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Summary 

Neuroblastoma (NB) is an aggressive, poorly immunogenic tumor in childhood. 

Therapy for high-risk NB remains challenging. Immunotherapy with anti-GD2 antibody 

ch14.18/CHO effectively prolongs the survival of NB patients. Antibody-dependent 

cellular cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC) are major 

mechanisms of ch14.18-based treatment that induce tumor cell lysis. Killer-

immunoglobulin-like receptor (KIR)/human leucocyte antigen (HLA) mismatch and Fc 

gamma receptor (FCGR) polymorphisms are reported to affect ADCC induced by 

monoclonal antibodies. To determine whether FCGR polymorphisms and KIR/HLA 

mismatch are associated with the survival following ch14.18-based immunotherapy, 

fast and reliable genotyping methods that allow for genotype determination of 

FCGR2A, -3A, -3B, KIR2DL1, 2DL2, 2DL3, and 3DL1 have been established and 

applied to the analysis of 53 NB patients treated with ch14.18/CHO. 

Genomic DNA was isolated from the whole blood of 53 NB patients who were treated 

in the Department of Pediatric Hematology and Oncology of the University Medicine 

Greifswald in a compassionate use program with up to six cycles of ch14.18/CHO in 

combination with IL-2. KIR/HLA genotypes and FCGR2A, -3A and -3B polymorphisms 

were determined by using a melting-curve analysis following real-time PCR. 

Subsequently, association of FGCR polymorphisms and KIR/HLA genotypes with 

overall survival (OS) and event-free survival (EFS) was determined by using a log-rank 

test. 

High-affinity polymorphisms of FCGR2A (H131) and FCGR3A (V158) were associated 

with improved survival. Importantly, patients displaying both the FCGR3A-V158 and 

FCGR2A-H131 alleles exhibited significantly improved EFS. No association was found 

between KIR/HLA genotypes or FCGR3B alleles and patients’ survival in our patient 

cohort. 

We have demonstrated the impact of FCGR2A and -3A genotypes in response to 

ch14.18/CHO immunotherapy in combination with IL2. FCGR2A and -3A might 

therefore provide a prognostic marker when conducting ch14.18/CHO-based 

immunotherapy. 



4 

 

 



5 

 

Table of contents 

Summary ........................................................................................................... 3 

Table of contents .............................................................................................. 5 

List of figures .................................................................................................... 8 

List of tables ..................................................................................................... 9 

Abbreviations .................................................................................................. 10 

1 Introduction........................................................................................... 14 

1.1 Background ............................................................................................ 14 

1.2 Tumorigenesis of neuroblastoma ........................................................... 16 

1.2.1 Neutrophins and their receptors ................................................... 16 

1.2.2 Ploidy of neuroblastoma ............................................................... 17 

1.2.3 Oncogenes and tumor suppressor genes in neuroblastoma ........ 17 

1.2.4 Biological and genetic model of neuroblastoma development ...... 19 

1.3 Clinical presentation of neuroblastoma ................................................... 19 

1.4 Diagnosis of neuroblastoma ................................................................... 21 

1.5 Staging of neuroblastoma ....................................................................... 22 

1.6 Therapy of neuroblastoma ...................................................................... 23 

1.6.1 Therapy of low- and intermediate-risk neuroblastoma .................. 24 

1.6.2 Therapy of high-risk neuroblastoma ............................................. 24 

1.7 Immunotherapy of neuroblastoma .......................................................... 25 

1.7.1 Anti-GD2 antibodies ...................................................................... 25 

1.7.2 Development of ch14.18/CHO ...................................................... 26 

1.7.3 CDC in immunotherapy ................................................................ 27 

1.7.4 ADCC in immunotherapy .............................................................. 27 

1.8 Role of Fc gamma receptors in ch14.18/CHO immunotherapy .............. 28 

1.8.1 Fc gamma receptors .................................................................... 28 

1.8.2 FCGR polymorphisms .................................................................. 29 

1.9 Role of KIR in ch14.18/CHO immunotherapy ......................................... 31 

1.9.1 KIR ............................................................................................... 31 

1.9.2 KIR/HLA mismatch ....................................................................... 33 



6 

 

1.10 Summary ................................................................................................ 34 

2 Material .................................................................................................. 36 

2.1 Chemicals ............................................................................................... 36 

2.2 Consumables.......................................................................................... 37 

2.3 Devices ................................................................................................... 37 

2.4 Genotyping kits ....................................................................................... 38 

2.5 PCR agents ............................................................................................ 39 

2.6 PCR primer ............................................................................................. 39 

2.7 Plasmids ................................................................................................. 41 

2.8 Purification kits ....................................................................................... 44 

2.9 Software ................................................................................................. 44 

3 Methods ................................................................................................. 45 

3.1 Patient characteristics ............................................................................ 45 

3.2 Sample preparation ................................................................................ 46 

3.2.1 Buffy Coat and PMNC preparation ............................................... 46 

3.2.2 DNA isolation ................................................................................ 47 

3.3 Methods of molecular biology ................................................................. 47 

3.3.1 PCR .............................................................................................. 47 

3.3.2 qPCR ............................................................................................ 48 

3.3.3 Gel electrophoresis ...................................................................... 49 

3.3.4 Melting-curve analysis .................................................................. 50 

3.4 PCR-based genotyping .......................................................................... 51 

3.4.1 Establishing PCR-based genotyping ............................................ 51 

3.4.2 Validation of PCR-based genotyping ............................................ 53 

3.5 Genotyping methods .............................................................................. 56 

3.5.1 FCGR2A genotyping using PCR .................................................. 56 

3.5.2 FCGR2A genotyping using qPCR ................................................ 58 

3.5.3 FCGR3A genotyping using PCR .................................................. 59 

3.5.4 FCGR3A genotyping using qPCR ................................................ 61 

3.5.5 FCGR3B genotyping using PCR .................................................. 62 

3.5.6 FCGR3B genotyping using qPCR ................................................ 63 

3.5.7 KIR genotyping using qPCR ......................................................... 64 

3.5.8 HLA Ligand genotyping ................................................................ 66 



7 

 

