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from ch14.18. Here, we show that chimeric receptor expres-
sion enables NK-92-scFv(ch14.18)-zeta to effectively lyse 
GD2+ NB cells also including partially or multidrug-resist-
ant lines. Our data suggest that recognition of GD2 by the 
chimeric receptor is the primary mechanism involved in 
NK-92-scFv(ch14.18)-zeta-mediated lysis and is independ-
ent of activating NK cell receptor/ligand interactions. Fur-
thermore, we demonstrate that NK-92-scFv(ch14.18)-zeta 
is able to mediate a significant anti-tumor response in vivo 
in a drug-resistant GD2+ NB xenograft mouse model. NK-
92-scFv(ch14.18)-zeta is an NB-specific NK cell line that 
has potential for future clinical development due to its high 
stability and activity toward GD2+ NB cell lines.

Keywords  Neuroblastoma GD2 · Chimeric antigen 
receptor · Natural killer cell · Single-chain antibody
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Abstract  The disialoganglioside GD2 is a well-estab-
lished target antigen for passive immunotherapy in neu-
roblastoma (NB). Despite the recent success of passive 
immunotherapy with the anti-GD2 antibody ch14.18 and 
cytokines, treatment of high-risk NB remains challenging. 
We expanded the approach of GD2-specific, antibody-
based immunotherapy to an application of a GD2-specific 
natural killer (NK) cell line, NK-92-scFv(ch14.18)-zeta. 
NK-92-scFv(ch14.18)-zeta is genetically engineered to 
express a GD2-specific chimeric antigen receptor generated 
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GD2	� Disialoganglioside
GM2	� Monosialoganglioside
GM-CSF	� Granulocyte–macrophage colony-stimulating 

factor
GMP	� Good manufacturing practices
HLA	� Human leukocyte antigen
IFN-γ	� Interferon-γ
IgG	� Immunoglobulin G
IL-2	� Interleukin-2
IMDM	� Iscove’s modified Dulbecco’s medium
IU	� International unit
KIR	� Killer cell immunoglobulin-like receptor
LAK	� Lymphokine-activated killer cells
MFI	� Mean fluorescence intensity
MHC	� Major histocompatibility complex
MICA	� MHC class I-related protein A
NB	� Neuroblastoma
NK	� Natural killer
NSG	� NOD.Cg-PrkdcscidIl2rgtm1WjI/SzJ
PBS	� Phosphate-buffered saline
PE	� Phycoerythrin
PI	� Propidium iodide
PMA	� Phorbol-12-myristate-13-acetate
PPPP	� 1-Phenyl-2-hexadecanoylamino-3-pyrrolidino-

1-propanol
RPMI	� Roswell Park Memorial Institute
scFv	� Single-chain fragment variable
SDS	� Sodium dodecyl sulfate
STR	� Short tandem repeat
TNF	� Tumor necrosis factor
TRAIL	� TNF-related apoptosis-inducing ligand
TRAIL-R	� TNF-related apoptosis-inducing ligand 

receptor

Introduction

Neuroblastoma (NB) is an aggressive childhood malig-
nancy accounting for 8–10 % of all childhood cancers [1] 
and approximately 15  % of all pediatric oncology deaths 
[2]. Although multimodal therapy has improved outcome 
[3], treatment of high-risk NB patients remains challeng-
ing. Unfortunately, relapsed tumors are often refractory 
toward salvage chemotherapy due to multidrug resistance 
[4]. These problems in high-risk NB treatment reveal the 
need for novel and effective therapeutic strategies.

Immunological approaches are increasingly attractive 
in this respect. Recently, the combination of the disialo-
ganglioside (GD2)-specific chimeric antibody ch14.18, 
interleukin-2 (IL-2), granulocyte–macrophage colony-stim-
ulating factor (GM-CSF) and 13-cis-retinoic acid resulted 
in a significant increase in the 2-year event-free survival 
rate for high-risk NB patients from 46 to 66 % [5]. These 

results show the potential of immunotherapy but also high-
light the need for refinement of therapy regimens, as more 
than 30 % of high-risk NB patients still do not survive the 
disease.

GD2 is a ganglioside highly expressed on NB. Physi-
ologically, expression of GD2 is restricted to the neurons of 
the brain, protected by the blood–brain barrier, and periph-
eral nerve fibers [6], which results in manageable side 
effects following GD2-specific immunotherapeutic treat-
ment [7]. Taken together, GD2 is a suitable target antigen 
for immunotherapy.

Natural killer (NK) cells are innate immune cells known 
to lyse virus-infected or malignant cells and produce 
immunoregulatory cytokines [interferon-γ (IFN-γ), tumor 
necrosis factor-α (TNF-α) and GM-CSF)] [8, 9]. Regula-
tion of their cytotoxic activity is based on the interaction of 
activating and inhibitory NK cell receptors with respective 
ligands on target cells. NK cells mediate apoptosis of target 
cells following both the granzyme B-induced intrinsic path-
way [10] and the extrinsic pathway induced by interaction 
of death receptors [Fas, TNF-related apoptosis-inducing 
ligand (TRAIL)-receptor (TRAIL-R)] on tumor cells with 
their respective ligands [Fas-ligand (FasL) and TRAIL] on 
NK cells [11]. In contrast to T cells, NK cells are able to 
immediately execute their cytotoxic activity without prior 
priming or sensitization [12]. These functional characteris-
tics underline the potential of NK cells as effector cells in 
an immunotherapeutic approach.

NK-92 is a continuously growing, IL-2-dependent 
human NK cell line, which exhibits both the phenotypic 
and functional characteristics of activated NK cells [13] 
and presents a high cytotoxic activity toward a broad spec-
trum of tumor cell lines and primary tumor cells [14–16]. 
Irradiated NK-92 cells have been demonstrated to be safe 
and tolerable in a clinical phase I trial [17, 18].

