
ORIGINAL RESEARCH

Neuroblastoma patients with high-affinity FCGR2A, -3A and stimulatory KIR 2DS2
treated by long-term infusion of anti-GD2 antibody ch14.18/CHO show higher ADCC
levels and improved event-free survival

Nikolai Siebert, Christian Jensen , Sascha Troschke-Meurer , Maxi Zumpe, Madlen J€uttner , Karoline Ehlert,
Silke Kietz, Ina M€uller, and Holger N. Lode

Department of Pediatric Oncology and Hematology, University Medicine Greifswald, Greifswald, Germany

ARTICLE HISTORY
Received 29 July 2016
Revised 7 September 2016
Accepted 7 September 2016

ABSTRACT
Polymorphisms in Fc-gamma-receptor (FCGR) genes as well as killer cell immunoglobulin-like receptor
(KIR) and KIR ligand (KIRL) repertoires may influence antitumor effects of monoclonal antibodies (mAb).
Here, we systematically analyzed high- and low-affinity FCGR2A and -3A genotypes as well as stimulating
and inhibitory KIR/KIRL combinations in 53 neuroblastoma (NB) patients treated by long-term infusion
(LTI) of anti-GD2 IgG1 Ab ch14.18/CHO using validated real-time PCR methods.

Patients with high-affinity FCGR2A and -3A genotypes showed a higher level of Ab-dependent cell-
mediated cytotoxicity (ADCC) on day 8 after the start of ch14.18/CHO and superior event-free survival
(EFS) compared to patients with low FCGR genotypes. Similar observations were made for patients with
stimulatory KIR/KIRL haplotype B (combination of KIR genes including activating receptor genes)
compared to inhibitory haplotype A (a fixed set of genes encoding for inhibitory receptors, except 2DS4)
and stronger effects were found in patients when haplotype B and high-affinity FCGRs were combined.
Surprisingly, independent analysis of KIRs showed a major role of activating KIR 2DS2 for high ADCC levels
and prolongation of EFS. The greatest effect was observed in 2DS2-positive patients that also had high-
affinity FCGR2A and -3A genotypes.

In summary, the presence of the activating KIR 2DS2 has a major effect on ADCC levels and survival in
NB patients treated by LTI of ch14.18/CHO and may therefore be a useful biomarker in combination with
FCGR polymorphisms for Ab-based immunotherapies.

Abbreviations: Ab, antibody; ADCC, antibody-dependent cell-mediated cytotoxicity; A. dest., Aqua destillata; AM,
acetoxymethyl ester; CDC, complement-dependent cytotoxicity; EFS, event-free survival; FCGR, Fc-gamma-receptor
polymorphisms; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IL-2, interleukin-2; KIR, killer-cell Immuno-
globulin-like receptor; KIRL, killer-cell Immunoglobulin-like receptor ligand; LTI, long-term infusion; mAb, monoclo-
nal antibody; NB, neuroblastoma; RT, room temperature; SD, standard deviation; SEM, standard error of the mean

KEYWORDS
Antibody-dependent
cell-mediated cytotoxicity
(ADCC); ch14.18/CHO;
Fc-gamma-receptor
polymorphisms (FCGR);
killer-cell immunoglobulin-
like receptor (KIR); KIR ligand
(KIRL); neuroblastoma

Introduction

Disialoganglioside GD2 is over expressed by neuroblastoma
(NB) cells and passive immunotherapies based on administra-
tion of anti-GD2 monoclonal antibodies (mAb) have shown
promising results.1,2 One major obstacle observed in patients
treated with human/mouse chimeric anti-GD2 Ab ch14.18
given as a short-term infusion (8 h/d, 5 d, 100 mg/m2) is associ-
ated with induction of neuropathic pain3,4 that requires
co-medication with intravenous morphine. Based on the clini-
cal observation that pain intensity correlates with the infusion
rate of anti-GD2 Ab, we applied a novel delivery method of
ch14.18/CHO for the treatment of NB patients. 53 NB patients
received the same cumulative dose of ch14.18/CHO given as a
continuous long-term infusion (LTI; 24 h/d, 10 d, 100 mg/m2).
In these patients, we observed a reduced pain toxicity profile as
indicated by decreased morphine usage and low pain scores.5

We further showed that this novel delivery method of ch14.18/
CHO induced Ab effector mechanisms (ADCC and CDC) over

the entire treatment period of 6 mo and may therefore emerge
as the preferred delivery method of anti-GD2 Ab in NB
patients.6 We reported ch14.18/CHO Cmax concentrations of
12.56 § 0.68 mg/mL and a CDC activity of 88 § 2%, showing a
low degree of variability in contrast to patient-specific ADCC
levels of 21 § 3% at this time point.6 This variation in ADCC
may be associated with many factors including the cytotoxic
activity of effector cells such as natural killer (NK) cells, mono-
cytes, neutrophils and macrophages that play a crucial role in
Ab-mediated antitumor effects.7,8 Therefore, the investigation
of genes contributing to the cytotoxic activity of effector cells is
of particular interest. The most important receptors involved in
ADCC include FCGR3A (CD16) expressed primarily on NK
cells and FCGR2A (CD32) expressed on monocytes, macro-
phages and neutrophils.7 Both receptors bind to the Fc frag-
ment of human immunoglobulin (IgG) consequently inducing
effector functions of leukocytes.9 It has been reported that the
degree of effector cell-mediated cytotoxicity is also dependent
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upon genetic polymorphisms in FCGR genes as well as the rep-
ertoire of killer cell immunoglobulin-like receptors (KIRs)
expressed by NK cells and KIR ligands (KIRL) expressed by tar-
get cells.8 Allotypic variants of FCGR2A and 3A have been
reported to be of clinical significance, as they probably influ-
ence binding affinity to Fc-fragments of therapeutic Ab and, as
a consequence, activation of effector cells.10 The first polymor-
phism of interest is a C/T nucleotide substitution in the extra-
cellular domain of FCGR2A which changes the amino acid at
position 131 from histidine to arginine (H131R) and influences
binding affinity primarily to IgG2.10 The second is a G/T sub-
stitution in the extracellular domain 2 of FCGR3A which
changes the amino acid at position 158 from valine to phenylal-
anine (V158F) and influences binding affinity to IgG1.10 In
studies on therapeutic IgG1 mAb Rituximab, Trastuzumab and
Cetuximab a better clinical response was reported in patients
with high-affinity genotypes of FCGR3A.11-14 Similarly,
patients with FCGR2A high-affinity genotype also showed a
greater clinical benefit when treated with the same mAbs indi-
cating an involvement of the FCGR2A H131R polymorphism
in IgG1-mediated therapeutic effects.12,14,15

In addition to FCGR, NK-cell mediated ADCC depends on
the KIR/KIRL repertoire. Models for KIR and KIRL related to
NK cell activation were initially developed16 according to the
“missing ligand” (or “KIR/KIRL mismatch”) concept, where
absence of an inhibitory ligand might be sufficient to elicit NK
cell-mediated cytotoxicity. This model was further detailed by
the concept that NK cell cytotoxicity also requires the presence
of an activating signal in addition to the absence of inhibitory
KIRL on the target cells.16 Thus, the KIR/KIRL repertoire is of
great relevance for NK cell-mediated antitumor cytotoxicity
and consequently for mAb-based immunotherapies. In fact,
several reports showed an association between KIR/KIRL geno-
types and response to certain forms of immunotherapy.8 In
treatment of leukemia, recipients missing KIRLs for the respec-
tive KIRs on the donor NK cells showed longer progression-
free survival post-transplantation compared to those who had
KIR/KIRL match. Furthermore, clinical studies with the murine
anti-GD2 Ab 3F8 or humanized immunocytokine hu14.18-IL-2
demonstrated superior clinical outcome in patients missing
inhibitory KIRL.17-19 Similar observations were made in lym-
phoma patients treated with rituximab.20 Extending on these
results, interactions of activating KIR/KIRL has been recently
studied in a number of malignancies.8 Underlying the diversity
of KIR genomic regions, there are patterns that are conserved
within the population suggesting conservation of distinct hap-
lotypes that can be separated into two main groups described
as haplotypes A and B.21,22

Haplotype A comprises a complement of KIR genes 3DL3,
2DL3, 2DL1, 2DL4, 3DL1, 2DS4 and 3DL2 that encode inhibi-
tory receptors with the exception of 2DS4. In contrast, haplo-
type B consists of a more variable group of activating genes
including 2DS1, 2DS2, 2DS3 and 2DS5.23 In leukemia, trans-
plantation of haematopoietic cells from donors who had haplo-
type B led to prolonged relapse-free survival.23-25 In contrast,
patients that received haematopoietic cells from donors with a
set of inhibitory KIRs corresponding to haplotype A showed
worse outcome indicating positive impact of activating KIRs on
response to therapy.