3.6 Statistical methods ................................................................................. 66 

3.6.1 Genotype frequency analysis ....................................................... 67 

3.6.2 Survival analysis ........................................................................... 67 

4 Results .................................................................................................. 68 

4.1 Genotype analysis .................................................................................. 68 

4.1.1 FCGR frequencies ........................................................................ 70 

4.1.2 KIR/HLA frequencies .................................................................... 72 

4.1.3 KIR/HLA mismatch analysis ......................................................... 73 

4.2 Survival analysis ..................................................................................... 74 

4.2.1 Association between FCGR genotypes and survival .................... 74 

4.2.2 Association between KIR/HLA mismatch and survival ................. 79 

5 Discussion ............................................................................................ 81 

5.1 Impact of FCGR on ch14.18/CHO immunotherapy ................................ 81 

5.2 Future research possibilities regarding FCGR ........................................ 86 

5.3 Impact of KIR/HLA mismatch on ch14.18/CHO immunotherapy ............ 88 

5.4 Activating KIR and further research ........................................................ 89 

5.5 Summary and outlook ............................................................................. 91 

6 Bibliography.......................................................................................... 94 

Eidesstattliche Erklärung ............................................................................. 133 

Danksagung .................................................................................................. 134 



8 

 

List of figures 

Figure 1: Schematic illustration of PCR ............................................................ 48 

Figure 2: Schematic overview of the qPCR principle ........................................ 49 

Figure 3: Illustration of gel electrophoresis ....................................................... 50 

Figure 4: Illustration of post-PCR melting curves .............................................. 51 

Figure 5: Representative illustration of a gradient PCR result .......................... 52 

Figure 6: Plasmids which served as positive controls ....................................... 54 

Figure 7: Representative PCR result of FCGR2A genotyping of the two FCGR 

control plasmids ..................................................................................... 55 

Figure 8: Representative PCR result of FCGR2A genotyping .......................... 57 

Figure 9: Result of FCGR2A genotyping using melting-curve analysis ............ 59 

Figure 10: Representative PCR result of FCGR3A genotyping ........................ 60 

Figure 11: Result of FCGR3A genotyping using melting-curve analysis .......... 61 

Figure 12: Representative PCR result of FCGR3B genotyping ........................ 63 

Figure 13: Result of FCGR3B genotyping using melting-curve analysis .......... 64 

Figure 14: Association of FCGR2A genotype and patients’ survival ................. 75 

Figure 15: Association of FCGR3A genotype and patients’ survival ................. 76 

Figure 16: Association of FCGR3B genotype and patients’ survival ................. 77 

Figure 17: Frequencies and combination of distinct FCGR2A and FCGR3A  

genotypes. ............................................................................................. 78 

Figure 18: Association of combined FCGR2A and FCGR3A genotypes and 

patients’ survival..................................................................................... 79 

Figure 19: Association of KIR/HLA mismatch and patients’ survival. ................ 80 



9 

 

List of tables 

Table 1: The International Neuroblastoma Risk Group Staging System102 ....... 23 

Table 2: Killer immunoglobin-like receptor (KIR) family members180 ................ 32 

Table 3: Chemicals ........................................................................................... 36 

Table 4: Consumables ...................................................................................... 37 

Table 5: Devices ............................................................................................... 38 

Table 6: Genotyping kits ................................................................................... 38 

Table 7: PCR agents ........................................................................................ 39 

Table 8: PCR primer ......................................................................................... 40 

Table 9: Plasmids ............................................................................................. 43 

Table 10: Purification kits .................................................................................. 44 

Table 11: Software ........................................................................................... 44 

Table 12: Primers used for FCGR genotyping .................................................. 57 

Table 13: Primer used for KIR genotyping ........................................................ 65 

Table 14: Patient specific genotypes, OS and EFS .......................................... 68 

Table 15: FCGR genotype distribution ............................................................. 71 

Table 16: KIR/HLA ligand frequencies .............................................................. 72 

Table 17: KIR/HLA combinations ...................................................................... 73 



10 

 

Abbreviations 

ADCC antibody dependent cellular cytotoxicity 

BDNF brain-derived neurotrophic factor 

BLAST Basic Local Alignment Search Tool 

bsAbs bi-specific antibodies 

C3 complement component 3 

CD cluster of differentiation 

CDC complement dependent cytotoxicity 

CHO Chinese hamster ovaries 

CNV copy number variation 

CT computer tomography 

DC dendritic cells 

DNA  deoxyribonucleic acid 

dNTP deoxyribonucleotide 

EFS event-free survival 

FCGR Fc gamma receptor 

GM-CSF granulocyte-macrophage colony-stimulating factor 

HLA human leucocyte antigen 

HSCT hematopoietic stem cell transplantation 

HVA homovanillic acid 



11 

 

IL-2 Interleukin 2 

IFNγ Interferon gamma 

Ig immunoglobulin 

INPC International neuroblastoma pathology classification 

INRG International Neuroblastoma Risk Group 

INRGSS International Neuroblastoma Risk Group Staging System 

INSS International neuroblastoma staging system 

ITAM immunoreceptor tyrosine-based activation motifs 

ITIM immunoreceptor tyrosine-based inhibitory motifs 

KIR killer immunoglobin-like receptor 

LTI long term infusion  

MAC membrane attack complex 

MHC major histocompatibility complex 

MHC-I  class I major histocompatibility complex 

MIBG metaiodobenzylguanidine 

MKI mitosis-karyorrhexis index 

MRI magnetic resonance imaging 

MAX MYC-associated protein X 

NA neutrophil antigen 

NB neuroblastoma 



12 

 

NCBI National Center for Biotechnology Information 

NCI National Cancer Institute 

NGF nerve growth factor 

NK cells natural killer cells 

NTC non-template control  

OMA opsoclonus-myoclonus-ataxia 

OS overall survival 

PCR polymerase chain reaction 

PMNC peripheral blood mononuclear cell 

POG Pediatric Oncology Group 

qPCR real-time polymerase chain reaction 

SHP Src homology 2 domain tyrosine phosphatase 

SIOPEN International Society of Pediatric Oncology Europe Neuroblastoma 

SNP single nucleotide polymorphisms 

TNM tumor-node-metastasis 

TNF Tumor necrosis factor 

Trk A Tropomyosin receptor kinase A 

Trk B Tropomyosin receptor kinase B 

UV ultra violet 

VMA vanillylmandelic acid  



13 

 

 

 

 

 



14 

 

1 Introduction 

1.1 Background 

Neuroblastoma is the most common extracranial solid tumor in childhood, accounting 

for around 15% of all pediatric oncology deaths.1,2 It originates from the 

sympathoadrenal lineage of the neural crest and can occur anywhere in the 

sympathetic nervous system.2 Neuroblastoma is an embryonal tumor and usually 

develops early in life and is diagnosed at a median age of about 17 months.3,4 Around 

65% of primary tumors arise within the abdomen originating from the adrenal medulla. 