However, shedding of activating ligands [19] and pro-
duction of inhibitory cytokines by tumor cells can result in 
the down-modulation of activating NK cell receptors and 
ligands and result in resistance to NK cell-mediated lysis 
[20]. Chimeric antigen receptor (CAR) technology can 
be employed to overcome NK cell resistance and to spe-
cifically target a certain tumor entity. CARs consist of a 
single-chain Fv (scFv) fragment containing the heavy and 
light chain of a target antigen-specific antibody, connected 
by a flexible linker with a signaling component such as the 
cluster of differentiation (CD) 3-zeta chain [21]. Although 
current CAR-based immunotherapeutic approaches gener-
ally focus on T cells as effector cells, the use of NK cells is 
increasingly attractive. To circumvent obstacles associated 
with autologous or allogeneic primary NK cells, NK-92 
cells were transduced to express a GD2-specific CAR [NK-
92-scFv(ch14.18)-zeta]. This generation of GD2-specific 
NK-92-scFv(ch14.18)-zeta was based on transduction with 
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the retroviral vector pL-scFv(ch14.18)HL-ζ-SN, encod-
ing for a ch14.18-derived single-chain fragment variable, 
a Myc-tag, the hinge region of CD8α and the CD3ζ-chain 
[22].

In this study, we demonstrate that GD2-specific NK-92 
effectively lyse GD2+ human NB cells. Importantly, this 
effect is mediated by antigen (GD2)-specific activation 
of engineered NK-92 cells through CAR signaling. This 
enables GD2-specific, CAR-expressing NK-92 to kill NB 
cells that are resistant to drug treatment and otherwise less 
responsive to NK cell lysis. Further, these engineered NK 
cells mediate a significant anti-tumor response in vivo in a 
GD2+ NB xenograft model.

Materials and methods

Cell lines

The GD2+ NB lines LA–N-1, LA–N-5, SK-N-BE(2), the 
GD2− NB line SK-N-SH as well as the erythroleukemia 
line K562 were cultured in Roswell Park Memorial Insti-
tute (RPMI) 1640 medium (Hyclone Laboratories, Thermo 
Scientific, Logan, Utah, USA) with 10  % fetal bovine 
serum (FBS) (GIBCO, Invitrogen, USA). The GD2-posi-
tive NB lines CHLA-79, CHLA-20 and CHLA-136 were 
cultured in Iscove’s modified Dulbecco’s medium (IMDM) 
(Hyclone Laboratories, Thermo Scientific) with 20 % FBS, 
4 mM l-glutamine (Cellgro, Mediatech Inc., Manassas, VA, 
USA) and 1 × ITS (1000×: 100 mg insulin, 100 mg trans-
ferrin, 100  µg selenous acid, BD Biosciences, Bedford, 
MA, USA). All NB lines were obtained from the Children’s 
Oncology Group (COG) cell line repository (www.COG-
cell.org). Cell line identities were confirmed by short tan-
dem repeat (STR) profiling and verified against the COG 
cell line STR database and routinely tested negative for 
mycoplasma. Previous studies analyzed the drug-resistant 
patterns of the above-mentioned NB cell lines and reported 
drug resistance of CHLA-20 and multidrug resistance of 
SK-N-BE(2), CHLA-79 and CHLA-136 [4, 23, 24].

NK-92 cells were cultured in X-VIVO-10 (Lonza, Walk-
ersville, MD, USA) with 5  % human AB serum (PAA, 
Dartmouth, MA, USA) and 100 international units (IU)/
ml recombinant human IL-2 (Novartis, East Hanover, 
NJ, USA). The genetically engineered NK cell line NK-
92-scFv(ch14.18)-zeta [22] as well as empty vector control 
NK-92-pLXSN and ErbB2-specific NK-92-scFv(FRP5)-
zeta [25] (kindly provided by Dr. Tina Müller, Georg-
Speyer-Haus, Frankfurt, Germany) were cultured in 
X-VIVO-10 media with 5  % human AB serum, 100  IU/
ml recombinant human IL-2 and 0.6 mg/ml G418 (Sigma-
Aldrich, St. Louis, MO, USA). All cell lines were cultured 
at 37 °C in a humidified incubator (20 % O2 and 5 % CO2).

Flow cytometric analysis

For analysis of CAR surface expression, 1  ×  106 NK-
92-scFv(ch14.18)-zeta, NK-92 (parental cell line), NK-
92-pLXSN (empty vector transduced NK-92) and NK-
92-scFv(FRP5)-zeta (ErbB2-specific CAR) were incubated 
with either 1  µg of anti-idiotypic antibody (anti-IdAb) 
ganglidiomab [26] or 1 µg of anti-Myc-tag antibody (clone 
9E10, Sigma-Aldrich, Steinheim, Germany) followed by 
incubation with phycoerythrin (PE)-labeled rat anti-mouse 
immunoglobulin G (IgG1) antibody (clone A85-1, BD 
Pharmingen, San Diego, CA, USA). Mouse IgG1 (clone 
11711, R&D Systems, Minneapolis, MN, USA) was uti-
lized as isotype control.

