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Abstract Neuroblastoma (NB) is the most common extra-
cranial solid tumor in children. Combining passive immu-
notherapy with an antibody to the disialoganglioside GD2
(ch14.18/SP2/0) and cytokines with 13-cis-retinoic acid for
post-myeloablative maintenance therapy increased survival in
high-risk NB, but the overall prognosis for these children is
still in need of improvement. Fenretinide (4-HPR) is a synthet-
ic retinoid that has shown clinical activity in recurrent NB and
is cytotoxic to a variety of cancer cells, in part via the accu-
mulation of dihydroceramides, which are precursors of GD2.

We investigated the effect of 4-HPR on CHO-derived,
ch14.18-mediated anti-NB effector functions, complement-
dependent cytotoxicity (CDC), and antibody-dependent and
antibody-independent cellular cytotoxicity (ADCC and AICC,
respectively). Here, we demonstrate for the first time that
pretreatment of fenretinide-resistant NB cells with 4-HPR sig-
nificantly enhanced ch14.18/CHO-mediated CDC and ADCC
and AICC by both human natural killer cells and peripheral
blood mononuclear cells. Treatment with 4-HPR increased
GD2 and death receptor (DR) expression in resistant NB cells
and induced an enhanced granzyme B and perforin production
by effector cells. Blocking of ganglioside synthesis with a
glucosylceramide synthase inhibitor abrogated the increased
ADCC response but had no effect on the AICC, indicating that
GD2 induced by 4-HPR mediates the sensitization of NB cells
for ADCC. We also showed that 4-HPR induced increased
GD2 andDR expression in a resistant NB xenograft model that
was associated with an increased ADCC and AICC response
using explanted tumor target cells from 4-HPR-treatedmice. In
summary, these findings provide an important baseline for the
combination of 4-HPR and passive immunotherapy with
ch14.18/CHO in future clinical trials for high-risk NB patients.
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Abbreviations
NB Neuroblastoma
4-HPR N-(4-hydroxyphenyl)retinamide
ADCC Antibody-dependent cell-mediated cytotoxicity
AICC Antibody-independent cell-mediated cytotoxicity
CDC Complement-dependent cytotoxicity
NK cell Natural killer cell
PBMCs Peripheral blood mononuclear cells
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DR Death receptor
TRAIL TNF-related apoptosis-inducing ligand
CHO Chinese hamster ovary
IL-2 Interleukin-2
PPPP D/L-Threo-1-phenyl-2-hexadecanoylamino-

3-pyrrolidino-1-propanol
GCS Glucosylceramide synthase
GD2 BI GD2 binding index
FLIP FLICE-inhibitory protein

Introduction

Neuroblastoma (NB) is one of the most aggressive cancers of
childhood, accounting for 9 % of all childhood malignancies
[1]. The tumor originates from neural crest cells and expresses
the ganglioside GD2. In a recent phase III study in high-risk
NB patients, immunotherapy with anti-GD2 antibody ch14.18
(SP2/0) and cytokines revealed a significant increase in the
2-year event-free survival (EFS), rising from 46 to 66 % [2].
Despite this success, there is a need to further improve sur-
vival rates since more than one third of high-risk NB patients
will not survive the disease. One approach is to evaluate
combinations of immunotherapeutic agents with established
drugs or new agents that demonstrate additive or synergistic
interactions with antibody and cytokines in preclinical models.

The ganglioside GD2 is a glycolipid antigen abundantly
expressed by NB [3]. The fact that its natural expression is
restricted to tissue of neuroectodermal origin such as mela-
nocytes, peripheral nerve fibers, and neurons [4] makes
GD2 an interesting target for passive immunotherapy, and
several antibody strategies have been tested in clinical trials
over the past decade [5, 6]. As described above, the chimeric
antibody ch14.18/SP2/0 demonstrated efficacy against min-
imal residual disease in a recent phase III trial of high-risk
NB patients post-myeloablative therapy [2].

One important mechanism of antibody-based immunother-
apy is tumor-directed antibody-dependent cell-mediated cyto-
toxicity (ADCC), which is mediated by CD16 (Fcγ receptor
III) expressed on effector cells of the innate immune system,
primarily by natural killer (NK) cells. A second antibody-
independent cellular cytotoxicity (AICC)mechanism also plays
an important role in NK cell-mediated elimination of tumor
cells and pathogens supporting ADCC. AICC by NK cells is
initiated via the interaction of NKG2D, a C-type lectin-like
receptor, activating killer cell immunoglobulin-like receptors
(KIR), and/or natural cytotoxicity receptors with their respec-
tive ligands. It is also tightly regulated by the presence of
inhibitory KIRs and their ligands on a target cell. An activated
NK cell can induce target cell killing through the release of lytic
granules (granzymes and perforin). While perforin is presum-
ably responsible for pore formation in the target cell membrane,
the main component of lytic granules, granzyme B (GrB), is the

inductor of apoptosis. GrB induces two different apoptotic
pathways in target cells: first, GrB mediates a direct cleavage
and activation of caspases, and second, it triggers mitochondrial
permeabilization followed by cytochrome c release [7].

Another mechanism of cell killing is mediated via the
interaction of death receptors (DRs) with the Fas ligand or
tumor necrosis factor (TNF)-related apoptosis-inducing ligand
(TRAIL) expressed by NK cells. DRs belong to the TNF
receptor superfamily. At least five different DRs are identified:
Fas (or CD95), TRAIL receptors 1 and 2 (or DR4 and DR5,
respectively), DR3, and TNF receptor [8]. Binding of TNF
superfamily ligands to their receptors induces receptor trime-
rization and recruitment of the Fas-associated death domain,
which subsequently recruits procaspase-8 to form the death-
inducing signaling complex. This association of proteins acti-
vates caspase-8, which subsequently cleaves caspase-3 to
induce a nonmitochondrial apoptotic pathway [9].