The neck, chest, and pelvis represent other common sites of the disease.2 The initial 

clinical presentation is highly variable between patients: Some have tumors that cause 

no symptoms at all, others suffer from severe illness due to disseminated disease or 

invasion of vital organs and tissues.3 Due to the broad spectrum of clinical behavior, 

the international neuroblastoma staging system (INSS) has been developed to 

facilitate proper management of the disease.5,6 In addition, research has identified 

many other prognostic factors, including age, histology, and tumor genetics.7 

Appropriate treatment of neuroblastoma depends on the distinct combination of these 

factors and the stage of disease. While most patients presenting with INSS Stage 1 

tumors are cured after surgery alone; patients suffering from Stage 4 disease require 

extensive treatment, including cytotoxic chemotherapy.4,7 Although the prognosis of 

patients with neuroblastoma has improved in recent decades, it remains poor for Stage 

4 patients with three-year EFS rates as low as 30%.8,9  

One of the major advances in the treatment of these patients has been made by the 

introduction of immunotherapy. It relies on antibodies targeting GD2, which is a tumor-

specific antigen.8 GD2 is a disialoganglioside which is present on the cell membrane of 

neuroblastoma cells at a high density.10,11 Importantly, antigen loss occurs rarely.11,12 

Several anti-GD2 antibodies have been developed, that significantly prolong event-free 

survival.1,8,13 Yu et al.1 were able to demonstrate increases of 20% and 11% in event-

free and overall survival of high-risk neuroblastoma patients two years after 
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randomization to short-term infusion of the human/mouse chimeric antibody ch14.18. 

Due to these promising results, the International Society of Pediatric Oncology 

European Neuroblastoma Group (SIOPEN) initiated production of ch14.18 in Chinese 

hamster ovary (CHO) cells, which is the mammalian cell line most commonly used for 

industrial production of recombinant protein therapeutics, thereby making 

ch14.18/CHO available in Europe.14,15  

The Pediatric Oncology Department of Greifswald University Hospital is currently 

conducting clinical trials using the anti-GD2 antibody ch14.18/CHO. In particular its 

effects on patients’ survival constitute an important endpoint of the long term infusion 

(LTI) study (Eudra CT: 2009-018077-3). The therapeutic effects of antibodies such as 

ch14.18/CHO depend on the activation of the innate immune system including 

antibody-dependent cellular cytotoxicity (ADCC) and complement-dependent 

cytotoxicity (CDC) .8,16,17 While both ADCC and CDC play an essential role, recent 

research suggests that ADCC is more important.17 Taking into account that activation 

of leukocytes is crucial for therapeutic effects in patients undergoing immunotherapy, 

the activating and inhibitory receptors of leukocytes are increasingly subject to 

neuroblastoma research.18–20 In this context, genetic variation of Fc gamma receptors 

(FCGR) and killer-immunoglobulin-like receptors (KIR) is important, with several 

studies suggesting a prognostic value of receptor genotyping.21–23 In recognition of 

these results, establishing reliable genotyping procedures is important to further 

understand the mode of action of ch14.18/CHO. Systematic FCGR and KIR genotype 

analysis would also allow us to assess the prognostic potential when using 

ch14.18/CHO. In the future FCGR and KIR genotypes might serve as biomarkers of 

response and outcome of high-risk neuroblastoma patients receiving immunotherapy.  

Within the scope of this thesis, polymerase chain reaction (PCR) procedures were 

developed that allow fast and reliable receptor genotyping of FCGR and KIR. After 

extensive validation of the newly established methods, genotypes were determined for 

53 patients enrolled in the SIOPEN ch14.18/CHO LTI study. Subsequently, the 

prognostic value of receptor genotyping was assessed by examining any association 

between distinct genotypes and patients’ survival.  
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1.2 Tumorigenesis of neuroblastoma 

As described above, neuroblastoma originates from the sympathoadrenal lineage of 

the neural crest.2,24 The neural crest is a multipotent stem cell population that arises 

during neurulation between the neuroepithelium and the prospective epidermis.25 This 

cell population gives rise to a variety of cell types, including neurons and glial cells of 

the peripheral nervous system, pigment cells, Schwann cells, and adrenal medullary 

cells.25,26 The subset of cells which contributes to the development of the sympathetic 

ganglia and medullary region of the adrenal gland is commonly referred to as the 

sympathoadrenal lineage.27,28 The origin of neuroblastoma is proposed to lie within this 

lineage of cells, but it is likely that neuroblastoma can also arise from earlier crest 

derivatives, which might provide an explanation for the heterogeneous course of the 

disease.24,28 

1.2.1 Neutrophins and their receptors 

The time of malignant transformation was also considered crucial when Brodeur et al.29 

first proposed a model of tumorigenesis for neuroblastoma. Their proposal was based 

on a variety of genetic observations and provides a conceptual model for the genetic 

evolution of neuroblastoma.30 Normal development of the sympathetic nervous system 

depends on neurotrophin signaling, with neurotrophins such as nerve growth factor 

(NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 and neurotrophin-4 

being essential for its formation.30,31 Their signaling receptors are tyrosine protein 

kinases of the Trk family, including TrkA and TrkB.31 TrkA acts as the a receptor for 

NGF, which promotes differentiation.30 Withdrawal of NGF, on the other hand, induces 

apoptosis of developing neurons.32,33 BDNF and neurotrophin-4 are bound by TrkB, 

promoting cell growth and survival. As many tumors express and secrete BDNF, TrkB 

provides an autocrine pathway to stimulate further growth.34 Therefore, the expression 

pattern of neurotrophin receptors at the time of malignant transformation might 

determine the degree of neuroblastic differentiation.30 Accordingly, TrkA expression is 

associated with favorable tumor stage and younger age, possibly due to dependence 

on NGF to maintain growth.35,36 TrkB expression, on the other hand, is often seen in 
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high-risk tumors.37 Due to the autocrine production of BDNF, these tumors display 

continuous growth despite the absence of physiologically produced neurotrophins.30,34 