For analysis of GD2 surface expression, cells were 
stained with ch14.18/Chinese hamster ovary (CHO) 
(1  µg/1  ×  106 cells) followed by incubation with PE-
labeled mouse antihuman IgG antibody (clone G18-145, 
BD Pharmingen). The anti-CD20 chimeric antibody ritux-
imab (1  µg/1 ×  106 cells, MabThera, Roche, Mannheim, 
Germany) was used as isotype control for ch14.18/CHO. 
GD2 synthesis was inhibited using the selective glucosyl-
ceramide synthase (GCS) inhibitor PPPP (1-phenyl-2-hexa-
decanoylamino-3-pyrrolidino-1-propanol (kindly provided 
by Dr. Barry J. Maurer, Texas Tech University Health Sci-
ences Center Cancer Center, Lubbock, TX, USA). For this 
purpose, NB cells [CHLA-20 or SK-N-BE(2)] were seeded 
into a 6-well plate in a concentration of 1 ×  106 cells in 
3 ml per well and allowed to attach over night. PPPP was 
added with a final concentration of 1 µM. The control cells 
were treated with the same volume of 100 % ethanol (vehi-
cle control). Cells were incubated with PPPP or vehicle 
for 3 days and analyzed for GD2 expression as described 
above. Comparison of GD2 expression was based on the 
mean fluorescence intensity ratio (MFI sample/isotype).

Discrimination of dead cells was based on propidium 
iodide (PI) or 4′,6-diamino-2-phenylindole (DAPI). For 
each sample, 20,000 live cells were analyzed using a BD 
fluorescence-activated cell sorting (FACS) CANTO II and 
FACS Diva software (BD Biosciences, Heidelberg, Ger-
many). Data were analyzed with FlowJo 7.6.1 software 
(Treestar, Ashland, OR, USA).

Calcein release cytotoxicity assay

Calcein labeling of target cells was performed as previ-
ously described [26]. Target cells and effector cells were 
resuspended in X-VIVO-10/5  % human serum and co-
cultured at an effector cell-to-target cell (E/T) ratio of 
6.3:1. Maximum calcein release was induced by disrup-
tion of target cells with ultrasound for 30 s. After incuba-
tion for 5 h at 37 °C without CO2, calcein fluorescence in 
the supernatant was analyzed at an excitation wavelength 

http://www.COGcell.org
http://www.COGcell.org
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of 495  nm and emission wavelength of 515  nm using a 
microplate reader (Synergy HT multi-mode microplate 
reader, BioTek, Bad Friedrichshall, Germany). Specific 
cytotoxicity was calculated according to the formula: 
[

(experimental lysis− spontaneous lysis)/(maximal lysis −

spontaneous lysis)
]

× 100. CAR was blocked by addi-
tion of 10 µg/ml anti-IdAb or mouse IgG1 as isotype con-
trol during co-incubation. Blocking of GD2 was done by 
addition of 10  µg/ml ch14.18/CHO during co-incubation. 
Rituximab was used as isotype control for ch14.18/CHO.

51Cr release cytotoxicity assay

Target cells were loaded with 51Cr (0.125  mCi/5  ×  105 
cells in 500  µl, PerkinElmer, Billerica, MA, USA) and 
incubated for 2 h at 37 °C. Cells were washed twice with 
X-VIVO-10 + 5 % human AB serum, and 5 × 103 target 
cells were co-cultured with NK-92-scFv(ch14.18)-zeta at 
an E/T ratio of 6.3:1 for 6 h. Radioactivity was measured in 
supernatants using gamma counter Wizard 2 (PerkinElmer, 
Billerica, MA, USA). Maximum 51Cr release was induced 
by addition of 5 % sodium dodecyl sulfate (SDS) solution 
(Promega, Madison, Wisconsin, USA) to target cell suspen-
sion. Specific cytotoxicity was calculated according to the 
formula:

Granzyme B and perforin ELISA

Gangliosides (100  ng GD2 or monosialoganglioside 
GM2) (Sigma-Aldrich, St. Louis, MO, USA) were coated 
in a 24-well plate (100 µl, 1 µg/ml, 100 % methanol, 1 h, 
56  °C). NK-92-scFv(ch14.18)-zeta or NK-92-pLXSN 
(5  ×  105) were added (500  µl X-VIVO-10, 5  % human 
AB serum, 6 h, 37 °C). As positive control, NK cells were 
activated with 10  ng/ml phorbol-12-myristate-13-acetate 
(PMA) (Calbiochem, EMD Biosciences Inc., La Jolla, CA, 
USA) and 1  µg/ml ionomycin (Sigma-Aldrich, St. Louis, 
MO, USA). CAR was blocked with 10  µg/ml anti-IdAb 
ganglidiomab compared to mouse IgG1 isotype control. 
Supernatants collected after 6 h were analyzed using gran-
zyme B and perforin enzyme-linked immunosorbent assay 
(ELISA) kits (MabTech, Cincinnati, OH, USA).

Efficacy of NK‑92‑scFv(ch14.18)‑zeta in a xenograft 
mouse model

Female NSG (NOD.Cg-PrkdcscidIl2rgtm1WjI/SzJ) mice 
were obtained at 6–8  weeks of age from Charles River 
Laboratories (Sulzfeld, Germany) and maintained under 
pathogen-free conditions. Experiments were performed in 

[

(experimental lysis − spontaneous lysis) /

(maximal lysis − spontaneous lysis)
]

x 100.

compliance with the German Law for Welfare of Labora-
tory Animals.

For induction of a primary subcutaneous tumor, 1 × 106 
CHLA-20 cells diluted at a ratio of 1:2 in Matrigel (BD 
Biosciences, Bedford, MA, USA) were subcutaneously 
injected into the left flank of 28 mice (day 0). Treat-
ment consisted of peritumoral injections of 2 ×  107 NK-
92-scFv(ch14.18)-zeta and 200  IU recombinant human 
IL-2 compared to NK-92-scFv(FRP5)-zeta and IL-2, IL-2 
only and PBS (days 3, 7, 11, 15, 19, 26, 33, 40). IL-2 
treatment was continued by intraperitoneal injection of 
1,000 IU (days 4, 8, 12, 16, 20, 27, 34, 41). Tumor growth 
was monitored and calculated according to the formula: 
length x (width)2 × 0.5 until 800 mm3 or necrosis.