Although in some reports involvement of activating KIR/
KIRL interactions in clinical response to therapeutic Ab was
shown, the specific role of activating KIRs in NB therapy is still
unclear.8

Based on these considerations, we established validated
methods and determined H131R and V158F polymorphisms in
FCGR2A and -3A genes as well as six activating (2DS1-5 and
3DS1) and four inhibitory KIRs (2DL1-3 and 3DL1) and their
ligands (HLA-C1, HLA-C2 and HLA-Bw4) in 53 high-risk NB
patients treated with ch14.18/CHO given as a LTI. We exam-
ined the impact of distinct genotypes and their combinations
on ADCC level and event-free survival (EFS).

Our data show for the first time a correlation of FCGR poly-
morphisms and KIR/KIRL repertoires with a functional
immune parameter mediated by GD2-specific mAb ch14.18/
CHO. We found that the patients combining high-affinity
FCGR2A, -3A genotypes and genotype B/x or the presence of
activating KIR 2DS2 showed the strongest anti-NB cellular
cytotoxicity mediated by ch14.18/CHO and improved survival
of NB patients indicating the synergistic effects of activating
KIRs with high-affinity FCGRs. These data support that FCGR
polymorphisms and KIR/KIRL genotypes may serve as bio-
markers of response and outcome to immunotherapies with
mAb in NB patients.

Results

Validation of FCGR polymorphism analysis

For validated detection of FCGR polymorphisms analysis, two
control plasmids encoding for either FCGR2A-131H and
FCGR3A-158V (“high-affinity plasmid”; Fig. 1A) or FCGR2A-
131R and FCGR3A-158F alleles (“low-affinity plasmid”;
Fig. 1B) were included in each analytical run instead of patient
DNA. The GAPDH DNA sequence was also included into both
plasmids as internal control allowing further assay precision
(Figs. 1A and B). Only GAPDH-positive runs that showed
amplification of the respective FCGR allele were used for fur-
ther data analysis.

Frequency of FCGR polymorphisms in the study population

We then applied the established procedure for genotyping of
the 53 NB patients treated. In order to identify distinct FCGR
genotypes, post-amplification melting-curve analysis was per-
formed for each allele. We detected FCGR2A (Fig. 1C) and -3A
allele-specific amplicons (Fig. 1D) using their specific melting
temperatures (Tm) of 85�C and 80�C, respectively. The Tm of
the internal control GAPDH was 91�C (Figs. 1C and D). With
this method, we identified 14/53 (26%) patients homozygous
for FCGR2A 131H, 15/53 (28%) patients homozygous for 131R
allele and 24/53 (45%) heterozygous patients (H/R) (Fig. 2A).
FCGR3A polymorphism analysis revealed 3/53 (5%) patients
homozygous for 158V, 26/53 (49%) patients homozygous for
158F allele and 24/53 (45%) heterozygous patients (V/F)
(Fig. 2A). Patients homozygous for low-affinity polymorphisms
were assigned to the low-affinity cohort and those who were
homozygous for high-affinity polymorphisms or heterozygous
patients to the high-affinity cohort resulting in following
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Figure 1. Establishment of the validated identification of FCGR polymorphisms. To validate analysis of FCGR polymorphisms, two control plasmids containing DNA
sequences encoding for either FCGR2A-131H and FCGR3A-158V alleles (“high-affinity plasmid”; A) or FCGR2A-131R and FCGR3A-158F alleles (“low-affinity plasmid”; B)
were generated and used as PCR templates in addition to patient samples. The plasmid encoding for high-affinity alleles was used for amplification with low- and high-
affinity specific primers and thereby served as positive and negative control, respectively. Conversely, the plasmid carrying low-affinity alleles were utilized as positive
and negative control for amplification with primers for low- and high-affinity polymorphisms, respectively. Due to similar Tm of allele-specific PCR products each allele
was examined separately. Moreover, DNA sequences encoding for GAPDH were integrated into both plasmids and used as internal control for further assay precision.
Only GAPDH-positive runs that showed amplification of the positive control and lack of amplification of the negative control of the respective allele-specific fragments
were used for further data analysis. To determine FCGR polymorphisms in 2A (high-affinity allele 131H (H) and low-affinity allele 131R (R)) and 3A genes (high-affinity
allele 158V (V) and low-affinity allele 158F (F)), allele-specific PCR followed by post-amplification melting-curve analysis was performed. To obtain melting-curves, the
derivative reporter was plotted against the melting temperature (Tm) of PCR products. Representative melting-curves for possible genotypes of FCGR2A (C) and -3A (D)
are shown in combination with GAPDH used as internal control. Black solid lines represent melting curves derived from reactions containing high affinity and gray dashed
lines from reactions containing low-affinity primers. Tm of FCGR2A and -3A allele-specific amplicons were at 85�C and 80�C, respectively. GAPDH control amplicons
showed a Tm of 91�C. Identification of FCGR genotypes H/H, R/R and H/R for 2A (C) and V/V, F/F and V/F for 3A (D) was realized using amplicon specific Tm profiles. Experi-
ments were performed in duplicates. The derivative reporter was calculated as follows: change of SYBR Green I dye fluorescence/change of temperature.
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genotypes: FCGR2A high (H/H or H/R; 38/53 patients (72%))
and low affinity (R/R; 15/53 patients (28%)) and FCGR3A high
(V/V or V/F; 27/53 patients (51%)) and low affinity (F/F 26/53
patients (49%)) (Fig. 2A, numbers in parenthesis).

Since a number of clinical studies showed strong deviations
from Hardy–Weinberg equilibrium for gene polymorphisms
detected indicating methodological problems, we also investi-
gated the Hardy–Weinberg equilibrium for each FCGR geno-
type identified.10 Based on the observed frequencies of both

alleles for FCGR2A and -3A genes, we calculated the expected
genetic distribution of these polymorphisms on the Hardy–
Weinberg principle.26 Statistical analysis using the X2 test did
not reveal significant differences between the observed geno-
type distribution of FCGR2A and -3A and the expectations of
the Hardy–Weinberg equilibrium (Table 1; p D 0.791 and
0.701, respectively). This data indicate that the patient cohort is
representative clearly showing sensitivity and reliability of the
established detection strategy and also the accuracy and validity
of the concluded statements.

Finally, we defined two patient cohorts combining FCGR2A
and -3A genotypes (Fig. 2A; light and dark gray). We included
patients harboring at least one homozygous low-affinity geno-
type in the combined low-affinity cohort (R/R and/or F/F; 33/
53 patients (62%)) (Fig. 2A, light gray). Patients who missed a
homozygous low-affinity genotype were assigned to the com-
bined high-affinity cohort (H/H or H/R and V/V or V/F; 20/53
patients (38%)) (Fig. 2A, dark gray).

Effect of FCGR polymorphism on ADCC levels

ADCC was analyzed in vitro against GD2 positive LA-N-1 NB
cells using the effector cells and heat inactivated serum of each
individual patient as previously described.27 Additionally, the
level of ADCC increase achieved by ch14.18/CHO on day 8 of
Ab infusion in cycle 1 was used to analyze correlations of
ADCC levels with distinct FCGR polymorphisms. For this pur-
pose, cytotoxicity levels of individual patients detected on day
1 prior to ch14.18/CHO application was subtracted from the
absolute ADCC level determined on day 8. Overall, LTI of
ch14.18/CHO on day 8 resulted in a 2.1-fold increased ADCC