Fenretinide orN-(4-hydroxyphenyl)retinamide (4-HPR) is a
synthetic derivative of vitamin A that has shown antitumor
activity with minimal systemic toxicity in preclinical and clin-
ical studies [10, 11]. One mechanism by which 4-HPR induces
cytotoxicity in cancer cells is via intracellular accumulation of
ceramides as a result of de novo synthesis, especially dihydro-
ceramides [12]. However, a common evasion mechanism of
multidrug-resistant cancer cells to prevent the accumulation of
ceramides is the upregulation of enzymes involved in their
cellular clearance, such as sphingosine kinase (converts sphin-
gosine into sphingosine-1-phosphate) [13, 14], sphingomyelin
synthase (converts ceramide into sphingomyelin), and gluco-
sylceramide synthase (GCS) [15–18], which catalyzes the
glycosylation of ceramide, leading to glucosylceramide, the
precursor for glycosphingolipids, i.e., gangliosides. Interest-
ingly, GD2 is a ganglioside directly generated from GD3, a
metabolite of ceramides, and increased GD2 expression was
demonstrated in NB cell lines after treatment with 4-HPR in
vitro [18]. Furthermore, 4-HPR treatment led to an upregula-
tion of DRs in Ewing sarcoma, which subsequently enhanced
apoptosis induced by DR ligands [19]. These findings suggest
a potential for 4-HPR to improve ADCC and AICC.

Here, we demonstrate for the first time that both ADCC
mediated by CHO-derived ch14.18 and AICC mediated by
NK cells could be increased significantly by 4-HPR treat-
ment in vitro and in vivo, suggesting that a direct combina-
tion of ch14.18/CHO immunotherapy with 4-HPR could be
beneficial for NB patients.

Material and methods

Cell culture

4-HPR-resistant (IC90>6.2 μM) GD2+ NB cell lines (CHLA-
15, CHLA-20, CHLA-79, CHLA-136, and CHLA-172) [20]
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were cultured in Iscove’s modified Dulbecco’s medium
(IMDM; Hyclone Laboratories, Logan, UT, USA), completed
with 20 % fetal bovine serum (FBS; Gibco, Invitrogen,
Carlsbad, CA, USA), L-glutamine (4 mM; CellGro, Medi-
atech Inc., Manassas, VA, USA), insulin (5mg/ml), transferrin
(5 mg/ml), and selenious acid (5 ng/ml) (all from ITS Culture
Supplement, BD Biosciences, San Jose, CA, USA). SK-N-BE
(2) was cultured in RPMI 1640 with 10 % FBS. All cell lines
were cultured at 37 °C in a humidified incubator (5 % O2 and
5 % CO2). Cell line identities were confirmed by short tandem
repeat profiling by the Children’s Oncology Group Cell
Culture and Xenograft Repository (http://www.COGcell.org)
as previously described [21].

Peripheral blood mononuclear cells (PBMCs) were iso-
lated from the blood of healthy volunteers, obtained with
written informed consent, using Ficoll-Paque™ PLUS (GE
Healthcare, Pittsburgh, PA, USA). PBMCs were washed
and plated out into cell culture flasks and cultured for 3 days
with 100 IU/ml interleukin-2 (IL-2) (Aldesleukin, Novartis,
Emeryville, CA, USA) at 37 °C (5 % O2 and 5 % CO2)
before use in cytotoxicity assays.

NK cells were expanded from the PBMCs isolated from a
healthy donor as previously described [22]. Briefly, PBMCs
were stimulated weekly with irradiated (100 Gy) K562
Cl9mIL21 at an effector-to-target (E/T) ratio of 1:2 in NK
cell expansion media [comprised of RPMI, 10 % FBS,
100 IU/ml penicillin, 100 μg/ml streptomycin (all from
Cellgro), 2 mM L-glutamine (Gibco), and 50 IU/ml of IL-2
(Proleukin, Novartis Vaccines and Diagnostics, Inc.)] at 37 °C
in 5 % CO2 to selectively expand NK cells. At the end of two
stimulations, NK cells were isolated using RosetteSep Human
NK Cell Enrichment Cocktail (Stemcell Technologies) [23]
and expanded further for 1 week following a third stimulation
with irradiated K562 Cl9mIL21. The NK cells were phenotyped
to assess purity by flow cytometry (BD FACSCalibur) using
anti-CD3, anti-CD16, and anti-CD56 antibodies (BD Bio-
sciences) and then cryopreserved. RosetteSep purification
depletes CD3 cells and purified, expanded NK cells
were <1 % CD3+. Expanded frozen NK cells were cultured
in RPMI 1640 including 10% FBS and 100 IU/ml IL-2 for 4–
5 days prior to a cytotoxicity assay.

Experiments involving human specimens were approved
by the Institutional Review Board of the Texas Tech
University Health Sciences Center and/or the University of
Texas MD Anderson Cancer Center.

Drug treatment

For all assays, cells were pretreated with either 4-HPR or D/
L-Threo-1-phenyl-2-hexadecanoylamino-3-pyrrolidino-1-
propanol (PPPP) (Matreya Inc., Pleasant Gap, PA, USA) or
both. Drugs were diluted in 100 % ethanol. NB cells were
plated out at a concentration of 5–10×105 into six-well

plates in 3 ml culture medium and allowed to attach for
24 h. 4-HPR was tested in two different concentrations (5 or
10 μM) and cells were incubated at 37 °C in a humidified
incubator (5 % O2; 5 % CO2; 48 h). 4-HPR concentrations
of up to 10 μM are clinically achievable; however, since
drug concentrations in human sera often vary depending on
the patient, we additionally used a lower dose (5 μM) in
order to provide for a broader range of effective concentra-
tions [24]. In order to block GCS function, cells were treated
with 1 μM PPPP for 4–5 days as previously described [25].
Dead cells in the supernatant were removed by pipetting and
gentle washing with medium and adherent cells were
counted and only cell populations with >95 % viable cells,
as determined by trypan blue staining, were used for further
analysis. 4-HPR for in vivo studies was employed in the
Lym-X-Sorb oral powder formulation (4-HPR-LXS). 4-
HPR-LXS provides an optimal method for achieving high
plasma and tissue levels of 4-HPR in mice and has achieved
clinical responses in recurrent high-risk NB [26]. ch14.18/
CHO is a mouse/human chimeric anti-GD2 antibody. It
was manufactured in CHO cells by Polymun (Vienna,
Austria) and is used in clinical phase I to III trials in Europe.
The antibody was kindly provided by the SIOPEN group
(International Society of Pediatric Oncology European
Neuroblastoma).