Statistical analysis

Data were analyzed using GraphPad Prism software 
(GraphPad Software, San Diego, CA, USA). Statistical 
analysis for comparison of two groups was performed using 
unpaired t test. For comparison of more than two groups, 
one-way analysis of variance (ANOVA) test was used. 
p values <0.05 were considered significant (*p  <  0.05; 
**p < 0.01; ***p < 0.001). Survival curves were analyzed 
with a log-rank (Mantel–Cox) test. Due to multiple com-
parisons of survival curves, p values less than the Bonfer-
roni-corrected significance level of 0.008 were considered 
significant (*p < 0.008; **p < 0.002; ***p < 0.0002).

Results

Chimeric antigen receptor expression 
on NK‑92‑scFv(ch14.18)‑zeta

CAR expression on NK-92-scFv(ch14.18)-zeta was deter-
mined with anti-IdAb ganglidiomab, specific for the anti-
gen-binding regions of the GD2-specific CAR and with 
anti-Myc-tag antibody. Both staining strategies revealed 
homogenous signals with NK-92-scFv(ch14.18)-zeta 
(Fig. 1). In contrast, NK-92-scFv(FRP5)-zeta stained only 
with an anti-Myc-tag antibody, demonstrating expression 
of a CAR with a different specificity. No CAR expression 
was detected on parental NK-92 and NK-92-pLXSN.

Cytotoxicity of NK‑92‑scFv(ch14.18)‑zeta 
toward GD2‑expressing NB cell lines

We analyzed cytotoxic activity of GD2-specific NK-
92-scFv(ch14.18)-zeta toward GD2+ CHLA-20 and GD2− 
SK-N-SH NB cell lines (Fig.  2a). NK-92-scFv(ch14.18)-
zeta (E/T ratio 6.3:1) effectively lysed GD2+ CHLA-20 
(specific cytotoxicity 55 %) in contrast to NK control cell 
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lines NK-92, NK-92-pLXSN and NK-92-scFv(FRP5)-zeta 
(with specific cytotoxicities ranging from 22 to 25  %). 
Lysis of GD2− SK-N-SH was comparable for all NK cell 
lines with specific cytotoxicities ranging from 19 % [NK-
92-pLXSN) to 22 % (NK-92)] (Fig. 2b).

These results demonstrate GD2-specific cytotoxicity of 
NK-92-scFv(ch14.18)-zeta. This experiment showed that 
cytotoxic activity of the different control NK cell lines was 
comparable, and therefore, only one control NK cell line 
was used in the following cytotoxicity assays.

We further confirmed the GD2-specific cytotoxic activ-
ity of NK-92-scFv(ch14.18)-zeta in 51Cr release cyto-
toxicity assays with six GD2-expressing NB cell lines 
(Fig.  2c). To show GD2-specific lysis mediated by NK-
92-scFv(ch14.18)-zeta, specific cytotoxicity of control NK 
cell lines was set to zero and NK-92-scFv(ch14.18)-zeta-
mediated lysis was normalized to control NK cells. There-
fore, specific cytotoxic activities represent the difference in 
lysis between control NK cell lines and GD2-specific NK-
92-scFv(ch14.18)-zeta (Fig. 2d).

51Cr release assays revealed that at an E/T ratio of 6.3:1 
NK-92-scFv(ch14.18)-zeta expressing a GD2-specific 
CAR effectively lysed all six GD2+ NB cell lines with spe-
cific cytotoxicities ranging from 34 % (CHLA-79) to 66 % 
(CHLA-136) over control NK cell lines. These data show 
that NK-92-scFv(ch14.18)-zeta are able to effectively lyse 

GD2+ target cells that otherwise exhibit only a low sensi-
tivity toward NK cell lysis in general, suggesting that in our 
setting CAR expression enables NK effector cells to over-
come potential target cell escape mechanisms.

Role of GD2 antigen recognition by chimeric receptor 
on NK‑92‑scFv(ch14.18)‑zeta

We analyzed whether NK-92-scFv(ch14.18)-zeta-medi-
ated cytotoxicity depends on binding to the target anti-
gen GD2 expressed on CHLA-20 in contrast to K562 
controls (Fig.  3a). The addition of anti-IdAb (10  µg/ml) 
almost completely abrogated GD2-specific cytotoxic-
ity of NK-92-scFv(ch14.18)-zeta toward CHLA-20 (11 % 
specific cytotoxicity) compared to isotype control (38  % 
specific cytotoxicity), indicating that binding of the tar-
get antigen GD2 is the main primary mechanism of NK-
92-scFv(ch14.18)-zeta cell activation (Fig. 3b). In contrast, 
GD2-independent cytotoxicity against NK cell-sensitive 
K562 (Fig.  3c) was not affected by anti-IdAb application 
(37 % specific cytotoxicity in controls compared to 36 % 
with anti-IdAb), indicating in this case that GD2-independ-
ent cell killing mechanisms are involved.