Figure 2. (A) Frequencies of FCGR2A/3A and KIR/KIRL genotypes. The total num-
ber of patients with distinct FCGR2A (lines) and 3A polymorphisms (columns) are
shown in parentheses. Numbers without parentheses indicate patients with combi-
nations of FCGR2A and 3A polymorphisms. Groups of patients with combined
high- and low-affinity genotypes were defined as follows: combined high affinity
(dark gray; FCGR2A H/H or H/R and FCGR3A V/V or V/F) and combined low affinity
(light gray; FCGR2A R/R and/or F/F). (B) Frequencies of genotypes with inhibitory
KIR/KIRL match and mismatch with or without the activating KIR 2DS2. The col-
umns indicate the total number of patients with inhibitory KIR (2DL1, 2DL3, 3DL1)
in square brackets. Numbers in round brackets reflect patient numbers with match
(C) and mismatch (¡) with the respective KIRL (HLA-C2, HLA-C1, HLA-Bw4). The
lines show the number of patients in round brackets with presence (C) or absence
(¡) of activating KIR 2DS2. Numbers of patients without brackets indicate distinct
combinations of inhibitory KIR/KIRL match- and activating KIR 2DS2 status. (C)
Combination of FCGR2A/3A high and low genotype with genotype B/x and A/A.
The columns indicate the total number of patients with combined high- and low-
affinity FCGR2A/3A in round brackets. The lines show the number of patients with
genotype A/A or B/x in round brackets. Numbers of patients without brackets indi-
cate distinct combinations of combined high- and low-affinity FCGR2A/3A and
genotype A/A or B/x. (D) Combination of FCGR2A/3A high and low genotype with
or without the activating KIR 2DS2. The columns indicate the total number of
patients with combined high- and low-affinity FCGR2A/3A in round brackets. The
lines show the number of patients in round brackets with presence (C) or absence
(¡) of the activating KIR 2DS2. Numbers of patients without brackets indicate dis-
tinct combinations of combined high- and low-affinity FCGR2A/3A and 2DS2 sta-
tus. (E) Frequencies of combined 2DS2-negative and FCGR2A/3A low-affinity
genotype with or without KIR/KIRL match. Nineteen patients with combined low-
affinity FCGR2A/3A phenotype and absent activating KIR 2DS2 were analyzed for
inhibitory KIR/KIRL match and mismatch. The columns indicate the total number
of patients with inhibitory KIR (2DL1, 2DL3, 3DL1) in square brackets. Numbers in
round brackets reflect patient numbers with match (C) and mismatch (¡) with
the respective KIRL (HLA-C2, HLA-C1, HLA-Bw4). Numbers of patients without
brackets indicate distinct combinations of inhibitory KIR/KIRL match- and absent
activating KIR 2DS2 status.
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level compared to baseline in all patients analyzed, clearly
showing ch14.18/CHO-dependent induction of effector
mechanisms.

The approach to evaluate a role of FCGR on ADCC levels
consisted of an initial analysis of FCGR2A and -3A polymor-
phisms separately followed by a combined assessment.

When patients were grouped according to high (38/53) and
low (15/53) affinity in the FCGR2A polymorphism, analysis of
ADCC revealed significantly higher levels on day 8 in patients
with the high-affinity genotype (2.3-fold) compared to baseline
(Fig. 3A). In contrast, ADCC observed in low-affinity genotype

patients was only slightly increased compared to the baseline
level (1.7-fold increase).

A stronger effect was also observed for the FCGR3A poly-
morphism (Fig. 3B). ADCC levels increased in the FCGR3A
high-affinity cohort (27/53 patients (51%)) by over a factor
3 compared to the low-affinity patients (26/53 (49%)) (3.1- vs.
1.7-fold, respectively).

Confounding factors in this analysis are ch14.18/CHO Ab
serum concentration and NK-cell levels. To exclude effects of
ch14.18/CHO levels on ADCC on day 8, we analyzed Ab serum
levels between the high- and low-affinity cohorts for each
FCGR cohort. Ab concentrations were determined as previ-
ously described.6 We found no difference in ch14.18/CHO lev-
els between patient cohorts (data not shown, p D 0.782 and
p D 0.642 for FCGR2A high vs. low and FCGR3A high vs. low
cohorts, respectively). These data show that differences in
ADCC levels observed are not related to varying ch14.18/CHO
concentrations.

Moreover, we addressed the question whether differences in
ADCC levels between the high- and low-affinity cohort are
attributable to the NK cell numbers. Therefore, we compared
NK cell numbers on day 8 between the high- and low-affinity
patients for each FCGR genotype analyzed. Similar to results
obtained for ch14.18/CHO levels, we did not find significant
differences in NK cell numbers between the patient cohorts
(data not shown, p D 0.132 and p D 0.324 for FCGR2A high vs.
low and FCGR3A high vs. low cohorts, respectively).These data
further show that observed differences in ADCC are not due to
different NK cell numbers again emphasizing FCGR polymor-
phism-dependent impact on ADCC.

Next, we analyzed ADCC in patients combining the geno-
types of the two FCGRs (2A and 3A). All patients with a homo-
zygous low-affinity genotype in FCGR2A or -3A were
combined to the low-affinity cohort (FCGR2A R/R and/or
FCGR3A F/F; 33/53 patients (62%)) and compared to the
high-affinity cohort (FCGR2A H/H or H/R and FCGR3A V/V

Figure 3. Impact of FCGR2A and -3A genotypes on antibody-dependent cell-mediated cytotoxicity (ADCC). Patient blood samples were collected prior to start (baseline;
day 1; white column) and on day 8 of long-term infusion of ch14.18/CHO (day 8; black column). ADCC was analyzed with Calcein-AM-based cytotoxicity assay using GD2-
positive neuroblastoma cell line LA-N-1, patient-specific leukocytes and heat inactivated serum.27 ADCC in patients with low- (nD 15) and high-affinity (nD 38) polymor-
phisms of FCGR2A (8.05 § 4% vs. 13.68 § 4% and 10.12 § 2% vs. 23.20 § 4%, respectively) (A) and (B) FCGR3A low- (n D 26) and high-affinity polymorphisms (n D 27)
(12.08 § 3% vs. 20.08 § 3% and 7.01 § 2% vs. 21.03 § 5%, respectively). (C) ADCC levels in patients with combined FCGR2A and -3A low (n D 33) and high affinity (n D
20) genotype (10.86 § 3% vs. 17.80 § 3% and 7.74 § 2% vs.24.65 § 6%, respectively). Data are shown as mean values § SEM of experiments performed in triplicate. (A)
Wilcoxon signed-rank test; ��p D 0.084 and 0.002 vs. low- and high-affinity baseline, respectively. (B) Wilcoxon signed-rank test; �p D 0.011 and 0.023 vs. low- and high-
affinity baseline, respectively. (C) Paired t-test; ��p D 0.006 vs. low-affinity baseline. Wilcoxon signed-rank test; �p D 0.043 vs. high-affinity baseline.

Table 1. Frequencies of KIR, KIRL and KIR/KIRL combinations in neuroblastoma
patients (n D 53).

Patients

Gene N %

Activating KIR 2DS1 20 38
2DS2 26 49
2DS3� 14 27
2DS4 53 100
2DS5� 15 29
3DS1 18 34

Inhibitory KIR 2DL1 51 96
2DL2 26 49
2DL3� 47 90
3DL1 53 100

KIRL� HLA-C1 45 87
HLA-C2 34 65
HLA-Bw4 41 79

2DL1/HLA-C2�� match 32 62
mismatch 18 35

2DL2/HLA-C1 match 22 42
mismatch 3 6

2DL3/HLA-C1 match 40 77
mismatch 7 13

3DL1/HLA-Bw4�� match 41 77
mismatch 11 21

�DNA samples of 52 patients were available for analysis.
��Due to missing DNA of one patient for KIRL analysis, the total number of KIR/KIRL
combinations is reduced by n D 1.

ONCOIMMUNOLOGY e1235108-5



or V/F; 20/53 patients (38%)) (Fig. 2A light and dark gray). We
observed the highest increase of ADCC levels in the combined
high-affinity group (Fig. 3C) compared to the combined low-
affinity group (3.2- and 1.6-fold increase compared to baseline,
respectively). In summary, these results clearly show correla-
tion of high-affinity FCGR2A- and 3A genotypes with
increased ch14.18/CHO-dependent cellular cytotoxicity levels
and this effect translated into an a superior EFS as detailed
below.

Frequency of distinct KIR/KIRL genotypes of treated
neuroblastoma patients

To investigate the impact of stimulatory and inhibitory KIR/
KIRL genotypes on ADCC levels and survival, six activating
KIRs (2DS1-5 and 3DS1) and four inhibitory KIRs (2DL1-3
and 3DL1) were evaluated in 53 NB patients (Table 2). We lim-
ited our analysis to 2DL1-3 and 3DL1 based on the recently
reported involvement of these KIRs on efficacy of Ab-depen-
dent immunotherapy.7,28 Due to lack of expression on effector
cells, we excluded the remaining known KIR pseudogenes
2DP1and 3DP1 from our analysis.29

For analysis of KIRLs HLA-C1, HLA-C2 and HLA-Bw4,
DNA samples of 52 NB patients were available. After the analy-
sis of inhibitory KIRs and their ligands, we then identified
patients who were missing the KIRL for the respective KIR
(KIR/KIRL mismatch) and those who had KIRL in the presence
of its KIR (match) (Table 2). We found similar frequencies of
KIR, KIRL and KIR/KIRL combinations in our patient cohort
compared to previously published data30,31 clearly showing that
the detection method applied is reliable as well as that the
patient cohort is representative.