1.2.2 Ploidy of neuroblastoma 

Differences between favorable and unfavorable tumors are associated with ploidy of 

neruroblastoma cells. A hyperdiploid or near-triploid DNA index is typically seen in 

favorable neuroblastomas, especially those occurring in infancy.30 In contrast, the DNA 

content of advanced tumors tends to be either near-diploid or near-tetraploid.38–40 As 

these tumors display various chromosomal rearrangements—such as amplification, 

deletion, and unbalanced translocations—diploidy and tetraploidy are regarded as 

signs of generalized genomic instability.29,30 These circumstances might be required 

for actual development of many of the genetic aberrations frequently observed in high-

risk neuroblastoma. Though the role of ploidy in tumorigenesis of neuroblastoma is not 

completely understood, its prognostic significance is widely confirmed.41–43 

1.2.3 Oncogenes and tumor suppressor genes in neuroblastoma 

In addition to the observations mentioned so far, investigations have identified several 

other genetic alterations that correspond to current concepts of tumorigenesis, 

involving both oncogene activation and tumor suppressor gene inactivation.30,44 

The genomic aberration with the highest prognostic value to date is the amplification 

of the MYCN oncogene.2,45 It occurs in approximately 20% of all neuroblastomas and 

is highly correlated with advanced stages of the disease and rapid tumor 

progression.2,46–48 MYCN amplification ranges from 3- to 300-fold and can display a 

large heterogeneity within a tumor, not only at different tumor sites, but also at different 

times during the course of the disease. 46,48–50 The MYCN oncogene belongs to the 

MYC family of transcription factors.51 During the embryonal development of the 

nervous system physiologic expression of MYCN leads to the formation of 

heterodimers with the MYC-associated protein X (MAX) and the emerging MYCN/MAX 

heterodimers are able to induce transcription.52–54 Although MAX-independent MYCN 

activity has been described, many of its functions rely on the heterodimerization with 
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MAX.55,56 Under physiologic conditions, MAX expression is high resulting in the 

formation of MAX/MAX homodimers that repress transcription.30 However, increased 

MYCN production due to genomic amplification results in increased MYCN/MAX 

heterodimerization and consecutive activation of a series of growth-promoting 

genes.30,57,58 Additional association with TrkB expression makes MYCN-amplified 

tumors a highly aggressive subset of neuroblastomas marked by rapid tumor 

progression and poor prognosis.34,45,46,59 

Apart from MYCN amplification, gain of genetic material is also observed in the form 

of translocation of the long arm of chromosome 17 (17q), which is one of the most 

frequent genetic alterations in neuroblastoma.60–63 Although its contribution to 

neuroblastoma tumorigenesis is still subject of current research, 17q gain is considered 

to be of tremendous prognostic significance due its association with advanced-stage 

disease, patient age >1 year, 1p deletion, and MYCN amplification.63,64 

Another oncogene of particular importance in the genesis of neuroblastoma is the 

anaplastic lymphoma kinase (ALK). ALK is a receptor tyrosine kinase and is a member 

of the insulin-receptor superfamily.65,66 Mutations within the ALK gene were initially 

identified in genetic analyses of patients with hereditary neuroblastoma.67 However, 

recent research suggests that they can occur in sporadic cases as well.68,69 ALK 

expression is usually restricted to the developing nervous system, thereby indicating a 

role in the regulation of neuronal differentiation.65,70,71 Both hereditary and somatic 

mutations lead to increased activity, some even to constitutive activity of ALK.69,72 As 

a result, cytokine-independent growth and tumor-formation have been observed.66,72  

Loss of genetic material is also frequently observed in neuroblastoma and possibly 

contributes to tumorigenesis in case a tumor suppressor gene is involved. The most 

common aberrations are loss of the long arm of chromosome 11 (11q) and loss of the 

short arm of chromosome 1 (1p) occurring in about 44% and 33% of primary 

neuroblastomas, respectively.73,74 Loss of 1p can be the result of an unbalanced 

translocation of 17q and is therefore correlated to MYCN amplification and 17q 

gain.63,75 However, it was shown that 1p loss represents an independent prognostic 

marker in neuroblastoma, suggesting that 1p loss plays an important role in 
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tumorigenesis on its own.76,77 In contrast to the loss of 1p, 11q loss shows an inverse 

correlation with MYCN amplification.73 As 11q loss is associated with adverse clinical 

features including late-stage disease and poor outcome, it is considered to be an 

important prognostic marker in the absence of MYCN amplification.78–80 

1.2.4 Biological and genetic model of neuroblastoma development 

Although the origin of neuroblastoma remains obscure, molecular biology provides a 

basic understanding of its genesis. Based on the findings described above, Maris and 

Matthay30 propose a hypothetical model to serve as a framework for explaining the 

remarkable heterogeneity of its clinical presentation. According to this model, an 

uncommitted neuroblastic cell is the origin of tumorigenesis. Depending on the degree 

of differentiation at the time of neoplastic transformation, the main neurotrophin 

receptor present will be either TrkA or TrkB. TrkA-expressing tumors (Type 1) are 

usually favorable due to their ability to either differentiate in response to NGF or to 

enter apoptosis in the absence of NGF.30  

TrkB-expressing tumors tend to have generalized genomic instability, often resulting 

in the unbalanced gain of distal 17q material. Gain of 17q can be accompanied by loss 

of 11q, which usually occurs without loss of 1p or MYCN amplification (Type 2).30 

However, tumors with both 17q gain and 1p loss often show MYCN amplification, 

representing a highly aggressive subset of neuroblastoma tumors (Type 3).30 

1.3 Clinical presentation of neuroblastoma 

In line with the variable molecular biology of neuroblastoma described above, its 

clinical behavior is characterized by a remarkable heterogeneity. Despite the broad 

spectrum of clinical presentation, three main scenarios are commonly observed.2 

Around 40% of patients present with localized tumors, while about half of patients show 

evidence of metastatic disease.2 In addition to these two major scenarios, D’Angio et 

al.81 describe a distinct clinical phenotype that shows a favorable prognosis despite 

widespread metastasis. It represents the MS stage of the currently used International 
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Neuroblastoma Risk Group Staging System (INRGSS), and it represents about 10% 

of cases.82,83 Stage MS neuroblastoma occurs in infancy and is associated with 

spontaneous regression due to favorable biologic features.84 

Localized tumors do have a better prognosis in general but can be very large and 

invade local tissues. Tumors with intraspinal extension may also cause compression 

of nerve roots and the spinal cord. Neurological deficits such as motor weakness, pain 

and sensory loss are described in up to 5% of neuroblastoma cases.85,86 Localized 

neuroblastomas are also associated with opsoclonus-myoclonus-ataxia (OMA): a 

paraneoplastic syndrome that occurs in about 2-3% of all cases.87 It is characterized 