Flow cytometric analysis

GD2 expression on NB cells was analyzed by staining of the
cells for 15 min with 1 μg ch14.18/CHO followed by
incubation for 15 min with a phycoerythrin (PE)-labeled
anti-human IgG secondary antibody at a dilution of 1:5
(cat. no. 555787, BD Biosciences, San Jose, CA, USA).
As an isotype control, we used chimeric anti-CD20 antibody
(rituximab; MabThera, Roche, Germany). From live and
PE-labeled cells, we calculated the GD2 binding index
(BI; which represents the ability of anti-GD2 antibody
ch14.18/CHO to bind to its antigen) for basal cell surface
expression and for expression after treatment with 4-
HPR based on the percentage of GD2-positive cells
and mean fluorescence (mean fluorescence×n% positive
cells/100) [27].

DRs were stained with the following antibodies for
45 min: 0.5 μg anti-CD95 (Fas) (cat. no. MC-063, Kamiya
Biomedical, Seattle, WA, USA), 0.5 μg anti-TRAIL-R1
(cat. no. ALX-804-297), and 1 μg anti-TRAIL-R2 (cat.
no.ALX-804-298, both from Enzo Life Sciences, Plymouth
Meeting, PA, USA). As a secondary antibody, we used a
PE-labeled rat anti-mouse IgG1 antibody in a dilution of
1:200 (cat. no. 550083, BD Biosciences) for 20 min.

To exclude dead cells from the analysis, cells were
stained with 4 μl 4′,6-diamidino-2-phenylindole (DAPI;
0.1 μg/ml), which was added shortly before analysis. For
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each cell sample, 20,000 live cells were analyzed by the
LSRII flow cytometer using FACSDiva software (BD Bio-
sciences). Final data analysis was done with FlowJo soft-
ware (TreeStar, Ashland, OR, USA). From live and PE-
labeled cells, we calculated the binding indices as described
above.

Cytotoxicity assays

All assays were performed using the CytoTox 96 nonradio-
active cytotoxicity assay from Promega (Madison, WI,
USA), according to the manufacturer’s protocol. Each ex-
periment including spontaneous and maximum release de-
termination and controls was performed in eight replicates
in a U-bottom microtiter plate (BD Biosciences). Absor-
bance was measured at 490 nm using a standard microplate
reader (Bio-Rad Benchmark Microplate Reader). To induce
complement-dependent cytotoxicity (CDC) and ADCC,
ch14.18/CHO was used in a concentration of 1 or 10 μg/ml.

CDC

Nonheat-inactivated, frozen serum from one healthy donor
was added to RPMI medium (10 % final serum concentra-
tion) and target cells were used in a concentration of 1×104

cells in 100 μl. Antibody ch14.18/CHO and anti-CD20
control (MabThera, Roche, Germany) were added in a final
concentration of 10 μg/ml and plates were incubated at 37 °
C (5 % O2 and 5 % CO2) for 6 h. Lysis solution was added
after 5 h and 15 min.

ADCC

Briefly, effector cells (PBMCs or expanded NK cells) were
harvested and plated at an E/T ratio of 25:1 (for PBMCs)
and 5:1 or 2.5:1 (for NK cells) in 75 μl RPMI supplemented
with 5 % heat-inactivated FBS. Target cells were added at a
concentration of 1×104 cells in 100 μl RPMI (10 % FBS).
Antibody ch14.18/CHO and anti-CD20 control were added
in a final concentration of 1 μg/ml and plates were incubated
at 37 °C (5 % O2 and 5 % CO2) for 4 h. Lysis solution was
added after 3 h and 15 min.

AICC

The same procedure was used as described for ADCC, but
we added medium or medium/rituximab instead of ch14.18/
CHO antibody.

Blocking of death receptors in AICC

We used 1×106 target cells in 100 μl that were preincubated
with 1 μg anti-TRAIL-R2 (cat. no. ALX-804-298, from

Enzo Life Sciences, Plymouth Meeting, PA, USA) and
anti-CD95 (cat. no. MC-117, Kamiya Biomedical) for 1 h
on ice. The antibody concentrations were employed accord-
ing to the manufacturer’s recommendations. To block Fc
receptors on expanded NK cells, we used 10 μl human FcR
Blocking Reagent (Miltenyi) per 2×106 cells in 100 μl
FACS buffer. The mixture was incubated on ice for 10–
15 min. Effector and target cells were washed twice to
remove residual antibodies and then employed in an AICC
assay, as described above, in an E/T ratio of 2.5:1.