Based on our results of genotyping, we next assigned
patients into haplotype A and B groups according to the follow-
ing KIR status: haplotype A: absence of activating KIRs with the
exception of 2DS4; haplotype B: presence of at least two activat-
ing KIRs. All patients homozygous for A haplotypes were
assigned to the A/A genotype (17/53 patients (32%)) and those
who had one or two B haplotypes to the B/x genotype (36/53
patients (68%)) (Fig. 2C).

Impact of KIR/KIRL genotypes on ADCC levels

According to the reported data showing that NK cell cytotoxic-
ity could be influenced by the presence of activating signals and
match or mismatch of inhibitory KIRs and the respective

ligands,16 we analyzed ADCC in NB patients depending on
their KIR/KIRL repertoires. Compared to baseline, we found
about 2.4-fold increased ADCC in patients harboring haplotype
B compared to almost unchanged ADCC in A/A patients (1.3-
fold; Fig. 4A). Although the difference between these genotypes
was not significant (p D 0.052), we observed a tendency toward
increased ADCC in patients with B/x genotype compared to
A/A patients.

Then, we evaluated the impact of each activating KIR
(2DS1-5- and 3DS1) on ADCC separately. For this, we divided
patients in activating KIR-positive and -negative cohorts. KIR
2DS4 was detected in all patients and could therefore not be
used to define distinct patient groups. Comparison of the
increase of ADCC levels in patients with single activating KIR
genotypes 2DS1-, 2DS3-, 2DS5- or 3DS1 did not reveal signifi-
cant differences compared to the respective single KIR-negative
cohort (Fig. 4A; 2.1- vs. 2.1-fold for 2DS1, 2.6- vs. 1.4-fold for
2DS3, 2.2- vs. 1.2-fold for 2DS5 and 1.5- vs. 2.7-fold for 3DS1).
In contrast, 2DS2-positive patients (26/53 (49%)) showed sig-
nificantly increased tumor cell lysis in comparison to patients
missing 2DS2 (27/53 patients (51%)) (3.1- and 1.3-fold increase
vs. baseline, respectively; Fig. 4A). Since all 2DS3-positive
patients were also 2DS2 positive (14/26), the single impact of
2DS3 in this cohort could not be determined directly. To over-
come this problem and to evaluate the single effects of 2DS2
independently of 2DS3, we analyzed ADCC levels in patients
combining both genotypes (14/26 patients (54%)) with those
who showed only the presence of 2DS2 (12/26 patients (46%)).
Interestingly, the ADCC level increase was not significantly dif-
ferent between 2DS2- and 2DS3-positive patients and 2DS2-
positive but 2DS3-negative patients. These results suggest that
2DS2 has a major impact on the level of ch14.18/CHO-medi-
ated ADCC in NB patients.

To evaluate confounding factors, we found no difference in
ch14.18/CHO concentrations (data not shown, p D 0.906) and
NK cell numbers (data not shown, p D 0.840) in 2DS2-positive
and -negative patients, further emphasizing a 2DS2-dependent
effect on ADCC.

Next, we examined whether patients that are missing the
KIRL (HLA-C1, HLA-C2 and HLA-Bw4) for the respective
inhibitory KIR (2DL2 and 2DL3 for HLA-C1, 2DL1 for HLA-
C2 and 3DL1 for HLA-Bw4) (KIR/KIRL mismatch) will have
higher ADCC levels compared to those who have the KIRL
present for its inhibitory KIR (match). Surprisingly, we did not
observe significant differences between the matched and mis-
matched genotypes (2.2- and 1.7-fold increase for 2DL1/HLA-
C2, 2.0- and 1.1-fold for 2DL3/HLA-C1, 2.5- and 1.3-fold for
3DL1/HLA-Bw4 compared to baseline, respectively). The
impact of 2DL2/HLA-C1 mismatch could not be analyzed due
to a small number of patients (3/52 patients (6%)). In sum-
mary, this finding underlines the importance of 2DS2 for
ADCC.

Based on our results of significant lower ADCC levels in KIR
2DS2-negative patients (Fig. 4A), we addressed whether a com-
bination of the absence of 2DS2 with match of inhibitory KIRs
and their ligands (2DL1/HLA-C2, 2DL2/HLA-C1, 2DL3/HLA-
C1 and 3DL1/HLA-Bw4) has an additional adverse effect on
ADCC (Fig. 2B). Since 2DS2-negative patients also lack KIR
2DL2, analysis of this combination could not be performed.

Table 2. Primer sequences. Allele-specific primer sequences for FCGR2A and -3A
genes. The polymorphic sites are shown in bold. To increase PCR specificity, a mis-
match was inserted at penultimate position of the respective allele-specific primer.
GAPDH served as internal control.

Gene Primer Polymorphism Sequence (50–30)

FCGR2A forward 131H ATGGAAAATCCCAGAAATTCTCACA
forward 131R ATGGAAAATCCCAGAAATTCTCACG
reverse H131R AATGACCACAGCCACAATGA

FCGR3A forward V158F GGTCACATATTTACAGAATGGCAAACG
reverse 158V CAGTCTCTGAAGACACATTTTTACTCCCATC
reverse 158F CAGTCTCTGAAGACACATTTTTACTCCCATA

GAPDH forward ACTAGGCGCTCACTGTTCTCTC
reverse GGAGTAGGGACCTCCTGTTTCT
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Statistical analysis of ADCC levels did not reveal significant dif-
ferences between 2DS2-negative patients (1.3-fold increase)
and those who additionally showed one unfavorable match
(1.1-, 1.7- and 1.2-fold for 2DL1/HLA-C2, 2DL3/HLA-C1 and
3DL1/HLA-Bw4, respectively). This finding shows that a com-
bination of two unfavorable KIR/KIRL genotypes (absence of
stimulating but presence of inhibitory KIR) has no further
adverse effect on ADCC levels, that again underscores the rele-
vance of the KIR 2DS2 for ch14.18/CHO-mediated ADCC in
treated patients.

Combined effect of FCGR2A, -3A and KIR/KIRL genotypes
on ADCC levels

We evaluated the impact of FCGR2A and -3A in combination
with KIR/KIRL genotype repertoires on ADCC using two
approaches. First, we combined FCGR genotypes with KIR/
KIRL A/A or B/x genotypes (Fig. 2C), second we assessed
FCGR genotypes and the presence or absence of the activating
KIR 2DS2 (Fig. 2D). For the first approach, we identified 17/53
(32%) homozygous for the inhibitory haplotype A (A/A geno-
type) patients of which 12/53 (23%) showed a combined low-
affinity FCGR 2A and -3A genotype and 36/53 (68%) patients
harboring haplotype B of which 14/53 (26%) had combined
high-affinity FCGR 2A and -3A genotype.

For the second approach, we identified 12/52 (23%) patients
with high-affinity FCGR2A and -3A polymorphisms and

activating KIR2DS2 genotype and 19/52 patients (37%) with
low-affinity FCGR2A and -3A polymorphisms and the absence
of 2DS2. The remaining patients (22/53 patients (42%)) formed
an intermediate genotype.

The result of the first approach revealed a 4.7-fold increased
ADCC level over baseline in patients with high-affinity
FCGR2A/3A and stimulatory B/x genotypes compared to the
patients with low-affinity FCGRs and inhibitory A/A genotypes
(2.0-fold increase over baseline) (Fig. 4B), however, this differ-
ence was not significant. The result of the second approach
showed a strong increase of ADCC levels over baseline in
2DS2-positive and high-affinity FCGRs patients (6.3-fold)
compared to 2DS2-negative patients with low-affinity FCGRs
(1.6-fold over baseline) (Fig. 4B). Statistical analysis for the sec-
ond approach revealed a clear correlation between these geno-
types and ADCC levels (p D 0.016), with the highest effect size
for ch14.18/CHO-mediated NB cell lysis in patients with high-
affinity FCGR2A and -3A polymorphisms who were also posi-
tive for the activating KIR 2DS2, that again underlines the rele-
vance of 2DS2.