by neurological features such as opsoclonus (rapid, multidirectional, conjugate eye 

movement), myoclonus, and ataxia, often resulting in long-term neurological 

impairment.88 In general, however, localized neuroblastomas can be considered 

favorable, as they are usually treatable by surgery alone.89 

Patients with disseminated disease often present with severe illness. The disease can 

involve locoregional lymph nodes and can spread to distant sites such as cortical bone, 

bone marrow, and liver. Typical features include periorbital ecchymoses (raccoon 

eyes) as a result of metastasis to the bony orbit. Involvement of bone and bone marrow 

can cause bone pain, limping, and bone marrow suppression.2 The long-term survival 

of patients suffering from widespread neuroblastoma is very poor.90,91 

In contrast, MS neuroblastomas, characterized by small localized primary tumors with 

metastasis into liver, skin, or bone marrow, show spontaneous regression in the 

majority of cases.81,82 Although the course of the disease is generally favorable due to 

its favorable biologic features, infants younger than two months can present with 

extensive and rapidly progressive intrahepatic expansion of neuroblastoma that can 

lead to respiratory, renal, and gastrointestinal impairment.2,83,92 
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1.4 Diagnosis of neuroblastoma 

Exact criteria for diagnosis of neuroblastoma are important as the clinical presentation 

varies widely. 

The diagnosis of neuroblastoma is established if,  

(1) unequivocal pathologic diagnosis is made from tumor tissue by light 

microscopy (with or without immunohistology, electron microscopy, increased 

urine or serum catecholamines or metabolites) or  

(2) bone marrow aspirate or trephine biopsy contains unequivocal tumor cells 

and increased urine or serum catecholamines or metabolites.6  

To establish the diagnosis by histopathology is usually a straight forward procedure. 

However, in light microscopy neuroblastoma may be confused with a variety of tumors, 

such as Ewing's sarcoma, peripheral neuroepithelioma, rhabdomyosarcoma, non-

Hodgkin's lymphoma, and acute megakaryoblastic leukemia.6 Therefore, 

immunohistochemistry specific for neuronal markers such as NSE, synaptohpysin and 

ganglioside GD2 are important in this context. When establishing the diagnosis of 

neuroblastoma, the analysis of catecholamines and catecholamine metabolites in the 

urine or the serum is an essential component. These metabolites include homovanillic 

acid (HVA) and vanillylmandelic acid (VMA), thus underlining the adrenergic origin of 

neuroblastoma. Pathological and laboratory investigations are accompanied by 

radiological imaging. Computer tomography (CT), magnetic resonance imaging (MRI), 

and [123I]meta-iodobenzylguanidine (123I-mIBG) scintigraphy are routinely 

performed.93,94 Abdominal, pelvic, and mediastinal tumors are preferably assessed by 

MRI, which also allows for proper imaging of paraspinal lesions and is especially 

helpful when intraspinal extension is present.2,94 Metastatic involvement of bone and 

bone marrow can be detected by mIBG scans. Metaiodobenzylguanidine (mIBG) is a 

guanethidine derivative and an analogue of norepinephrine. The vast majority of 

neuroblastomas express the norepinephrine transporter, and the tracer therefore 

shows enrichment in around 90% of cases.95 In conclusion, the variability of clinical 
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and biological behavior of neuroblastoma requires extensive pathological, laboratory, 

and radiological testing in order to perform proper staging and risk stratification. 

1.5 Staging of neuroblastoma 

To ensure appropriate management of patients with neuroblastoma, numerous staging 

systems have been developed, thereby facilitating risk stratification. Interestingly, the 

tumor-node-metastasis (TNM) system developed for adult malignancies was not 

helpful for neuroblastoma, and is therefore rarely used for this disease.96–98 

Accordingly, a neuroblastoma specific staging system was developed by Audrey 

Evans in 1971 and it was further refined in the following decades.99 Eventually it gave 

rise to the International neuroblastoma staging system (INSS) which is based on 

clinical features of the disease. The INSS was developed and published in 1988 and 

its predictive prognostic value was confirmed in additional research.5,96,100  

Since the INSS can only be used for staging after surgery, it has been replaced by a 

pre-treatment risk classification system, the International Neuroblastoma Risk Group 

Staging System (INRGSS), which is shown in Table 1.101,102 The INRGSS uses 

preoperative radiological features and image-defined risk factors (IDRFs) to stratify 

neuroblastoma patients.102,103 The term IDRF refers to a variety of clinical features that 

are associated with an increased risk, such as tumor extension within two body 

compartments, encasing of major blood vessels or infiltration of vital organs.102 

Depending on the absence or presence of IRDFs, locoregional disease is staged as 

Stage L1 or Stage L2, respectively. Stage M indicates the presence of disseminated 

disease, whereas Stage MS refers to metastatic disease in children younger than 18 

months with metastases confined to skin, liver, and/or bone marrow.102,104  

As soon as tumor histology has been assessed, further risk stratification of 

neuroblastoma patients can be performed by using the international neuroblastoma 

pathology classification (INPC). Tumor classification based on histopathological 

features was first described by Shimada et al.105 in 1984. Tumors were then classified 

as favorable or unfavorable depending on their organizational pattern, patient's age at 
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diagnosis, degree of maturation, and the mitosis-karyorrhexis index (MKI) of the 

neuroblastic cells.105 In the framework of the INPC, these histopathological features 

provide tremendous prognostic value with three-year event-free survival of 85% for 

patients with a favorable histology and 41% for patients with an unfavorable 

histology.106,107 

Table 1: The International Neuroblastoma Risk Group Staging System102 

Stage Description 

L1 Localized tumor not involving vital structures as defined by the list of image-

defined risk factors and confined to one body compartment 

L2 Locoregional tumor with presence of one or more image-defined risk factors 

M Distant metastatic disease (except stage MS) 

MS Metastatic disease in children younger than 18 months with metastases 

confined to skin, liver, and/or bone marrow 

 

Recently, the International Neuroblastoma Risk group (INRG) classification system 

has been introduced to stratify neuroblastoma patients into low-, intermediate- and 

high-risk patients.101 It is based on the determination of the INRGSS Stage as well as 

several clinical and biological features, such as patient age, tumor histological category 

and grade of tumor differentiation, MYCN gene amplification status, chromosome 11q 

aberration, and DNA ploidy.101,103,104 The INRG classification system allows pre-

treatment risk stratification, which helps clinicians to optimize therapy of 

neuroblastoma.101  

1.6 Therapy of neuroblastoma 

The most appropriate treatment strategy takes into account the remarkable 

heterogeneity of neuroblastoma. Surgery, chemotherapy, blood stem cell 
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transplantation, radiotherapy, and biotherapy are important treatment components. 

