSF in vitro were able to trogo-
cytose dinutuximab-opsonized neuroblastoma cells
and this was followed by tumor cell death. This is in
line with previous findings where neutrophils trogo-
cytosed trastuzumab-opsonized breast cancer cells,
which led to cell rupture and death.”

Finally, we investigated the effect of G-CSF on the
neuroblastoma cells. Our results showed no unfavor-
able effects of G-CSF during the 3-week cultures on
neuroblastoma cell growth and on the susceptibility
towards neutrophil-mediated ADCC in vitro, and no
signs of EMT were observed. Of interest, arecent phase
I/1Ia clinical trial in a cohort of patients with neuro-
blastoma in Japan—where GM-CSF is also unavail-
able—assessed the tolerability, safety and feasibility
of either G-CSF or macrophage colony-stimulating
factor (M-CSF) during dinutuximab immunotherapy
with IL-2.* This study showed that G-CSF was well-
tolerated, which complements our preclinical data on
the safety of G-CSF.

Although biologically very relevant, validating our
findings in an in vivo mouse model would technically
and methodologically be challenging. Considering
syngeneic tumor mouse models, fundamental differ-
ences are observed between human and mouse neutro-
phil biology, reflected in the number of circulating
neutrophils, function and their antitumor effects,‘w 51
which hamper the translatability of preclinical find-
ings in such models. As for a xenogeneic mouse tumor
model, the major obstacle is the availability of patient-
derived xenograft models in mice with fully func-
tional human immune system, including neutrophils,
suitable for studying dinutuximab-based immuno-
therapies in neuroblastoma.”® Our in vitro preclin-
ical data on the efficacy and safety of G-CSF, together
with extensive clinical experience with G-CSF in other
(pediatric) indications, support direct evaluation of
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G-CSF in a clinical setting to improve immunotherapy
of patients with neuroblastoma.
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