Moreover, we examined whether additional unfavorable
genotypes could further negatively affect ADCC levels. For this,
we identified three patient cohorts with four unfavorable geno-
types showing a match of inhibitory KIRs and their ligands
(2DL1/HLA-C2 (12/52 patients (23%)), 2DL3/HLA-C1 (16/52
patients (31%)) and 3DL1/HLA-Bw4 (13/52 patients (25%)) in
addition to the combination of three unfavorable genotypes

Figure 4. Impact of KIRs with or without FCGR2A and -3A genotypes on patient-specific ADCC. ADCC was analyzed prior to start (baseline; day 1) and on day 8 of long-
term infusion of ch14.18/CHO. ADCC increase was calculated according to the formula: day 8 ADCC – baseline ADCC. (A) Patients harboring two haplotypes A (n D 17) or
patients with the presence of the single activating KIR 2DS1 (n D 20), 2DS2 (n D 26), 2DS3 (n D 14), 2DS5 (n D 15) and 3DS1 genotype (n D 18) were compared to those
who had haplotype B (n D 36) or missed the respective activating KIR (n D 33, 27, 38, 37 and n D 35, respectively). Patients with A/A genotype showed 1.3-fold increase
(10.85 § 3 vs. 8.19 § 2%) and patients harboring haplotype B showed 2.4-fold increase (25.13 § 3% vs. 10.26 § 4% baseline). Following ADCC increases were found in
patients with single activating KIR and those who were negative for respective activating KIR: 2.1- vs. 2.1-fold for 2DS1 (19.36 § 3% vs. 9.13 § 3% and 21.29 § 5% vs.
10.17 § 2%, respectively), 3.1- vs. 1.3-fold for 2DS2 (29.80 § 5% vs. 9.70 § 3% and 12.44 § 2% vs. 9.50 § 2%, respectively), 2.6- vs. 1.4-fold for 2DS3 (34.86 § 10% vs.
13.63 § 5% and 15.31 § 2% vs. 10.62 § 2%, respectively), 2.2- vs. 1.2-fold for 2DS5 (19.83 § 5% vs. 8.86 § 4% and 20.85 § 5% vs. 17.05 § 4%, respectively) and 1.5- vs.
2.7-fold for 3DS1(19.27 § 3% vs. 12.82 § 4% and 21.30 § 5% vs. 7.93 § 4%, respectively). (B) Impact of combined FCGR2A and -3A low- (white column) and high-affinity
genotype (black column) with haplotype A or B (n D 12 and 15, respectively) and the presence or absence of the activating KIR 2DS2 on ADCC (n D 12 and 19, respec-
tively). Increase of ADCC was evaluated in four patient cohorts: low-affinity FCGR2A and -3A C haplotype A, high-affinity FCGR2A and -3A C haplotype B (2.0- vs. 4.7-fold
change (14.02 § 4% vs. 7.06 § % and 31.85 § 8% vs. 6.78 § 2%)), low-affinity FCGR2A and -3A C absence of 2DS2 and high-affinity FCGR2A and -3A C presence of
2DS2 (1.6- vs. 6.3-fold change (14.84 § 3% vs. 9.11 § 3% and 37.21 § 9% vs. 5.91 § 2%)). Data are shown as mean values § SEM of experiments performed in triplicate.
(A) Mann–Whitney rank sum test; �p D 0.011 vs. 2DS2-negative patients. (B) Mann–Whitney rank sum test; �p D 0.016 vs. combined FCGR2A and -3A low affinity C
absence of 2DS2 group.
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described above (FCGR2A and 3A low-affinity patients missing
2DS2 genotype) (Fig. 2E). The remaining patients showing
three unfavorable genotypes in combination with one favorable
KIR/KIRL mismatch (Fig. 2E), were excluded from the analysis.
The analysis of the four unfavorable genotype combinations did
not reveal further decrease in ADCC compared to the three
unfavorable genotypes showing a similar ADCC increase of
about 1.6-fold in all groups analyzed (data not shown).

In summary, these findings show an association of high-
affinity FCGR2A, -3A and KIR/KIRL genotypes in particular of
2DS2 with higher levels of anti-NB cellular cytotoxicity medi-
ated by ch14.18/CHO in NB patients and thereby provide a
clear genotype–phenotype correlation.

Effect of FCGR polymorphism on event-free survival

Based on the correlation of ADCC levels with FCGR genotypes,
we addressed the question whether this functional observation
also correlates with survival parameters. We first evaluated the
impact of polymorphisms in FCGR 2A and 3A genes on EFS
separately in our cohort of 53 NB patients treated. For
FCGR2A, we found higher EFS rates in patients harboring high
(H/H or H/R) (38/53 patients) compared to those who had
low-affinity polymorphisms (R/R) (15/53 patients) (34% vs.
20 %). In line with this, the mean EFS time was longer in 2A
high (EFS: 2.7 § 0.4 y (95% CI [1.9, 3.5]) compared to low-
affinity patients (EFS: 1.7 § 0.5 y (95% CI [0.6, 2.7]). Although
we found improved EFS probabilities in high-affinity patients
compared to low-affinity, statistical analysis did not reveal sig-
nificant difference between these groups (Fig. 5A; p D 0.141).
These results suggest favorable effects of high-affinity polymor-
phism in FCGR2A on ch14.18/CHO-based immunotherapy.

Patients with FCGR3A high (V/V or V/F) (27/53 patients)
compared to those who had low-affinity polymorphisms (F/F)
(26/53 patients) did not reveal significant differences in EFS
probabilities (Fig. 5B; p D 0.082). There was a tendency toward
increased EFS in FCGR3A high- (V/V or V/F) compared to
low-affinity patients (F/F) (Fig. 5B).

Similar to the correlation analysis for ADCC levels, we also
investigated effects of combined FCGR2A and -3A genotypes
(Fig. 2A). Higher EFS rates in the patient cohort with FCGR
high affinity (H/H or H/R and V/V or V/F) (20/53 patients
(38%)) compared to FCGR low affinity (R/R and/or F/F) (33/
53 patients (62%)) (50% vs. 18%) was demonstrated. The mean
EFS was 3.2 § 0.5 y (95% CI [2.6, 4.2]) and 1.7 § 0.4 y (95% CI
[1.0, 2.4]) in the combined FCGR high- and low-affinity cohort,
respectively. Now, the LogRank analysis revealed a clearly sig-
nificant difference in EFS probabilities between both cohorts
(Fig. 5C; p D 0.008).

Impact of KIR/KIRL genotype on event-free survival

Analysis of survival parameters in patients harboring A or B
haplotypes revealed improved EFS in B/x genotype cohort
compared to A/A patients (Fig. 6A), but this difference was
not significant (p D 0.059). In line with our results showing a
correlation of the activating KIR 2DS2 genotype on ADCC
level increase, we observed higher EFS rates in 2DS2-positive
patients (26/53 (49%)) compared to patients missing 2DS2
(27/53 patients) (42% vs. 19%). The mean EFS time was 2.9 §
0.5 (95% CI [2, 3.8]) and 1.8 § 0.4 (95% CI [1, 2.6]), for
2DS2-positive and -negative patients, respectively. Although
the differences between EFS probabilities were found to be
not significant, we observed a trend toward higher probabili-
ties in patients with the presence of 2DS2 (Fig. 6B p D 0.055).
Moreover, we did not find significant differences in EFS
between patients with or without activating 2DS1, 2DS3,
2DS5 or 3DS1 confirming our ADCC data. Based on the fact,
that all 2DS3-positive patients also presented 2DS2 (14/26
patients (54%)), we additionally compared EFS in these
patients with those who harbored 2DS2 without 2DS3 (12/26
patients (46%)). We found similar survival probabilities in
both groups (data not shown, p D 0.782) confirming
our ADCC results and again emphasizing the crucial role
of 2DS2 in EFS of patients under ch14.18/CHO-based
immunotherapy.

Figure 5. Impact of polymorphisms in FCGR2A and -3A genes on event-free survival of neuroblastoma patients (n D 53) treated by long-term infusion of ch14.18/CHO.
Validated detection of FCGR2A and -3A polymorphisms was performed to identify high- and low-affinity patient cohorts. (A) Impact of FCGR2A high (H/H or H/R geno-
type; black line) and low affinity (R/R; gray line) on EFS. (B) Impact of FCGR3A high (V/V or V/F genotype; black line) and low affinity (F/F; gray line) on EFS. (C) Analysis of
combined FCGR2A and -3A high (FCGR2A H/H or H/R and FCGR3A V/V or V/F; black line) and low-affinity genotypes (FCGR2A R/R or FCGR3A F/F; gray line) on EFS. Statis-
tical analysis was performed using LogRank test.
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Next, we evaluated the impact of the presence or absence of
an inhibitory KIR/KIRL match (2DL1/HLA-C2, 2DL3/HLA-
C1and 3DL1/HLA-Bw4) on EFS. In line with our ADCC data,
statistical analysis did not reveal significant correlation between
EFS probabilities and match or mismatch of KIRs and their
ligands (data not shown).