Under selected circumstances it is appropriate to follow a watch and wait strategy.2,7 

Management is based on risk stratification in consideration of the risk factors described 

above. Numerous trials have been carried out in recent decades to determine the 

optimal therapy for distinct risk groups, and clinical recommendations are constantly 

subject to change. 

1.6.1 Therapy of low- and intermediate-risk neuroblastoma 

Surgery alone is sufficient for initial therapy in most localized neuroblastomas, even if 

complete resection is not achieved.82,108,109 As spontaneous regression of 

neuroblastoma occurs frequently, careful observation might be the appropriate 

management in selected localized tumors, in particular under the age of 18 months.110–

114  

Localized neuroblastoma with unfavorable biology, on the other hand, usually requires 

moderately intensive chemotherapy followed by surgical tumor resection. 

Chemotherapeutics used include anthracyclines, Topoisomerase II inhibitors, 

alkylating agents, and platinum derivatives, and the administered dosage has to be 

selected carefully according to the biological features of the tumor.115–118 

1.6.2 Therapy of high-risk neuroblastoma  

Treatment of widespread neuroblastoma remains challenging, and prognosis of 

patients presenting with disseminated disease is still poor despite tremendous 

scientific efforts. Currently, high-risk patients receive intensive induction therapy using 

a variety of cytotoxic agents, such as cisplatin, etoposide, doxorubicin, 

cyclophosphamide, and vincristine.119 Topotecan is used successfully in relapsed 

neuroblastoma, and its potential role in induction therapy is currently evaluated.120–122 

Induction therapy is accompanied by surgery and radiotherapy for resection of gross 

residual disease. Subsequently, myeloablative therapy is carried out followed by 

autologous stem cell transplantation.90 Relapse due to minimal residual disease is 

frequently observed after autologous transplantation, and biological agents such as 
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retinoids are therefore added to current treatment regimens.1 13-cis-retinoic acid is the 

retinoid currently used, although recent research has revealed promising therapeutic 

effects of other retinoids such as fenretinide.123,124 However, the most impressive 

progress made in recent years is the introduction of an anti-GD2 immunotherapy 

regimen administered after autologous stem-cell transplantation. Yu et al.1 recently 

investigated the therapeutic effects of anti-GD2 antibody ch14.18 in combination with 

granulocyte-macrophage colony-stimulating factor (GM-CSF) and Interleukin-2 (IL-2) 

and showed a significant advantage of immunotherapy compared to standard therapy. 

Event-free-survival at two years increased from 46% to 66%, and the study was 

discontinued prematurely in favor of immunotherapy.1 

According to these results, anti-GD2 antibodies like ch14.18 constitute promising 

agents in the treatment of high-risk neuroblastoma, and further investigation of ch14.18 

and its mechanism of action appears to be of particular importance. 

1.7 Immunotherapy of neuroblastoma 

1.7.1 Anti-GD2 antibodies 

Tumors of neuroectodermal origin such as neuroblastoma express the 

disialoganglioside antigen GD2 on their surface.10,125 GD2 is regarded as a tumor 

specific antigen as GD2 expression shows little heterogeneity between neuroblastic 

cells, and expression in normal tissues is restricted to neurons, skin melanocytes and 

peripheral pain fibers.8,12 The potential of GD2 as an immunotherapeutic target has 

been acknowledged by the National Cancer Institute (NCI), which considers GD2 as 

one of the most promising cancer antigens.126 The anti-GD2 monoclonal antibodies 

which are subjected to intensive clinical testing are murine 3F813,127,128, murine 

14G2a129,130, and chimeric ch14.181,131. To reduce the immunogenicity associated with 

murine antibodies, chimeric GD2-antibody ch14.18 was developed, which is less 

immunogenic and more effective.132 Co-treatment with cytokines such as IL-2 and GM-

CSF was shown to further augment antitumor effects, and cytokine/antibody 

combinations were regularly used in recent trials.133–135 However, research reveals that 
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antitumor effects on bulky disease are limited and suggests minimal residual disease 

to be the main area of application.8,136 In addition treatment-induced toxicity can be a 

limiting factor, as severe neuropathic pain, fever, nausea/vomiting, urticaria, 

hypotension, mild to moderate capillary leak syndrome, and neurotoxicity are 

frequently observed adverse effects.137  

1.7.2 Development of ch14.18/CHO  

Anti-GD2 antibody ch14.18 became available for clinical trials in Europe after recloning 

into Chinese hamster ovary (CHO) cells, named ch14.18/CHO. Its clinical development 

was the result of a joint effort by the International Society of Paediatric Oncology 

European Neuroblastoma (SIOPEN), which is an international organization bringing 

together healthcare professionals from across Europe and beyond to improve 

treatments for children with neuroblastoma.138 After the safety profile of ch14.18/CHO 

was successfully established, several clinical trials were initiated by SIOPEN to assess 

the therapeutic potential of ch14.18/CHO.139 

Pediatric oncologists at the University of Greifswald started investigating the 

application of ch14.18/CHO as a long-term infusion (LTI) to reduce associated 

toxicities. Instead of standard infusion of 20 mg/m2/d ch14.18 over eight hours on five 

subsequent days as commonly done, the same cumulative dose of 100 mg/m2/cycle 

was infused over 10 days. To ensure that LTI did not negatively affect the therapeutic 

effectiveness of ch14.18/CHO, its serum levels and patient-specific ADCC and CDC 

were closely monitored throughout therapy.138,140 Interestingly, our research group 

showed that patient-specific ADCC levels were variable on day eight of antibody 

infusion in contrast to the ch14.18/CHO concentration and CDC activity, which were 

similar between all the patients analyzed.14 Bearing in mind that ADCC represents the 

main mechanism of action of ch14.18/CHO, variations in ADCC levels might influence 

the success of ch14.18/CHO immunotherapy. 

The cytotoxic activity of effector cells such as NK cells, neutrophils, monocytes, and 

macrophages is needed for successful tumor cell lysis. Therefore, analysis of the cell 

receptors mediating this activity is of particular interest. 
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Monoclonal antibodies mediate their therapeutic effects mainly via ADCC and CDC, 

and intensive research has been performed to reveal the interactions of antibodies with 

the innate immune system. 