Ex vivo ADCC/AICC

Tumor cells were isolated from tumors with a volume of
1,200–1,400 mm3 by using a 70-μm cell strainer (cat. no.
352350, BD Bioscience). Suspended tumor cells were
washed twice in complete IMDM and red blood cells were
removed by incubation with ACK lysis buffer (0.15 M
NH4Cl, 10 mM KHCO3, and 0.1 mM EDTA in distilled
water; all Sigma-Aldrich) for 5 min at room temperature
(RT). Cells were washed twice in complete IMDM and dead
cells were removed by density gradient centrifugation using
Ficoll (400×g without brake for 30 min at 4 °C). Target cells
were then employed in an ADCC/AICC assay as described
above. Cytotoxicity was calculated according to the follow-
ing formulas:

ForCDC : % cytotoxicity ¼ Experimental� Target Spontaneousð Þ=
Target Maximum� Target Spontaneousð Þ

For ADCC and AICC : % cytotoxicity
¼ Experimental� Effector Spontaneous� Target Spontaneousð Þ=

Target Maximum� Target Spontaneousð Þ

Granzyme B and perforin ELISA

For measuring GrB and perforin release from effector (NK)
cells upon coculture with fenretinide-treated NB cells, cells
were incubated for 6 h in a 24-well plate at an E/T ratio of
2.5:1. We used 1×105 NB cells in 350 μl RPMI complete
medium and accordingly 2.5×105 NK cells (in 350 μl) in
each well. To measure spontaneous GrB and perforin release
by effector cells, we incubated NK cells alone in the same
volume that was used in the other wells (700 μl). As a
positive control, NK cells were activated with 10 ng/ml
PMA (Calbiochem, EMD Biosciences Inc., La Jolla, CA,
USA) and 1 μg/ml ionomycin (Sigma Aldrich, St. Louis,
MO, USA). The enzyme-linked immunosorbent assay
(ELISA) was performed with standards and samples in
duplicates according to the manufacturer’s protocol (Human
Granzyme B and Human Perforin ELISA Kit, MabTech,
Sweden). Briefly, on day 1, a high protein-binding ELISA
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plate was coated with anti-GrB or anti-perforin antibody
(1.5 and 4 μg/ml, respectively) in phosphate-buffered saline
(PBS) and incubated overnight at 4 °C. Then, the plate
was washed twice with washing buffer (0.05 % Tween
20 in PBS) followed by blocking with assay diluent
(PBS containing 0.1 % BSA) for 1 h at RT. The plate
was washed five times with washing buffer. One hun-
dred microliters of standards and samples diluted in
assay diluent were added and incubated for 2 h at RT.
After washing five times, biotinylated monoclonal anti-
body (0.5 μg/ml) was added to each well and incubated
for 1 h at RT. After washing, the plate was incubated
with streptavidin-HRP (1:1,000 in assay diluent) for 1 h
at RT. The plate was washed again five times and
75 μl/well of substrate reagent (R&D Systems, Color
Reagent A and Color Reagent B mixed in equal vol-
umes) was added and incubated for 5–20 min in the
dark. After a suitable developing time, 75 μl/well of
stop solution (2 N H2SO4) was added and optical den-
sity was measured at 450 nm using a standard micro-
plate reader. Antibody-dependent GrB and perforin
release was calculated by subtracting the spontaneous
release from the experimental release values.

Western blot analysis

NB cells (5×105 per well) were plated in complete medium
(3 ml) into flat-bottom six-well plates. Cells were exposed to
4-HPR or PPPP alone or in combination as described above.
Cells were harvested, washed twice (PBS), and centrifuged.
Protein content was isolated as previously described [28].
Forty micrograms of cell protein was mixed with 4× SDS
Sample Buffer (Novagen, San Diego, CA, USA) and heated
for 3 min at 96 °C. Proteins were resolved by electrophore-
sis on 10–20 % triethanolamine sodium dodecyl sulfate
precast gel (C.B.S. Scientific, Del Mar, CA, USA) and
transferred onto polyvinylidene difluoride membrane (Pro-
tran, Keene, NH, USA). For the detection of GCS, we
incubated the membrane overnight at 4 °C with a monoclo-
nal mouse anti-human GCS antibody (1:200; Abnova, Tai-
pei City, Taiwan) in blocking solution (5 % nonfat dry milk
(Bio-Rad Laboratories), 0.1 % v/v Tween 20 in PBS). For
FLICE-inhibitory protein (FLIP) detection, the membrane
was incubated overnight at 4 °C with a monoclonal anti-
human FLIP antibody (1:400, cat. no. ALX-804-428-C100
Enzo Life Science, Lörrach, Germany) in blocking solution
(Roti®-Block (Roth, Karlsruhe, Germany), 0.1 % v/v Tween
20 in PBS). For the detection of GCS, a secondary
peroxidase-conjugated goat anti-mouse IgG1 antibody
(1:2,000, GE Healthcare, Amersham, Buckinghamshire,
UK) was used. For the detection of FLIP, a secondary
peroxidase-conjugated goat anti-mouse IgG1 antibody
(1:3,000, cat. no. 166-2408EDU, Bio-Rad Laboratories,

Munich, Germany) was used. Both reactions were visual-
ized using the enhanced chemiluminescence detection sys-
tem from Amersham (Buckinghamshire, UK) according to
the manufacturer’s protocol. As a control, we employed a
monoclonal mouse anti-β-actin antibody (Santa Cruz Bio-
technology, Santa Cruz, CA, USA) and a peroxidase-
conjugated goat anti-mouse IgG1 (Amersham, Bucking-
hamshire, UK).

Mouse xenograft experiments

Female Fox Chase SCID mice (CB17/Icr-Prkdcscid/IcrI-
coCrl) were obtained at 4–6 weeks of age from Charles
River (strain code 236) and maintained under specific
pathogen-free conditions. Housing and treatment protocols
were approved by the Institutional Animal Care and Use
Committee of our institution. For tumor induction, 1×
107cells CHLA-136 cells were injected subcutaneously in
200 μl. Shortly before injection, the cell suspension
was diluted 1:2 with Matrigel™ Basement Membrane
Matrix (BD Biosciences, Bedford, MA, USA). Tumors were
measured every second day using a microcaliper and
tumor volumes were calculated according to the formula:
1 2= width� length� width . When the tumors reached a
volume of 150–200 mm3, mice were treated with a daily
oral gavage of 4-HPR-LXS oral powder suspended in water
(240 mg/kg/day) or sterile water (controls) for 5 days. After
a 2-day break, treatment continued for 5 days. Animals were
sacrificed by carbon dioxide necrosis when tumor volumes
reached 1,300 mm3. Tumors were extracted and processed
for the following ex vivo assays.