Blocking GD2 was our second concurrent method to con-
firm the role of antigen recognition. Hence, we performed 
competitive calcein release cytotoxicity assays with the 
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cells of either anti-IdAb ganglidiomab (filled black curve, top row) or 
anti-Myc-tag antibody (filled black curve, bottom row), followed by 

staining with PE-labeled secondary antibody. Controls were stained 
with mouse IgG1 (1  µg/1 ×  106) that was used as isotype control 
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chosen from several individual experiments
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GD2+ NB cell line CHLA-20 (Fig.  3d) and GD2− K562 
(Fig. 3e), in which GD2-specific antibody ch14.18/CHO was 
added during co-incubation with NK-92-scFv(ch14.18)-zeta 
to prevent the binding of the CAR to GD2. Since NK-92 lack 

expression of Fc-gamma receptors (FcγRs) [13], binding 
of ch14.18/CHO to GD2 will not induce antibody-depend-
ent cellular cytotoxicity (ADCC) of tumor cells. Blocking 
of GD2 by addition of 10  µg/ml ch14.18/CHO resulted in 
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Fig. 2   Specific cytotoxicity of NK-92-scFv(ch14.18)-zeta toward 
GD2+ neuroblastoma cell lines. a, c GD2 expression of target NB 
cell lines was confirmed using flow cytometry. Cells were stained 
with either ch14.18 (1  µg/1 ×  106 cells, filled black curve) or anti-
CD20 chimeric antibody rituximab (1 µg/1 × 106 cells, dashed black 
curve) as isotype control, followed by staining with PE-labeled sec-
ondary antibody. b Specific cytotoxicities of NK-92-scFv(ch14.18)-
zeta and control NK cell lines toward GD2+ CHLA-20 (black bars) 
and GD2− SK-N-SH (gray bars) were determined in calcein release 
cytotoxicity assays (E/T ratio 6.3:1). Differences in specific cytotox-
icity of NK-92-scFv(ch14.18)-zeta toward CHLA-20 compared to 

control cell lines were statistically significant (***p  <  0.001). NK-
92-scFv(ch14.18)-zeta-mediated lysis of CHLA-20 was significantly 
higher compared to lysis of GD2− SK-N-SH (***p < 0.001). Results 
are presented as mean specific cytotoxicity in % ± SD of three inde-
pendent experiments. d Cytotoxic activity of NK-92-scFv(ch14.18)-
zeta toward six human GD2+ NB cell lines was analyzed in 51Cr 
release assays (E/T ratio 6.3:1). NK-92-scFv(ch14.18)-zeta-mediated 
lysis was normalized against control NK cells. Results are shown as 
mean GD2-specific cytotoxicity ±  SD of at least three independent 
experiments
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almost complete abrogation of NK-92-scFv(ch14.18)-zeta-
mediated lysis of the GD2-positive cell line CHLA-20 (14 % 
specific cytotoxicity with the addition of ch14.18 compared 
to 54  % specific cytotoxicity in controls). Addition of the 
same amount of rituximab isotype control did not have any 

effect (57  % specific lysis). NK-92-scFv(ch14.18)-zeta-
mediated lysis of K562 was unaffected by addition of 
ch14.18/CHO (51  % specific cytotoxicity in controls com-
pared to 52  % with ch14.18/CHO), confirming that GD2-
independent mechanisms are involved.

Fig. 3   Effect of competitive 
CAR and GD2 antigen block-
ing on specific cytotoxicity of 
NK-92-scFv(ch14.18)-zeta. 
a GD2 expression of CHLA-
20 (left histogram) and K562 
(right histogram) was con-
firmed using flow cytometry. 
Cells were stained with either 
ch14.18 (1 µg/1 × 106 cells, 
filled black curve) or rituximab 
(1 µg/1 × 106 cells, dashed 
black curve) as isotype control, 
followed by staining with PE-
labeled secondary antibody. b, c 
CAR on NK-92-scFv(ch14.18)-
zeta was blocked by addition 
of 10 µg/ml anti-IdAb during 
co-incubation with GD2+ target 
cell lines CHLA-20 (b) and 
GD2− target cells K562 (c). 
Differences in specific cytotox-
icity induced by CAR-blocking 
with anti-IdAb were statisti-
cally significant (***p < 0.001). 
Results are presented as mean 
specific cytotoxicity in % ± SD 
of at least three independent 
experiments. Data were normal-
ized against specific cytotoxic-
ity of controls without addition 
of anti-IdAb. Target antigen 
GD2 was blocked by addition of 
10 µg/ml ch14.18/CHO during 
co-incubation of the GD2+ 
target cell line CHLA-20 (d) 
and GD2− K562 (e) target cells 
with NK-92-scFv(ch14.18)-
zeta. Addition of ch14.18/
CHO resulted in significantly 
abrogated cytotoxicity of 
NK-92-scFv(ch14.18)-zeta 
(***p < 0.001). Results are 
presented as mean specific 
cytotoxicity in % ± SD of 
three independent experiments. 
Data were normalized against 
specific cytotoxicity of controls 
without addition of antibody
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This finding was further supported by assessing 
GD2-dependent release of effector molecules (gran-
zyme B and perforin) with ELISA. For this purpose, 
NK-92-scFv(ch14.18)-zeta cells were incubated with 
immobilized GD2 and GM2. Only GD2 induced a sig-
nificant increase in granzyme B and perforin release in 
NK-92-scFv(ch14.18)-zeta compared to controls (Fig.  4a, 
b). Blocking of the CAR with an anti-IdAb significantly 
inhibited GD2-induced effects, relative to isotype control 
(Fig.  4c, e). Importantly, this was only detectable for the 
CAR-expressing cell line NK-92-scFv(ch14.18)-zeta, in 
contrast to empty vector control cell line NK-92-pLXSN, 
while both cell lines reacted to non-specific stimulation 
with PMA/ionomycin (Fig. 4d, f). Together, these findings 
demonstrate antigen-specific release of effector molecules 
and exclude contributions by other activating stimuli, such 
as activating NK cell ligands.