1.7.3 CDC in immunotherapy 

Binding of monoclonal antibodies to the tumor cell surface can result in complement 

activation and proteolytic cleavage of complement component 3 (C3).141 Its fragments 

either serve as opsonins promoting phagocytosis, induce formation of the membrane 

attack complex (MAC), or constitute inflammatory peptides.142 Complement activation 

has been shown to be essential for the therapeutic activity of some monoclonal 

antibodies, and its role in anti-GD2 immunotherapy has therefore been 

investigated143,144. Interestingly, Zeng et al.15 demonstrate CDC to be a mechanism of 

tumor-specific lysis in ch14.18/CHO treated neuroblastoma bearing mice.  

1.7.4 ADCC in immunotherapy 

Cytotoxic activity of monoclonal antibodies is mainly elicited by NK cells.145 However, 

activation of granulocytes seems to contribute significantly to the tumor lysis mediated 

by monoclonal antibodies.16,146,147 Several different pathways are involved in antibody-

dependent NK-mediated tumor cell lysis: exocytosis of cytotoxic granules, signaling via 

TNF family death receptors, and pro-inflammatory cytokine release, such as Interferon 

gamma (IFNγ).145 While degranulation and signaling via TNF family death receptors 

induce target cell apoptosis, release of IFNγ leads to the activation of nearby immune 

cells.145,148,149 As these immune functions are mediated by different subsets of NK 

cells, the respective contribution of the different pathways to tumor cell lysis remains 

unclear.150,151 Nonetheless, ADCC is considered the main mechanism of action of 

monoclonal antibodies, and anti-GD2 antibodies have been shown to effectively induce 

ADCC.138  
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1.8 Role of Fc gamma receptors in ch14.18/CHO 

immunotherapy 

1.8.1 Fc gamma receptors  

Monoclonal antibodies such as ch14.18/CHO induce cellular immune functions 

through Fc gamma receptors(FCGR).146 So far, four different classes of Fc receptors 

have been identified: FCGR1(CD64), FCGR2 (CD32), FCGR3 (CD16), and FCGR4.152 

Each class can be further divided into different isoforms, which differ in their function.153  

FCGR1 is constitutively expressed on a variety of mononuclear cells such as 

monocytes, macrophages, and dendritic cells.153 Being expressed on all myeloid cells, 

FCGR2A is considered to be the most widely distributed subclass.153 In contrast, 

expression of FCGR2B and C are far more limited, with FCGR2B being expressed on 

monocytes and FCGR2C on NK cells.154,155 FCGR3A was shown to be expressed on 

monocytes, macrophages, and NK cells, while FCGR3B is mainly present on the 

surface of neutrophils.156 Nimmerjahn at el.157 describe an additional FCGR named 

FCGR4, which was found to be expressed on a variety of myeloid cells such as 

monocytes, dendritic cells, and neutrophils. 

Regarding their function, FCGRs can be divided into activating and inhibitory receptors 

which mediate their signals via immunoreceptor tyrosine-based activation (ITAM) or 

inhibitory motifs (ITIM), respectively.152,158 Upon binding to an activating FCGR, 

monoclonal antibodies are able to induce tumor cell lysis through ADCC.159,160 

Inhibitory activity requires co-ligation of ITIM-containing receptors such as FCGR2B 

with ITAM-containing receptors.153,161 Subsequent phosphorylation of the tyrosine in 

the ITIM by an ITAM-associated tyrosine kinase results in inhibition of ITAM-mediated 

effects.161,162 

While most innate immune cells express both inhibitory and activating FCGR, NK cells 

constitutively express only the activating FCGR3A and FCGR2C making them the 

main effector cells of ADCC.146,154,163 Accordingly, depletion of NK-cells leads to a 

reduced anti-neuroblastoma response of ch14.18/CHO in vivo.15 In addition, 
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stimulating NK cell activation with cytokines such as IL-2 has been shown to further 

increase the anti-tumor effect of monoclonal antibodies.133,164 FCGR2A-expressing 

leukocytes, such as monocyte-derived dendritic cells (DC), B cells, and granulocytic 

cells, are able to mediate ADCC as well but to a lesser extent.146,147 

1.8.2 FCGR polymorphisms 

As the importance of FCGR in immunotherapy based on monoclonal antibodies has 

become evident, single nucleotide polymorphisms (SNPs) in genes encoding for 

FCGRs have received increased scientific attention. The term SNPs refers to single 

base changes in genes which are observed at a significant frequency in a population 

(usually more than 1% is considered significant).165 If located in the coding region of a 

gene, SNPs often result in amino acid changes in the encoded protein. These changes 

may lead to an altered function of affected proteins.165–168 Regarding the use of 

monoclonal antibodies in cancer therapy, certain SNPs in the FCGR genes appear to 

be clinically significant.21,23,165  

One polymorphism which has received greater attention (denoted as rs1801274) is a 

C-to-T substitution in the encoding FCGR2A gene, thereby changing the amino acid at 

Position 131 from histidine (H) to arginine (R).166,169 This polymorphism is usually 

described by its amino acid change as H131R (using the one-letter amino acid 

nomenclature).165 In binding studies, the FCGR2A-H131 allotype displays higher 

binding efficiency for human IgG2 and IgG3 compared to FCGR2A-R131.153,170 Due to 

the unique ability of FCGR2A-H131 to interact efficiently with human IgG2, the 

functional consequences of this polymorphism are shown in the following studies. 

Leucocytes of FCGR2A-R131-homozygous donors internalize IgG2-opsonized 

particles poorly, while efficient phagocytosis has been observed in the presence of 

FCGR2A-H131.153,170,171 Importantly, the efficacy of IgG1 is affected by the FCGR2A-

H131R polymorphism as well.170 Various studies have reported association of 

FCGR2A-H131 alleles with response to IgG1 monoclonal antibodies including 

hu14.18.21,172–174 According to these results, an influence of the FCGR2A-H131R 

polymorphism on patients’ response to ch14.18/CHO appears to be probable.  
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When considering FCGR2A function, another polymorphism within the encoding 

FCGR3B gene should be mentioned as neutrophils express both FCGR2A and 

FCGR3B. It refers to a substitution of four amino acids that alters receptor glycosylation 

called neutrophil antigen (NA) polymorphism,.175 Although binding affinities for IgG1 

and IgG3 have been shown to be similar in NA1 and NA2 genotypes, phagocytosis of 

IgG-opsonized bacteria and IgG-sensitized erythrocytes increases in FCGR3B-NA1-

homozygous individuals.176,177 As neutrophils express both FCGR2A and FCGR3B, 

interaction between these receptors has been increasingly investigated. Recently, Van 

der Heijden et al.178 have reported that individuals homozygous for both FCGR3B-NA2 

and FCGR2A-H131 have an almost two-fold higher respiratory burst than those who 

are FCGR2A-R131R homozygous. These effects are reversed in FCGR3B-NA1/NA1 

donor cells, indicating a functional impact of the NA polymorphism on neutrophil 

activity.178  

While the importance of the FCGR3B-NA1/NA2 genotype in response to 

immunotherapy remains unclear, neutrophils certainly mediate antibody-induced 

antitumor effects in vivo.179 Therefore further investigations of the association between 

the FCGR3B-NA1/NA2 genotype and response to anti-GD2 antibodies such as 

ch14.18/CHO are of great interest. 