Analysis of tumor-infiltrating NK cells

To determine whether 4-HPR treatment has an effect on
the amount of tumor-infiltrating NK cells, we isolated all
live cells from tumors as described above in the ex vivo
cytotoxicity assay section. Cells (1×106) were stained
with 1 μl of an anti-mouse NK1.1 fluorescein isothiocya-
nate (FITC)-conjugated antibody (cat. no. 553164, BD
Biosciences) for 45 min. As an isotype control, we used
an FITC-labeled mouse IgG2A, K isotype antibody (cat.
no. 553456, BD Biosciences). After incubation with the
antibody, cells were washed two times, counterstained
with DAPI as described above, and analyzed by flow
cytometry.

Statistical analysis

All experiments were verified at least three times. Data
are expressed as the means±standard deviations (SD).
Statistical analysis was performed using Student’s t
test. Differences were considered significant at a p value
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of <0.05 (*) and highly significant at p values <0.01
(**) or <0.005 (***).

Results

GD2 expression of 4-HPR-resistant human NB cells
increases upon treatment with 4-HPR

Since fenretinide induces (dihydro)ceramide accumulation
[12], which is a ganglioside precursor, we analyzed the GD2
expression upon treatment with 4-HPR in 4-HPR-resistant
NB cells. We found an increase of the GD2 BI in all six
human 4-HPR-resistant cell lines (CHLA-136, CHLA-172,
SK-N-BE(2), CHLA-79, CHLA-15, and CHLA-20). The 4-
HPR-induced average increase of the GD2 BI, compared to
vehicle-treated controls, was calculated from five indepen-
dent experiments for each cell line (Fig. 1). Interestingly, in
cell lines with a more heterogeneous basal expression of
GD2 (CHLA-136 and SK-N-BE(2)), 4-HPR induced an
increase in the percentage of GD2-positive cells (data not
shown) and in the mean fluorescence intensity, resulting in a
50 to >80 % increase of the average GD2 BI, respectively.
In case of cell lines with high and homogeneous expression
of GD2 (e.g., CHLA-15 and CHLA-20, basal expression of
GD2 was 92–95 %), treatment with 4-HPR induced a 10–
20 % increase in the GD2 BI, which is mostly dependent on
an increase in the mean fluorescence. Thus, NB cell lines

having the lowest basal levels of GD2 expression demonstrat-
ed the greatest 4-HPR-mediated increase in GD2 expression.

4-HPR enhances ch14.18/CHO-mediated CDC, ADCC,
and AICC of 4-HPR-resistant human NB cells

CDC was analyzed after 4-HPR treatment using five 4-HPR-
resistant NB cell lines (CHLA-136, CHLA-172, SK-N-BE(2),
CHLA-79, and CHLA-20). Cells were treated with 5 μM 4-
HPR for 48 h, resulting in an increase of CDC with ch14.18/
CHO of up to 45 % (CHLA-136, CHLA-172, and SK-N-BE
(2)) and up to 25 % (CHLA-79 and CHLA-20) compared to
vehicle controls (Fig. 2a and Supplementary Fig. S3), while
isotype control rituximab did not elicit a CDC response at all.
Interestingly, the level of ch14.18/CHO-mediated CDC corre-
lated with the GD2 BI (Fig. 1): CHLA-136, CHLA-172, and
SK-N-BE(2) showed the highest increase in CDC compared to
the other cell lines tested, i.e., CHLA-20 and CHLA-79. We
were able to confirm this result with serum from another donor
as complement source and 1 μg/ml ch14.18/CHO (data not
shown); both antibody concentrations are achievable in a clin-
ical setting ([29] and H.N. Lode, personal communication).

Next, we used whole PBMC populations of several
healthy donors as effector cells. First, overall cytotoxicity
with ch14.18/CHO was analyzed with PBMCs from one
healthy donor and cell lines CHLA-20, CHLA-172, SK-N-
BE(2), and CHLA-79 treated with 4-HPR (10 μM). All cell
lines were lysed more effectively after 4-HPR treatment
(Fig. 2b and Supplementary Fig. S2). Importantly, similar
effects were observed when we determined the ADCC by
PBMCs obtained from four healthy donors towards CHLA-
20 cells that were treated with 4-HPR (10 μM) for 48 h. All
four donor PBMCs showed an increase in lytic activity
towards CHLA-20 after treatment with 4-HPR (Fig. 2c
and Supplementary Fig. S2). In order to assess the overall
ability of 4-HPR to increase the cytotoxicity of PBMCs
from different donors, we pooled our data for four donors
from three experiments, respectively, and calculated the
percentage of increase of cytotoxicity towards 4-HPR-
treated CHLA-20 cells compared to vehicle-treated
CHLA-20, revealing an average increase in cytotoxicity of
102 % (±48 % SD, data not shown).