We also determined the role of GD2 antigen recogni-
tion in NK-92-scFv(ch14.18)-zeta-mediated lysis by block-
ing ganglioside synthesis. For this purpose, two GD2+ 
cell lines [SK-N-BE(2), CHLA-20] were treated with the 
selective glucosylceramide synthase (GCS) inhibitor PPPP 
(1-phenyl-2-hexadecanoylamino-3-pyrrolidino-1-pro-
panol), and down-regulation of GD2 surface expression 
was determined by flow cytometry (Fig.  5a, b). PPPP- 
and vehicle-treated control cells were used as target cells 
in a cytotoxicity assay with NK-92-scFv(ch14.18)-zeta as 
effector cells (E/T ratio 6.3:1). Reduced GD2 expression 
resulted in significantly decreased sensitivity of SK-N-
BE(2) and CHLA-20 toward NK-92-scFv(ch14.18)-zeta-
mediated lysis (14 and 39 % specific cytotoxicity, respec-
tively) compared to vehicle-treated target cells (37 and 
63 % specific lysis, respectively) (Fig. 5c), again emphasiz-
ing the role of GD2 recognition by the CAR in cell killing 
of GD2+ target cells.

Anti‑tumor efficacy of NK‑92‑scFv(ch14.18)‑zeta

The therapeutic efficacy of NK-92-scFv(ch14.18)-zeta 
on primary tumor growth was determined in a xenograft 
mouse model with the drug-resistant NB cell line CHLA-
20. Subcutaneous tumors were induced by injection of 
1 ×  106 CHLA-20 into the left flank. Mice were treated 
with NK-92-scFv(ch14.18)-zeta and IL-2. Control groups 
received either PBS only (untreated), IL-2 only or a com-
bination of the ErbB2-specific NK control cell line NK-
92-scFv(FRP5)-zeta and IL-2 (Fig. 6c, lower panel).

IL-2 was included in our experimental setting to ensure 
survival and stable CAR expression of the IL-2-depend-
ent NK cell lines NK-92-scFv(ch14.18)-zeta and NK-
92-scFv(FRP5)-zeta in vivo.

Median survival time of control mice was 
30  days (untreated, IL-2 control) and 34  days 

(NK-92-scFv(FRP5)-zeta and IL-2). In contrast, treatment 
with GD2-specific CAR-expressing NK-92-scFv(ch14.18)-
zeta resulted in significantly increased survival with a 
median survival time of 52 days (Fig. 6a).

Tumor growth of individual mice of the NK-92-
scFv(FRP5)-zeta-treated group and mice receiving NK-
92-scFv(ch14.18)-zeta is shown in Fig. 6c. Our data dem-
onstrate that CHLA-20 tumor growth was quite aggressive, 
but could be effectively delayed by application of GD2-
specific NK-92-scFv(ch14.18)-zeta. The average time to 
the appearance of the first palpable tumors after CHLA-
20 injection was longer in NK-92-scFv(ch14.18)-zeta-
treated mice (30 ±  10  days) compared to control groups 
(untreated group 13 ±  2  days, IL-2 group 15 ±  3  days, 
NK-92-scFv(FRP5)-zeta group 21  ±  4  days). To further 
demonstrate the effect of the NK-92-scFv(ch14.18)-zeta 
treatment, we compared all experimental groups regard-
ing the time until tumors reached a volume ≥150  mm3 
(Fig.  6b). This analysis showed that tumor growth was 
significantly delayed in NK-92-scFv(ch14.18)-zeta-
treated mice (49 ±  11  days) compared to control groups 
(untreated group 29 ±  5  days, IL-2 group 27 ±  4  days, 
NK-92-scFv(FRP5)-zeta group 29 ± 4 days).

Taken together, our results demonstrate the efficacy of 
chimeric receptor expressing NK-92-scFv(ch14.18)-zeta to 
slow down tumor growth and thereby prolong survival in a 
GD2+ NB xenograft model.

Discussion

The treatment of high-risk NB patients remains challeng-
ing, despite recent progress in developing and refining 
conventional multimodal therapy protocols. In particular, 
a prospective randomized study conducted by the Chil-
dren’s Oncology Group demonstrated that a combination 
of 13-cis-retinoic acid and immunotherapy with the GD2-
specific chimeric antibody ch14.18 and adjuvant cytokines, 
significantly increased the 2-year event-free survival rate 
to 66 % compared to 46 % with 13-cis-retinoic acid alone 
[5]. This provided definitive clinical evidence supporting 
immunological targeting of GD2 for therapy of high-risk 
NB. However, further improvement is needed and may be 
achieved by novel cellular GD2-targeting approaches.

The use of NK cells in NB is appealing because of the 
missing self hypothesis, since major histocompatibility 
complex (MHC) class I expression is rather low [27]. Immu-
nological approaches using NK cells involve the adoptive 
transfer of ex vivo expanded autologous, IL-2 stimulated 
NK cells (LAK) or the application of allogeneic NK cells in 
a haploidentical setting. Autologous attempts showed only 
modest success, probably due to the inhibition of NK cell 
activity in the tumor microenvironment [28, 29]. It could 
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be shown that NK cells from patients with malignancies 
exhibit only an insufficient cytotoxicity [30, 31]. The use of 
allogeneic haploidentical NK cells is more promising than 

human leukocyte antigen (HLA)-identical NK cells, due 
to the absence of inhibitory signaling [32–34]. Neverthe-
less, there are still obstacles to overcome, because tumors 