Finally, we examined whether combination of two unfavor-
able genotypes (absence of activating KIR2DS2 and presence of
inhibitory KIR/KIRL match 2DL1/HLA-C2, 2DL3/HLA-C1 or
3DL1/HLA-Bw4) (Fig. 2B) could negatively affect EFS proba-
bilities. This combination revealed a significant difference in
EFS between patients showing inhibitory 3DL1/HLA-Bw4
match in combination with the absence of 2DS2 (18/53
patients) compared to those who presented activating KIR2DS2
(26/53 patients) (Fig. 6B, p D 0.014). Analysis of EFS rates
revealed 42% in the single 2DS2-positive cohort compared to
11% in the combined unfavorable cohort. The mean EFS time
was 2.9 § 0.5 y (95% CI [2, 3.8]) and 1.3 § 0.4 y (95% CI [0.5,
2.1]) in 2DS2-positive and combined cohort, respectively.

Combined effect of FCGR2A, -3A and KIR/KIRL genotypes
on event-free survival

In analogy to the stepwise approach selected for ADCC analy-
sis, we evaluated the impact of polymorphisms in FCGR2A and
-3A in combination with either A/A and B/x genotypes or pres-
ence and absence of the activating KIR 2DS2 (Figs. 2C and D)
on EFS.

We grouped patients with high-affinity FCGRs and geno-
type B/x (15 patients (28%)), low-affinity FCGRs and genotype
A/A (12 patients (23%)), 2DS2-positive and high-affinity
FCGRs (12 patients (23%)) as well as 2DS2-negative and low-
affinity FCGRs (19 patients (36%)) (Figs. 2C and D). Addition-
ally, we defined intermediate groups including patients com-
bining favorable FCGR with unfavorable KIR genotypes and
the respective vice versa combinations (high-affinity FCGRs C
genotype A/A (five patients (9%)), low-affinity FCGRs C geno-
type B/x (21 patients (40%)), high-affinity FCGRs C absence of

2DS2 (eight patients (15%)), low-affinity FCGRs C presence of
2DS2 (14 patients (26%)) (Figs. 2C and D).

Analysis of the FCGRCB/x and FCGR C A/A groups
revealed a strong correlation between combined favorable gen-
otypes and survival showing highly significant improved sur-
vival in patients with high-affinity FCGR2A and -3A in
combination with B/X genotype (Fig. 6C). In contrast, patients
with unfavorable genotypes (low-affinity FCGR2A and -3A in
combination with genotype A/A) showed poor survival com-
pared to the combined favorable group (Fig. 6C), clearly indi-
cating genotype-dependent effects on outcome under ch14.18/
CHO-based immunotherapy. Finally, patients with the inter-
mediate genotype combination showed similar EFS compared
to the unfavorable genotype. The mean EFS time of the favor-
able cohort was 3.7 § 0.5 y (95% CI [2.7, 4.8]) compared to
1.4 § 0.6 y (95% CI [0.2, 2.6]) in the unfavorable cohort. EFS
probabilities of the favorable cohort were found to be signifi-
cantly higher compared to the unfavorable cohort (Fig. 6C; p D
0.002). Analysis of EFS probabilities of the intermediate cohort
revealed significant differences compared to the favorable
cohort (p D 0.005 vs. favorable and p D 0.619 vs. unfavorable
group) (Fig. 6C).

In line with our observations of the impact of FCGR and
genotype A or B combinations, analysis of the FCGR C 2DS2C

and FCGR C 2DS2¡ combined groups showed highly signifi-
cant increase in EFS of 2DS2-positive patients with high-affin-
ity FCGR2A and -3A compared to the combined unfavorable
genotype (low-affinity FCGRs and lack of 2DS2) (58% vs.11%)
(Fig. 6D). The mean EFS time of the favorable cohort was 3.6
§ 0.6 y (95% CI [2.3, 4.8]) compared to 1.3 § 0.4 y (95% CI
[0.5, 2.1]) in the unfavorable cohort. Similar to the results of
FCGR polymorphism and KIR/KIRL analysis, EFS probabilities
of the favorable cohort were found to be significantly higher
compared to the unfavorable cohort (Fig. 6D; p D 0.002). Anal-
ysis of EFS probabilities of the intermediate cohort did not
reveal significant differences compared to the favorable and
unfavorable cohorts (p D 0.132 vs. favorable and p D 0.140 vs.
unfavorable group) (Fig. 6D).

Figure 6. Impact of KIR haplotypes (A), KIR/KIRL repertoires (B) and their combination with FCGR2A and -3A polymorphisms (C) on event-free survival of neuroblastoma
patients (n D 53) treated by long-term infusion of ch14.18/CHO. (A) EFS comparison of patients harboring two haplotypes A (genotype A/A; gray solid line) and patients
with one or two haplotypes B (genotype B/x; black solid line). (B) EFS probabilities of patients with activating KIR2DS2 genotype (2DS2C; black solid line) were compared
to KIR2DS2-negative patients with or without inhibitory KIR3DL1/HLA-Bw4 match (2DS2¡ C match; gray line and 2DS2¡, black dashed line, respectively). (C) EFS in
patients with combined high-affinity FCGR2A and -3A and B/x genotype (B/x C FCGR high; black solid line), low-affinity FCGR2A and -3A and A/A genotype (A/A C FCGR
low; gray solid line) and in remaining patients with the intermediate genotype (intermediate; black dashed line). (D) Comparison of EFS probabilities of patients with
high-affinity FCGR2A and -3A genotype in combination with the activating KIR 2DS2 (2DS2C C FCGR high; black solid line), low-affinity FCGR2A and -3A genotype
and the absence of 2DS2 (2DS2¡ C FCGR low; gray line) and intermediate patients (intermediate; black dashed line). Statistical analysis was performed using LogRank
test.
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Similar to ADCC analysis, we additionally evaluated the
impact of four unfavorable genotypes on survival (Fig. 2E). For
this, we identified patients who had an inhibitory match in
addition to the three unfavorable genotypes described above
(FCGR2A and -3A low-affinity patients missing 2DS2 geno-
type) (13/52 patients (25%)). Analysis revealed similar EFS
probabilities compared to the patients of unfavorable genotypes
without inhibitory match. Statistical analysis of patients with
four unfavorable genotypes and those who had combined
favorable genotypes (Fig. 2D) showed significant differences in
EFS (p D 0.005 for 2DL3/HLA-C1, p D 0.011 for 2DL1/HLA-
C2, and p D 0.002 for 3DL1/HLA-Bw4 matched unfavorable
cohort) (data not shown), underlining the impact of FCGR2A
and -3A polymorphisms and KIR/KIRL repertoires on ADCC
level and outcome of immunotherapy with LTI of ch14.18/
CHO. These data clearly show genotype–phenotype correlation
between genotypes, Ab-dependent functional effector cell activ-
ity and treatment outcome.

Discussion

Immunotherapies based on administration of mAb directed
against tumor antigens have revolutionized the treatment of
cancer. One important mechanism of action of this class of
cancer therapeutics is the elimination of tumor cells by host
immune effector cells. Besides FCGR genotypes, expression
repertoires of activating and inhibitory KIRs on NK cells as
well as their ligands on target cells have been shown to affect
Ab-dependent antitumor effects.16

Here, we report for the first time, that the patients combin-
ing high-affinity FCGR2A, -3A genotypes and stimulating
genotype B/x or the presence of activating KIR 2DS2 showed
the strongest anti-NB cellular cytotoxicity mediated by
ch14.18/CHO and improved survival of NB patients indicating
the synergistic effects of activating receptors.

A number of clinical studies have already demonstrated that
the therapeutic efficacy of antitumor Ab correlates with FCGR
polymorphisms in various cancers.10 Patients harboring FCGRs
with high affinity for IgG have a better outcome following Ab-
based immunotherapy probably due to a greater capacity to
induce ADCC that is a major mechanism of action of mAbs.10

In line with this, we found a strong correlation between
FCGR2A and -3A polymorphism and survival under ch14.18/
CHO-based immunotherapy and, importantly we could show
that the observed effects are associated with the ability of effec-
tor cells to mediate tumor cell lysis. Interestingly, our data
show polymorphism-dependent effects of FCGR2A on ADCC
and survival of NB patients under IgG1-based immunotherapy.
These observations emphasize a role of macrophages, mono-
cytes and granulocytes that express FCGR2A in addition to NK
cells predominantly expressing FCGR3A in the ch14.18/CHO
mediated anti-NB immune response.