We wanted to confirm the results obtained with different
PBMCs with a purified NK cell population from one healthy
donor. For this purpose, we evaluated the cytotoxicity of
expanded NK cells with ch14.18/CHO (ADCC) and without
antibody (AICC) in six NB cell lines (CHLA-136, CHLA-
172, SK-N-BE(2), CHLA-79, CHLA-15, and CHLA-20)
after exposure to 10 μM 4-HPR for 48 h. Since rituximab
did not show any specific activity in CDC assays and
rituximab-mediated ADCC of NK cells and PBMCs was
identical to controls without any antibody in preliminary
experiments (data not shown), we only employed no-
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Fig. 1 GD2 expression of 4-HPR-resistant human NB cells increases
upon treatment with 4-HPR. GD2 expression was analyzed in 4-HPR-
resistant NB cells after exposure to 10 μM 4-HPR (5 μM for CHLA-
15) for 48 h as described in the “Material and methods” section. Cells
were stained with ch14.18/CHO (1 μg) and results were compared to
rituximab (1 μg) as isotype control. GD2 BI was calculated according
to the formula: mean fluorescence�% GD2 positive cellsð Þ 100= .
Results are presented as percentage of increase of GD2 BI of 4-HPR-
treated cells from vehicle control. Data represent the mean increase and
SD of five independent experiments. *p<0.05, calculated using the
Student’s t test
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antibody controls in the following assays to determine the
effect of 4-HPR treatment on ADCC/AICC.

The expanded NK effector cells showed a significantly
higher overall lytic activity towards all fenretinide-treated
NB cells compared to the vehicle control with an increase in
AICC (black bars represent lysis mediated solely by effector
cells without the addition of ch14.18 antibody) and an
enhanced GD2-specific ADCC (gray bars represent the

additional lysis effect occurring when ch14.18 is present)
(Fig. 3). In all cell lines, the AICC response was markedly
increased. The increase in GD2-specific ADCC was more
pronounced in CHLA-136, CHLA-172, and SK-N-BE(2),
while in CHLA-79, CHLA-15, and CHLA-20, ADCC medi-
ated by ch14.18/CHOwas only slightly higher upon treatment
with 4-HPR compared to vehicle-treated cells. This correlates
with the limited effect of 4-HPR on GD2 expression in these
cells and is similar to observations in CDC experiments.
Importantly, the absence of AICC by NK cells towards un-
treated SK-N-BE(2) was reversed by treatment with 4-HPR,
again indicating that there is a second mechanism involved in
the sensitization of NB cells to NK cell lysis by 4-HPR
treatment. The results for the overall cytotoxicity (ADCC plus
AICC) from all experiments with expanded NK cells are
additionally shown in Supplementary Fig. S2.

Effect of 4-HPR treatment on death receptor expression
on neuroblastoma cells

Since 4-HPR treatment increased the susceptibility of hu-
man NB cells to effector cell killing by AICC, we examined
the expression of DR molecules on our human NB cell lines
and found a 4-HPR-mediated increase of Fas and TRAIL-
R2 expression compared to vehicle-treated cells. TRAIL-R1
expression was very low or absent in the cell lines tested in
our panel (data not shown). Fas expression was also rela-
tively low in all cell lines, but could be enhanced >3-fold in
CHLA-15, SK-N-BE(2), and CHLA-136 cells after 4-HPR
treatment (Fig. 4a, left panel; b, right panel). Overall,
TRAIL-R2 expression was higher in all cell lines compared
to Fas, with the highest percentage of positive cells in
CHLA-136 and could be enhanced in all cell lines
(Fig. 4a, right panel), even in cell lines that showed only

�Fig. 2 Fenretinide treatment enhances ch14.18/CHO-mediated CDC
and ADCC by PBMCs towards 4-HPR-resistant human NB cell lines.
The effect of 4-HPR on ch14.18/CHO-mediated CDC by human com-
plement and ADCC by PBMCs was analyzed using human NB target
cells after exposure to 4-HPR. ADCC with healthy donor PBMCs was
analyzed at an E/T ratio of 25:1 in the presence of ch14.18/CHO antibody
(1 μg/ml). a CDC was performed with 10 % of human serum in the
presence of ch14.18/CHO or isotype control rituximab (10 μg/ml each)
and NB cells previously treated with 5 μM 4-HPR for 48 h. Each bar
represents the mean value for eight replicates. The results from one
representative experiment out of three independent experiments are pre-
sented as mean percent CDC±SD. ***p<0.001, **p<0.01, statistically
significant differences of ch14.18/CHO-mediated CDC and controls
(Student’s t test). b Varying human NB cell lines were exposed to vehicle
(black bar) or 10 μM 4-HPR (gray bar) for 48 h and then used in an
ADCC assay with PBMCs from donor 1. c Varying donors were used as
effector cells after treatment of CHLA-20 with vehicle (black bar) or
10 μM 4-HPR (gray bar). Each bar represents the mean value for eight
replicates. Results from one representative experiment out of three inde-
pendent experiments are presented as percent cell lysis by PBMCs±SD.
***p<0.001, **p<0.01, *p<0.05, statistically significant differential
findings between 4-HPR-treated cells and controls (Student’s t test)
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very low expression levels (<1 %) when untreated, such as
SK-N-BE(2) (Fig. 4b, right panel).

In order to determine a functional role for DR expression
after 4-HPR treatment in AICC, we blocked the respective
DRs during an AICC assay by using non-apoptosis-
inducing blocking antibodies for Fas and TRAIL-R2. AICC
was analyzed with CHLA-136 and SK-N-BE(2) cells as a
target and expanded human NK effector cells, which were
pretreated with FcR block prior to the assay in order to
prevent a Fas/TRAIL-R2 antibody-mediated ADCC re-
sponse. Inhibition of TRAIL-R2 resulted in a significantly
decreased AICC in CHLA-136 cells in contrast to Fas in the
conditions used in this setting. This result suggests a partial
role for a 4-HPR-stimulated TRAIL/TRAIL-R2 pathway as
a mechanism for the increased AICC. In SK-N-BE(2) cells
that reacted with a significant increase of TRAIL-R2 and
Fas expression upon 4-HPR treatment, the effect of DR
blocking was not significant, although blocking of TRAIL-
R2 was more effective than of Fas (Fig. 4b), which, how-
ever, can be explained by the generally low expression of
these DR molecules in this cell line (Fig. 4b, right panel). In
another set of experiments, we tested whether 4-HPR might
be responsible for a change in the expression of the FLICE
inhibitory protein cFLIP that is known to be an inhibitor of
DR-mediated apoptosis [30, 31] and, thus, might be in-
volved in the sensitization of NB cells towards AICC.
However, our experiments did not lead to unanimous results
in all six NB cell lines tested (see Supplementary Fig. S5),
suggesting that cFLIP does not play a major role in the
discovered sensitization effect of 4-HPR.