+

granzyme B

gr
an

zy
m

e 
B

 in
 n

g/
m

l

0

20

40

60

80

100

control GD2 GM2

A

pe
rfo

rin
 in

 n
g/

m
l

0

5

10

15
perforinB

control GD2 GM2

*** ***

C D

gr
an

zy
m

e 
B

 in
 n

g/
m

l

0

20

40

60

80

GD2
anti-IdAb

IgG1

+ + +
- + -
- - +

-
-

-

FE

0

5

10

15

20

25

30

pe
rfo

rin
 in

 n
g/

m
l

*** ***

*** ***

Fold increase in granzyme B compared to control

NK-92-
scFv(ch14.18)-z

NK-92-
pLXSN

PMA/I

GD2 only

+ anti-IdAb 10 µg/ml

+ IgG1 10 µg/ml

5.3 0.8

2.4 0.2

1.0 0.1

2.4 0.3

4.6 0.4

0.9 0.1

0.7 0.1

0.8 0.1

GD2
anti-IdAb

IgG1

+ + +
- + -
- -

-
-

-

Fold increase in perforin compared to control

2.2 0.8

1.6 0.4

0.8 0.2

1.7 0.4

3.8 0.5

1.0 0.2

0.8 0.1

0.9 0.1

NK-92-
scFv(ch14.18)-z

NK-92-
pLXSN

PMA/I

GD2 only

+ anti-IdAb 10 µg/ml

+ IgG1 10 µg/ml

Fig. 4   Granzyme B and perforin production of NK-
92-scFv(ch14.18)-zeta and pLXSN in response to activation. Gran-
zyme B (a) and perforin (b) production of NK-92-scFv(ch14.18)-
zeta in response to incubation with 100  ng of plate-bound 
gangliosides GM2 and GD2 for 5 h, was quantified in supernatants 
by ELISA. Results are presented as mean effector molecule con-
centration in ng/ml ± SD from three independent experiments. NK-
92-scFv(ch14.18)-zeta incubated without plate-bound gangliosides 
(control) were used to normalize data from independent experiments. 
GD2-induced increase in effector molecule production was statisti-
cally significant (***p < 0.001). c, e NK-92-scFv(ch14.18)-zeta was 
incubated with immobilized GD2, and CAR was blocked by addi-
tion of 10 µg/ml anti-IdAb. Same amounts of mouse IgG1 were used 

as isotype control. Production of effector molecules granzyme B (c) 
and perforin (e) was analyzed with ELISA. Results are presented 
as mean effector molecule concentration in ng/ml ± SD from three 
independent experiments. Data of independent experiments were 
normalized against basal effector molecule release in the absence 
of GD2. Production of effector molecules was significantly higher 
upon GD2 stimulation and was abrogated when CAR was blocked 
(***p  <  0.001). Fold increase in production of effector molecules 
granzyme B (d) and perforin (f) of NK-92-scFv(ch14.18)-zeta and 
NK-92-pLXSN compared to respective controls incubated in the 
absence of GD2. Results are presented as mean fold increase ± SD 
of three independent experiments



630	 Cancer Immunol Immunother (2015) 64:621–634

1 3

can evade cytotoxicity mediated by NK cells through escape 
mechanisms, such as shedding of activating ligands, e.g., 
the MHC class I-related protein A (MICA) [35].

This problem can be addressed by the application of 
genetically modified NK cells that express a chimeric anti-
gen receptor (CAR) and thereby specifically target and lyse 
tumor cells independently from inhibitory and/or activat-
ing ligands. Currently, CAR-based approaches mainly uti-
lize T cells as effector cell populations. Nevertheless, this 
approach has been expanded to NK cells [36, 37]. Protocols 
for isolation and expansion of NK cells have been improved 

to compensate for initially lower NK cell numbers compared 
to T cells [38, 39]. NK cells might be particularly advanta-
geous in an allogeneic setting, since they exhibit reactivity 
in the graft versus tumor direction but simultaneously pre-
vent graft versus host disease [28, 40, 41]. The shorter life 
span of NK cells, compared to T cells, might also be benefi-
cial with regard to long-term side effects potentially caused 
by memory-like CAR-expressing T cells [42, 43].

Several attempts have been made to genetically modify 
primary NK cells of healthy donors to express CARs. How-
ever, there are limitations regarding extensive variations in 
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Fig. 5   Effect of GCS inhibition on GD2 expression on target cells 
and NK-92-scFv(ch14.18)-zeta-mediated lysis. Target cells SK-N-
BE(2) and CHLA-20 were treated with 1 µM PPPP or the same vol-
ume of 100 % ethanol as vehicle control for 3 days. For analysis of 
GD2 expression, cells were stained with 1 µg ch14.18/CHO or rituxi-
mab as isotype control. Cytotoxic activity of NK-92-scFv(ch14.18)-
zeta toward PPPP-treated and vehicle-treated target cells was deter-
mined in 51Cr release assays (E/T ratio 6.3:1). a Representative 
histograms for each cell line (black curve: isotype control; black 
dotted curve: PPPP-treated cells; black filled curve: vehicle-treated 
cells). b Mean fluorescence intensity (MFI) ratio of GD2 expres-
sion was calculated according to the formula: MFI of GD2-stained 

sample/MFI of isotype control. PPPP-induced decrease in GD2 
expression was statistically significant [SK-N-BE(2) **p =  0.0037, 
CHLA-20 *p = 0.01]. Results are presented as mean MFI ratio ± SD 
of five independent experiments. c Cytotoxic activity of NK-
92-scFv(ch14.18)-zeta toward PPPP- and vehicle-treated target cells. 
Reduction in sensitivity of target cells to NK-92-scFv(ch14.18)-medi-
ated lysis in response to PPPP treatment was statistically significant 
(***p  <  0.001). Cytotoxic activity of NK-92-scFv(ch14.18)-zeta 
toward vehicle-treated cells was used to normalize data of independ-
ent experiments. Results are shown as mean specific cytotoxicity in 
% ± SD of three independent experiments
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Fig. 6   Anti-tumor efficacy of NK-92scFv(ch14.18)-zeta in a GD2+ 
NB xenograft. Female NSG mice (group size n =  7) received sub-
cutaneous injection of 1  ×  106 GD2+ CHLA-20 on day 0. Mice 
were subjected to eight peritumoral subcutaneous injections of 
NK-92-scFv(ch14.18)-zeta in combination with 200  IU of human 
recombinant IL-2 on days 3, 7, 11, 15, 19, 26, 33, 40. Addition-
ally, 1,000  IU of recombinant human IL-2 were intraperitoneally 
injected 24  h after each NK cell injection. Control mice received 
either PBS only (untreated control) or IL-2 only or ErbB2-spe-
cific NK-92-scFv(FRP5)-zeta in combination with IL-2 (treat-
ment schedule is shown in 6C, lower panel). a Survival curves 
of NK-92-scFv(ch14.18)-zeta-treated mice (black solid curve), 
NK-92-scFv(FRP5)-zeta-treated mice (black dashed curve), IL-2 
control mice (gray solid curve) and untreated mice (gray dashed 
curve). Difference in survival of NK-92-scFv(ch14.18)-zeta-treated 