Since ADCC was determined using white blood cells of
ch14.18/CHO treated patients, the resulting cytotoxicity is a
combined effect of all FCGR bearing effector cells including
NK-cells, macrophages, monocytes and granulocytes. Here, we
addressed whether a combination of favorable genotypes in
both FCGR genes 2A and 3A may be associated with further
improvement of patient-specific ADCC and survival. The

combined effects of FCGR2A and -3A polymorphisms have
been already reported in patients with metastatic colorectal
cancer under cetuximab therapy.33 It has been shown that
homozygous patients with high-affinity genotypes (131H/H
and/or 158V/V) had a longer progress-free survival compared
to patients missing favorable genotypes (131R/R and 158F/F).33

We extended these investigations and analyzed the impact of
combined FCGR2A and -3A genotypes on ADCC during
ch14.18/CHO immunotherapy. Importantly, we observed the
strongest increase of ADCC in patients with combined high
affinity compared to patients who had combined low-affinity
FCGR genotypes. In line with our ADCC data, we found the
greatest difference in EFS between the patients combining
favorable and unfavorable genotypes. Thus, our observations
extend previous studies with functional data and underline
the importance of both polymorphisms in FCGR3A and -2A
genes for therapeutic regimes based on administration of IgG1
mAb.

Based on the recent data showing that NK cell function and
ADCC are associated with individual’s KIR/KIRL genotypes
and that these differences in genotypes correlate with the indi-
viduals’ outcome in response to Ab-based immunotherapies,8

we further analyzed KIR/KIRL genotypes in our patient cohort.
We first evaluated the impact of two distinct well-established
KIR/KIRL combinations, inhibitory genotype A/A and activat-
ing genotype B/x, on ADCC and survival of NB patients
under ch14.18/CHO immunotherapy. Although a positive
impact of B/x genotype on survival has been previously
reported in leukemia patients,23-25 the role of A/A and B/x gen-
otypes in NB patients under ch14.18/CHO-based immunother-
apy has not been shown yet. Here, we observed a strong
tendency toward increased ADCC and improved survival in
patients with B/x genotype compared to A/A patients suggest-
ing an important role of activating KIRs in ch14.18/CHO
immunotherapy.

Since there is a high genetic diversity in KIR haplotypes
among the individuals, we further investigated immunother-
apy-dependent impact of single KIRs on ADCC and EFS. In
contrast to inhibitory KIRs that have been investigated for over
a decade, effects of activating KIRs on NK cell cytotoxicity and
clinical response to immunotherapies have only recently been
addressed.8 From all activating KIRs analyzed in this study, the
presence of only 2DS2 was associated with higher ADCC levels
and improved survival compared to 2DS2-negative patients.
Interestingly, a higher frequency of 2DS2 was shown in NB
patients compared to healthy controls, indicating that 2DS2 in
absence of immunotherapy has no protective effect against
NB.31 This could be explained by the simultaneous presence of
the inhibitory KIR 2DL2 in NB patients that may override
effects of 2DS2 in absence of immunotherapy with ch14.18/
CHO. The effect of 2DS2 is clearly reversed following ch14.18/
CHO-based immunotherapy as could be indicated by a signifi-
cantly increased ADCC in 2DS2-positive patients compared to
those who missed 2DS2. Since 2DS2-positive patients were also
positive for the inhibitory KIR 2DL2, which is in line with the
previously reported data,34 we suggest that a potential inhibi-
tory effect of 2DL2 might be compensated by activating signals
of 2DS2 in the presence of ch14.18/CHO-mediated ADCC.
Our data show that the reported increased frequency of 2DS2
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in NB patients contributes to an improved anti-NB immune
response following ch14.18/CHO-based immunotherapy,
which underlines the usefulness of this type of immunotherapy
in particular for NB patients.

In addition, we found also increased ADCC in patients with
the 2DS3 genotype that has been reported as a protective factor
in patients with leukemia.35-37 Since all our 2DS3-positive
patients presented also 2DS2, we compared ADCC levels in
this combined cohort with 2DS2-positive patients missing
2DS3. Importantly, we did not detect a difference in ADCC lev-
els and EFS between patients with only 2DS2 compared to
2DS2- and 2DS3-positive patients. We also analyzed ch14.18/
CHO serum concentrations and NK cell numbers in 2DS2-pos-
itive and -negative patients. Both ch14.18/CHO serum levels
and NK cell numbers were not different between the patient
groups (data not shown) underlining that differential effects
observed are independent on NK-cell- and ch14.18/CHO-
levels.

In summary, these data underline a major role of 2DS2 in
mediating ch14.18-CHO-induced antitumor effects in NB
patients.

The impact of inhibitory KIRs as well as match or mis-
match combinations with their cognate ligands has been pre-
viously reported.8 In treatment of NB with the murine anti-
GD2 Ab 3F8 or humanized immunocytokine hu14.18-IL-2,
mismatch of inhibitory KIRL was associated with improved
clinical outcome.17-19 These observations were also made in
lymphoma patients treated with rituximab suggesting KIR/
KIRL-dependent effects in NK-mediated tumor cell lysis.20

Surprisingly, in the present study we did not find significant
differences in ADCC and EFS between matched and mis-
matched inhibitory KIR/KIRL genotypes in our patient cohort
(data not shown), indicating only a minor role for exclusive
consideration of the 2DL3/HLA-C1 and 3DL1/HLA-Bw4
KIR/KIRL repertoire. Interestingly, analysis of patients with
combined unfavorable genotypes revealed significantly
decreased EFS rates in 2DS2-negative missing patients with
the inhibitory 3DL1/HLA-Bw4 match, again emphasizing the
important contribution of 2DS2 to the efficacy of immuno-
therapy with ch14.18/CHO. The negative effect of the 3DL1/
HLA-Bw4 matched combination in NB patients has been
recently reported in one study on the murine anti-GD2 Ab
3F8.38 In line with these data, the greatest survival could be
observed in patients with 3DL1/HLA-Bw4 mismatch underlin-
ing the role of the inhibitory KIR 3DL1 in the clinical
response to anti-GD2 mAb-based immunotherapies.

Based on our data evaluating combined effects of KIR/
KIRL on ADCC and survival, we hypothesized that the
antitumor clinical response to ch14.18/CHO treatment will
be higher in patients with combined favorable FCGR and
KIR/KIRL genotypes. Recent studies showed a combined
impact of multiple genotypes only in FCGR or KIR/KIRL
repertoires separately.8,10

In summary, we showed that FCGR2A and -3A polymor-
phisms and KIR/KIRL repertoires, especially the presence of
the activating KIR 2DS2, synergize with antitumor efficacy of
the anti-GD2 Ab ch14.18/CHO in NB patients (ADCC and
EFS) and may therefore be useful as biomarkers to predict
treatment response.

Materials and methods

Ethic statement

All procedures involving human participants were in accor-
dance with the ethical standards of the institutional and
national research committee and with the 1964 Helsinki decla-
ration and its later amendments or comparable ethical stand-
ards. Treatment conducted under a compassionate use
program and analysis protocols were approved by the ethical
committee of the University Medicine Greifswald (Reg. No.: BB
179/15). Informed consent was obtained from all individual
participants or their parents or legal guardians.

Patient characteristics

53 NB patients enrolled in this program were treated with
ch14.18/CHO given as LTI in combination with interleukin-2
(IL-2) given subcutaneously. Only patients with biopsy-proven
high-risk NB were treated. Patients after first-line therapy had
to have evaluable disease. Following second-line chemotherapy,
patients were allowed to be treated without evidence of disease;
previous treatment had to be discontinued 3 weeks prior to the
start of ch14.18/CHO. Treatment with isotretinoin, growth fac-
tor or other immunomodulatory therapy needed to be com-
pleted at least 7 d before treatment start. A performance score
above 70% and a life expectancy of at least 12 weeks were
required for inclusion.

Following treatment protocol was used: cytokine IL-2 was
given for 5 d (s.c., day 1–5, 6 £ 106 IU/m2/day), followed by a
combined application of IL-2 (s.c., day 8–12, 6 £ 106 IU/m2/
day) with ch14.18/CHO (i.v., day 8–18, 10 mg/m2/day) and
13-cis-retinoic acid (p.o., day 22–35). At initial diagnosis, 46
patients had stage 4, four stage 3, one stage 2 and two stage 1
disease. Patients with lower stage than four had disseminated
relapse. Prior treatment included chemotherapy (53 patients),
surgery (51 patients), radiotherapy (34 patients) and high-dose
therapy followed by peripheral blood stem cell rescue (51
patients), 32 patients received meta-iodo-benzyl-guanidine
(mIBG) therapy preceding high-dose therapy.