NK effector cells show enhanced effector molecule
production upon co-culture with 4-HPR-treated NB cells

In our attempt to further characterize the mechanisms that
underlie the enhanced antibody-independent cell-mediated

killing of fenretinide-treated NB cells, we determined the
production of effector molecules GrB and perforin by effec-
tor cells, i.e., expanded NK cells, upon co-incubation with
4-HPR-pretreated NB cell lines. As exemplified in Fig. 4c,
NK cells are stimulated to produce an increased amount of
GrB and perforin as a reaction to co-culture with fenretinide-
treated cells. Interestingly, this increase is dependent on the
NB cell line: While CHLA-136 and CHLA-172 mediated an
increase of GrB production by NK cells by >100 % (and
>200% for perforin; Fig. 4c, right panel), the increase induced
by CHLA-15 and CHLA-20 is much lower, both for GrB and
perforin. We also tested whole PBMCs from healthy donors in
this respect and found comparable increases of GrB and
perforin, although the strength of GrB and perforin production
in general was highly variable depending on the donor (data
not shown).

Downregulation of GD2 reverses the 4-HPR-mediated
increase in ch14.18/CHO-dependent ADCC and CDC

GCS catalyzes the conversion of ceramides to glucosyl-
ceramides, which is the first-step enzyme in GD2 syn-
thesis. Protein expression of GCS showed an apparent
increase in 4-HPR-treated CHLA-136 cells relative to
vehicle-treated controls (Fig. 5a), while exposure to
PPPP during 4-HPR exposure decreased GCS protein
expression (Fig. 5a) and resulted in lower GD2 expres-
sion levels compared to vehicle-treated cells (Fig. 5b).
PPPP inhibited 4-HPR-mediated increases of ch14.18/
CHO-mediated CDC (Fig. 5c) and ADCC (10 and
1 μg/ml, respectively) (Fig. 5d and Supplementary
Fig. S4, gray part of stacked bars), but not AICC
(Fig. 5d and Supplementary Fig. S4, black part of
stacked bars), indicating a crucial role for GD2 expres-
sion as a mechanism for 4-HPR-mediated sensitization of
NB for ch14.18/CHO-mediated immunotherapy.
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Horizontal line indicates control expression. Data represent the mean
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inhibition of AICC after DR blocking. NB cells CHLA-136 and SK-
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ice (1 μg each). The lytic activity of NK cells was assessed at an E/T
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TRAIL-R2 blocking and AICC in 4-HPR-treated CHLA-136 cells
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production by expanded NK cells upon 6 h co-culture with vehicle-
treated (black bars) or 4-HPR-treated (gray bars) NB cells (E/T ratio,
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out of three independent experiments). Right panel mean percent
increase of perforin production by expanded NK cells upon co-incubation
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lines (±SD)
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Effect of 4-HPR treatment on NK cell-mediated killing
in neuroblastoma xenografts

To assess whether the observed in vitro effects of fenretinide
on NB cells also occurred in vivo, Fox Chase SCID mice with
established, palpable CHLA-136 NB xenografts (200 mm3)
were assigned to treatment with 240 mg/kg 4-HPR or sterile
water (diluent). When tumors reached a volume of
1,300 mm3, mice were terminated and tumor cells were iso-
lated and analyzed for GD2, Fas, and TRAIL-R2 expression
by flow cytometry and the binding indices were calculated.
Tumors of mice treated with 4-HPR showed a significantly
higher GD2 BI compared to tumors of control mice, which
increased on average by 65% (Fig. 6a). Furthermore, both Fas
and TRAIL-R2 binding indices were increased in 4-HPR-
treated tumors compared to control tumors, by 60 % for Fas
and by 25 % for TRAIL-R2 (Fig. 6a). 4-HPR-mediated in-
crease of GD2 and DR expression in vivo also translated into
effective cell killing by effector cells. Isolated tumor cells
from 4-HPR-treated mice were tested ex vivo in a cytotoxicity
assay with expanded human NK cells as effector cells. Both
AICC and GD2-specific ADCC by NK cells were increased
after treatment of mice with 4-HPR in vivo (Fig. 6b), resulting
in a significantly enhanced overall cytotoxicity by NK cells.
Most importantly, the GD2-specific ADCC of NB cells iso-
lated from primary tumors (gray part of stacked bars) was
much higher than the AICC response (black part of stacked
bars), which was reversed in our in vitro experiments (see
Fig. 3). Indeed, CHLA-136 cells isolated from primary tumors
showed a more homogenous and higher GD2 expression
compared to CHLA-136 cells grown in vitro (data not shown).

We also determined the amount of infiltrating NK cells
by analyzing with flow cytometry the percentage of NK1.1+
cells of total live cells in xenograft suspensions. Interesting-
ly, tumors from 4-HPR-treated mice showed a significantly
higher percentage of tumor-infiltrating NK cells compared
to control tumors (representative dot blots of three mice of
each group are shown in Fig. 6c) resulting in a sixfold
increase compared to control tumors (Fig. 6d, p00.002).