mice compared to untreated mice (**p  =  0.0009), IL-2-treated 
mice (**p  =  0.0008) and NK-92-scFv(FRP5)-zeta-treated mice 
(*p  =  0.002) was statistically significant. b Comparison of tumor 
growth, analyzed as time from tumor cell inoculation until develop-
ment of an established tumor with a volume of ≥150  mm3. Tumor 
growth in NK-92-scFv(ch14.18)-zeta-treated mice was significantly 
delayed compared to control groups (***p < 0.001). Results are pre-
sented as mean time until tumor volume of 150  mm3 was reached 
[d] ±  SD (n =  7), c Tumor growth of individual mice of the NK-
92-scFv(ch14.18)-zeta-treated group (black solid lines) and NK-
92-scFv(FRP5)-zeta control group (black dashed lines). The treat-
ment schedule indicates days of peritumoral application of NK cells 
and IL-2 (black arrow) as well as intraperitoneal injections of IL-2 
(gray arrows)
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transfection efficiency and CAR functionality depending 
on the donor [36, 37]. Furthermore, ex vivo expansion and 
activation of autologous or allogeneic NK cells requires 
time for each patient and consumes substantial resources.

Therefore, the use of genetically modified NK-92 
is a promising alternative to bypass these difficulties. 
NK-92 is well tolerated in patients [17] and can be eas-
ily expanded under good manufacturing practices (GMP) 
[15]. The application of NK-92 in a recent phase I trial 
demonstrated persistence of NK-92 for up to 48  h after 
infusion and revealed that the tendency of NK-92 to 
induce a humoral immune response is only low [18]. 
Importantly, CAR-expressing NK-92 could be ready on 
demand in a standardized quality. Furthermore, NK-92 
lacks inhibitory killer cell immunoglobulin-like receptors 
(KIR) [44] and therefore has an uninhibited alloreactiv-
ity toward tumor antigen-expressing target cells. Several 
attempts have already shown the in vitro and in vivo effi-
cacy of genetically modified NK-92 with different antigen 
specificities. To target malignant cells of hematopoietic 
origin, genetically modified NK-92 expressing a CD20-
specific CAR were derived and demonstrated effective 
lysis of NK-resistant target antigen-expressing cell lines 
and primary cells in vitro and significantly delayed tumor 
growth in vivo [45]. NK-92 cells expressing an ErbB2-
specific CAR effectively lysed ErbB2-expressing malig-
nant cells of epithelial origin in vitro and mediated a spe-
cific anti-tumor effect in vivo [25].

Here, we expand the approach to NB using GD2, which 
is a suitable and promising antigen for immunotherapy of 
high-risk NB. With regard to the potential tumorigenic risk 
of NK-92 cells, previous studies revealed that irradiation 
successfully prevented proliferation without compromis-
ing cytotoxicity [22, 44]. This represents an important pre-
requisite for safe application in patients and tolerability to 
repeated GD2-specific NK-92 applications. Importantly, 
limited persistence of irradiated non-proliferating GD2-
specific NK-92 appears to be advantageous with respect 
to long-term side effects associated with persisting mem-
ory-like CAR-T cells, such as CD19-directed CAR-T cell 
caused B cell aplasia [43].

We investigated the mechanism and the cytotoxic 
activity of NK-92-scFv(ch14.18)-zeta toward NB in 
vitro and in vivo. Our results demonstrated that NK-
92-scFv(ch14.18)-zeta specifically target GD2. Further, 
we showed that immobilized GD2 is sufficient to activate 
NK-92-scFv(ch14.18)-zeta in the absence of activating NK 
receptor/ligand interactions. Experimental disruption of the 
CAR/GD2 interaction resulted in almost complete abroga-
tion of NK-92-scFv(ch14.18)-zeta-mediated lysis of GD2+ 
NB cells. These findings suggest that in our experimental 
setting activation of NK-92-scFv(ch14.18)-zeta is inde-
pendent of activating NK cell receptor/ligand interactions 

and cytotoxic activity of NK-92-scFv(ch14.18)-zeta is 
mainly mediated by recognition of GD2 through the CAR.

GD2-CAR-expressing NK-92 cells were able to effec-
tively lyse human NB cells that are partially or multid-
rug resistant. This indicates that CAR-expressing NK-
92-scFv(ch14.18)-zeta might be able to overcome some of 
the escape mechanisms that NB cells can acquire during 
intensive therapy. Most importantly, we showed in a GD2+ 
xenograft mouse model that NK-92-scFv(ch14.18)-zeta 
mediate a significant anti-tumor effect toward an aggres-
sively growing, drug-resistant NB cell line, resulting in a 
significantly delayed tumor growth and a prolonged sur-
vival of treated mice. In summary, our data demonstrate 
that NK-92-scFv(ch14.18)-zeta effectively kill GD2+ NB 
cell lines in vitro and are able to significantly slow down 
primary tumor growth in vivo revealing the potential for 
and providing an important baseline for a clinical applica-
tion of NK-92-scFv(ch14.18)-zeta.
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