The median of the patient age at diagnosis and at start of
treatment was 4.4 y (range 0.5–24.1) and 6.0 y (1.9–25.5),
respectively. The median of time interval from diagnosis to
start of ch14.18/CHO treatment was 25 mo (range 8–111 mo).
28.3% of 53 patients showed MYCN amplification and 42.1%
1p deletion or imbalance. According to the International Neu-
roblastoma Staging System (INSS), 86.8% of 53 patients were
stratified by stage 4 and classification of patients using Interna-
tional Neuroblastoma Risk Group (INRG) stratification system
identified 92.5% as stage M patients. At treatment start, the per-
formance scores were � 90 (Lansky or Karnofsky).

Sampling

Patient-specific DNA was isolated from whole blood samples.
For analysis of ADCC, patient sodium-heparin blood and
serum samples were collected prior to start of immunotherapy
(baseline) and on day 8 of ch14.18/CHO infusion. Increase of
ADCC compared to baseline was available in 47 of 53 patients.
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Analysis of antibody-dependent cell-mediated cytotoxicity
(ADCC)

To evaluate ADCC, patient-specific effector cells and heat-inac-
tivated serum collected at the same time point were used. Cyto-
toxicity was analyzed using a calcein-acetoxymethyl ester
(AM)-based cytotoxicity assay as previously described.27

Briefly, patient leukocytes and heat-inactivated serum (12.5%
final concentration) were incubated with 5,000 calcein-AM-
labeled human GD2-positive NB cells LA-N-1 for 4 h (effector-
to-target cell ratio: 40:1). Finally, supernatants of each well
were transferred to black 96-well plates for determination of
fluorescence at 495 nm excitation and 515 nm emission wave-
lengths using Synergy HT multimode microplate reader (Bio-
Tek Germany). Patient samples as well as samples for
spontaneous (target cells only) and maximum release (target
cells disrupted using an ultrasonic homogenizer) were analyzed
in at least six replicates. ADCC was calculated according to the
formula: (experimental release ¡ spontaneous release)/(maxi-
mum release ¡ spontaneous release) £ 100%.

DNA isolation

53 DNA samples could be isolated using QIAamp� Blood Mini
Kit (Qiagen GmbH, 51104) according to the manufacturer’s
guidelines. For analysis of FCGR polymorphisms and KIR/
KIRL genotypes, DNA samples were diluted to achieve concen-
tration of 2.5 and 30 ng/mL, respectively.

Analysis of FCGR polymorphisms

For analysis of FCGR2A high- and low-affinity alleles 131H
and 131R as well as FCGR3A high- and low-affinity alleles
158V and 158F, respectively, four allele-specific PCRs were
established. Polymorphisms in FCGR genes 2A and 3A were
determined using post-amplification melting-curve analysis.
First, allele-specific primers (Table 3, Eurofins MWG Operon)
were designed to distinguish between allele-specific nucleotide
combinations encoding for the respective amino acids (histi-
dine or arginine and valine or phenylalanine for FCGR2A and
-3A, respectively). Moreover, as DNA sequences encoding for
FCGR3A and FCGR3B are highly homologous, we designed
primers for the detection of FCGR3A polymorphisms allowing
specific amplification of FCGR3A without amplification of the
FCGR3B gene. Since the 30 ends of the allele-specific primers
overlap by only one single mismatched nucleotide (the

polymorphic site of interest), we next included a mismatch in
the primer sequence at the penultimate position to further
increase PCR specificity. For detection of FCGR2A polymor-
phisms, two allele-specific forward primers and one common
reverse primer were selected. For FCGR3A polymorphism
analysis, one common forward primer and two allele-specific
reverse primers were designed. Glyceraldehyde 3-phosphate
dehydrogenase- (GAPDH) served as internal control.

Allele-specific PCR for both FCGR genes were performed
using a StepOnePlusTM real-time PCR System (Thermo Fisher
Scientific, 4376600) in a final volume of 10 mL containing 5 ng
of genomic DNA, 5 mL of SensiMixTM SYBR� Hi-ROX 2.0x
Mastermix (Bioline, QT605), 0.5 mL A. dest., 20 pg of the
respective allele-specific primer pair as well as 2.5 pg of each
GAPDH-specific primer. The PCR profile was: 10 min for ini-
tial DNA denaturation at 95�C followed by 30 cycles of 95�C
for 15 s (denaturation), 61�C for FCGR2A and 56�C for
FCGR3A for 15 s (annealing) and 72�C for 60 s (elongation).
After the amplification cycles were completed, additional three
steps allowing melt curve production were included (95�C for
15 s, 60�C for 60 s and 95�C for 15 s). Due to similar Tm of
allele-specific PCR products each allele was examined sepa-
rately. Using the established PCR method, allele-specific PCR
products could be clearly detected by their melting characteris-
tics. To obtain melting-curves, the derivative reporter was cal-
culated as ratio of the change of SYBR Green I dye fluorescence
to the change of temperature and was plotted against the melt-
ing temperature (Tm) of PCR products.

Validation of FCGR polymorphism analysis

To ensure reliable genotyping of patients, analysis of FCGR
polymorphisms was validated. We generated two control plas-
mids containing DNA sequences encoding for either FCGR2A-
131H and FCGR3A-158V alleles (“high-affinity plasmid”;
Fig. 1A) or FCGR2A-131R and FCGR3A-158F alleles (“low-
affinity plasmid”; Fig. 1B). Additionally, DNA sequences
encoding for internal control GAPDH were integrated into
both plasmids for further assay precision. These control plas-
mids were used as PCR template for polymorphism analysis
instead of patient DNA to control for the amplification of the
respective allele. Plasmids encoding for high-affinity polymor-
phisms were used for high- and low-affinity PCR as positive
and negative control, respectively. Conversely, plasmids con-
taining low-affinity genotypes were utilized as positive and neg-
ative control for low- and high-affinity PCR, respectively. Due
to similar Tm of allele-specific PCR products each allele was
examined separately. Only GAPDH-positive runs that showed
amplification of positive control and lack of amplification of
negative control of the respective allele-specific fragments were
used for further data analysis.

Analysis of KIR/KIRL genotypes

Six activating KIRs (2DS1-5 and 3DS1) and four inhibitory
KIRs (2DL1-3 and 3DL1-3) KIRs were determined in patient
DNA samples using Olerup SSP� KIR Genotyping Kit incl.
Taq polymerase (Olerup GmbH, 104.101-12). For KIRL analy-
sis (HLA-C1; HLA-C2; HLA-Bw4), Olerup SSP� KIR HLA

Table 3. Genotype distribution of FCGR2A and -3A in 53 neuroblastoma patients.
Observed frequencies of FCGR2A and -3A genotypes were compared with the
expectations of the Hardy–Weinberg equilibrium using X2 test. p < 0.05 was con-
sidered significant for statistical inference.

Gene Genotype
Observed

frequency (%)
Expected

frequency (%) X2 p

FCGR2A H/H 26 23
H/R 45 50 0.47 0.791
R/R 28 26

FCGR3A V/V 6 9
V/F 45 41 0.71 0.701
F/F 49 50
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Ligand Kit incl. Taq polymerase (Olerup GmbH, 104.201-12)
was used. A Olerup SSP� HLA-Negative Control SSP (Olerup
GmbH, 102.102-01) was additionally included in each analyti-
cal run. Analysis was performed in a final reaction volume of
10 mL containing 60 ng of patient-specific genomic DNA
according to the manufacturer’s protocol. PCR products were
finally visualized using 2% agarose gel electrophoresis.

Statistics

Statistical analysis was performed using Sigma Plot software
(Version 13.0, Jandel Scientific Software). After testing for nor-
mality and equal variance across groups, differences between
groups were assessed using either the Mann–Whitney rank
sum test or Wilcoxon signed-rank test or one way ANOVA test
followed by appropriate post hoc comparison. A p value of <
0.05 was considered significant and < 0.01 very significant. All
data are presented as mean § SD (standard deviation) or
mean § SEM (standard error of the mean).

To show whether the observed patterns of FCGR2A and -3A
genotype frequencies were consistent with the expectations of
the Hardy–Weinberg equilibrium, chi square (x2) test was
used.26 The null hypothesis was rejected at the 95% confidence
(p < 0.05). EFS probabilities were estimated using Kaplan
Meier analysis39 and compared using LogRank statistics.40 EFS
was given as means § SEM in years. Confidence interval (95%
CI) was given in parenthesis.
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