Discussion

Anti-GD2 antibody ch14.18/SP2/0 combined with IL-2 and
GM-CSF achieved an increase of the 2-year EFS rate from
46 to 66 % [2], emphasizing the role of immunotherapy in
high-risk NB. The primary mechanism of action of the anti-
GD2 antibody is the induction of ADCC, which can be
efficiently augmented by stimulating effector cells with
cytokines [32]. A similar strategy to improve antibody
immunotherapy in NB is to use other stimulators of the
innate immune system, such as β-glucan, a glucose polymer
that can induce TNF-α secretion and ADCC by NK cells

and monocytes and neutrophils [33]. All co-stimulatory
strategies in NB immunotherapy so far have focused on
the “effector side” of the immune response.

Here, we demonstrate for the first time that sensitization
of the “target cell” towards antibody-mediated effects like
ADCC and CDC provides a new strategy to further improve
anti-NB immunotherapy. It is important to mention that we
were able to induce this effect with nontoxic concentrations
of fenretinide in tumor cells that were highly multidrug-
resistant or partially drug-resistant.

4-HPR treatment is known to induce an increase of
gangliosides on 4-HPR-resistant ovarian cancer [34] and
SH-SY5Y cells [18]. Consistent with those results, we show
that 4-HPR induced GD2 target antigen expression by up to
100 %, which resulted in a significantly enhanced GD2-
specific ADCC and complement-dependent killing. 4-HPR
also increased the expression of DRs Fas and TRAIL-R2,
the latter of which was partly involved in an improved
antibody-independent killing of NB cells (AICC) (Figs. 2
and 3). Importantly, the enhancing effect of 4-HPR was
visible at two concentrations (5 and 10 μM) that are clini-
cally achievable in NB patient sera [24].

One mechanism of drug-resistant NB cells to evade a
ceramide-mediated cell death is shunting the accumulating
toxic molecules into several pathways [16, 18]. Overexpres-
sion of GCS in a breast cancer line has been shown to confer
resistance to doxorubicin [17]. Interestingly, it was shown
previously that a combination of fenretinide, as a ceramide
inducer, and inhibitors of the ceramide glucosylation path-
way, such as PPMP, resulted in a synergistic cytotoxicity in
cancer cells [35]. However, when we inhibited GCS by
employing the GCS inhibitor PPPP, we found a downregu-
lation of the ch14.18/CHO target antigen GD2, resulting in a
nearly complete abrogation of the 4-HPR-mediated increase
of ch14.18/CHO-dependent cytotoxicity of effector cells
and complement (Fig. 5). Our data indicate that GCS is at
least partially responsible for the increase of GD2-specific
ADCC and CDC towards NB cells after 4-HPR treatment by
contributing to an increased GD2 expression. Thus, while
combining 4-HPR with a GCS inhibitor may be advanta-
geous in terms of cytotoxicity, our data would suggest that
combinations of 4-HPR and anti-GD2 immunotherapy
should not include a GCS inhibitor.

We observed that 4-HPR treatment of target cells resulted
in an enhanced AICC of effector cells, a mechanism partly
depending on NK cell-mediated DR-induced apoptosis.
Similar to the previously reported effect of 4-HPR on in-
creasing DR expression in colon cancer [36] and Ewing
sarcoma cell lines [19], we observed a similar increase in
DR binding indices in NB cells (Fig. 4a). Differential find-
ings in this respect in ovarian cancer cells may relate to the
low concentration of 4-HPR (1 μM) used for the experi-
ments [37]. The mechanism of increased AICC by 4-HPR-
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treatment in our study was not dependent on Fas, which can
be explained by the generally low expression of this DR in
all cell lines tested. A partial involvement of TRAIL-R2
could be observed, which is consistent with our findings
that, in all NB cell lines tested, TRAIL-R2 expression was
much higher, ranging from 3 % (in 4-HPR-treated CHLA-
172) to 56.8 % (in 4-HPR-treated CHLA-136) TRAIL-R2-
positive cells. However, the merely partial inhibition of
AICC after TRAIL-R2 blocking indicates that other mech-
anisms are involved, e.g. expression of activating ligands for
NK cell function, such as MICA/B or ULBPs [38]. This
hypothesis is supported by the fact that immune effector
cells produce increasing amounts of the effector molecules
GrB and perforin upon co-culture with 4-HPR-treated NB
cells. Although in our set of NB cells we could not identify a
major role for the inhibitor of DR-mediated apoptosis cFLIP
after 4-HPR treatment, it might be possible that other pro-
apoptotic or anti-apoptotic protein levels are affected by 4-
HPR. The identification of the definitive mechanisms in-
volved, however, is still under way in our laboratory.

Interestingly, the analysis of multidrug-resistant NB xeno-
grafts following treatment of mice with 4-HPR revealed that
not only GD2 expression increases significantly in the tumor
tissue (Fig. 6a), but also that the GD2-specific ADCC in our
setting is a major effector mechanism in vivo compared to the
AICC response (Fig. 6b), which is reversed in the data we
obtained in vitro (Fig. 3). This result is very promising since
the AICC activity of NB patient NK cells is very donor-
dependent based on donor KIR, HLA, and licensing patterns

and varies greatly among patients (N.H. and H.N.L., unpub-
lished data). The fact that in vivo 4-HPR treatment is corre-
lated with an increased NK cell infiltration into tumor tissue
further indicates that the effects of fenretinide are much more
diverse than we thought and that more research is needed to
characterize these effects in detail.

In summary, we have shown that a direct combination of
4-HPR with ch14.18/CHO-based immunotherapy sensitizes
NB cells for ch14.18-dependent NK cell and complement
killing, two well-established effector mechanisms in anti-
NB immunotherapy with ch14.18. Additionally, 4-HPR
increases NB cell sensitivity for AICC, which is in part
mediated by a DR upregulation (TRAIL-R2), but also
through an increased GrB and perforin production by effec-
tor cells. Thus, our data suggest that a direct combination of
ch14.18/CHO immunotherapy with 4-HPR could be bene-
ficial for high-risk NB patients.
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