Another FCGR-encoding polymorphism of particular importance is a T-to-G 

substitution (denoted rs396991) at nucleotide 559 in the genomic sequence of 

FCGR3A which changes valine (V) to phenylalanine (F) at amino acid position 

158.153,167,168 Binding of human IgG1 and IgG3 were increased in FCGR3A-V158-

homozygous donors, thereby promoting NK cell activation.167  

Accordingly, the FCGR3A-V158F genotype was reported to affect response to 

immunotherapy using a variety of IgG1 monoclonal antibodies.21,173,174 A similar 

association between the FCGR3A-V158F genotype and the anti-tumor response of 

ch14.18/CHO appears to be possible given that ch14.18/CHO is an IgG1 antibody 

itself, which mediates many of its effects via NK cell activation. 
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1.9 Role of KIR in ch14.18/CHO immunotherapy 

1.9.1 KIR 

When considering NK cell function, another group of receptors is of great importance. 

One fundamental NK cell function is their ability to detect and eliminate cells lacking 

expression of class I major histocompatibility complex (MHC-I) molecules..180–182 To 

recognize MHC-I molecules, mature NK cells express KIR.183Both activating or 

inhibitory KIR exist and the balance of inhibitory and activating signals determines NK 

cell activity..145 Activating and inhibitory KIR may share the same ligands, but as 

inhibitory KIR tend to bind their ligands with greater affinity, inhibitory signals usually 

outweigh their activating counterparts.145,184,185  

Fourteen different KIR genes encoding both inhibitory and activating receptors have 

been described, which are shown in Table 2.180,186 KIR are named dependent on two 

structural features:the number of extracellular Ig-like domains (2D, two domains versus 

3D, three domains) and the length of the cytoplasmic tail (L, long tail versus S, short 

tail).180,186 In general, KIR function can be derived from its structure, as L receptors 

tend to be inhibitory and all S receptors are activating.180 An exception is KIR2DL4, 

which shares many characteristics with the activating receptors but contains a 

cytoplasmic immunoreceptor tyrosine-based inhibitory motif (ITIM).187  

Activating KIRs not only lack a cytoplasmic ITIM but have a charged transmembrane 

residue to associate with the accessory protein DAP12. DAP12, on the other hand, 

uses its cytoplasmic immunoreceptor tyrosine-based activation motif (ITAM) to 

mediate cellular activation.192  

Inhibitory KIR function relies on ITIMs, which are phosphorylated by Src-family protein 

tyrosine kinases upon KIR MHC-I interaction. Thus, docking sites for the Src homology 

region 2 domain-containing phosphatases (SHP) SHP-1 and SHP-2 are created, 

thereby allowing SHP-1/2 to suppress activating receptor signals.189–191  
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Table 2: Killer immunoglobin-like receptor (KIR) family members180 

KIR Ligand Function 

2DL1 HLA-C2 Inhibitory 

2DL2 HLA-C1 Inhibitory 

2DL3 HLA-C1 Inhibitory 

2DL4 HLA-G Activating 

2DL5A* Unknown Inhibitory 

2DL5B* Unknown Inhibitory 

3DL1 HLA-Bw4 Inhibitory 

3DL2 HLA-A3 and HLA-A11 Inhibitory 

3DL3 Unknown Inhibitory 

2DS1 HLA-C2 Activating 

2DS2 HLA-C1 Activating 

2DS3 HLA-C1 Activating 

2DS4 HLA-C Activating 

2DS5 Unknown Activating 

3DS1 HLA-Bw4? Activating 

*KIR2DL5 gene is duplicated and encoded in two loci of the KIR-gene cluster188 

 

As mentioned above, inhibitory and activating KIR share their MHC-I ligands due to 

genetic homology.145,184,185 The subsets of human MHC-I molecules recognized by KIR 

are HLA-A, -B, and -C. While all HLA-C allotypes can act as ligands, only limited HLA-

A and HLA-B allotypes are recognized by KIR. KIR2DL1 binds HLA-C2 allotypes, 

which are defined by a lysine at position 80.180,193,194 An HLA-C1 allotype containing 

an asparagine at position 80 is recognized by KIR2DL and KIR2DL3 instead.194,195 
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KIR3DL1 binds to HLA-A and HLA-B allotypes depending on a specific motif named 

Bw4, which is found in approximately 40% of known HLA-B allotypes and some HLA–

A allotypes.180,196,197 The Bw6 motif of the remaining HLA-B allotypes, on the other 

hand, is not recognized by KIR3DL1.196,197 HLA-A3 and HLA-A11 allotypes act as 

ligands of KIR3DL2, whereas the ligands of KIR2DL5 and KIR3DL3 remain 

unknown.180,186,198  

As NK cells play a major role in immunotherapy-induced tumor cell lysis, the 

importance of KIR has been increasingly investigated. Tumor cells are reported to 

down-regulate MHC-I in order to escape CD8+ T cells through decreased antigen 

presentation.199 However, MHC-I down-regulation decreases inhibitory KIR signaling, 

thereby promoting NK cell activation. When first described, the process of increased 

sensitivity to NK cell cytotoxicity following MHC-I downregulation was named “missing-

self” recognition.180,200 To ensure that cytotoxic NK cell activity is restricted to tissues 

with abnormal MHC-I expression, inhibitory KIR and MHC molecules are involved in a 

fundamental process called licensing.201 During NK cell maturation, successful 

recognition of MHC-I molecules by inhibitory KIR is essential for NK cells to achieve 

full competence. Accordingly, NK cells lacking respective receptors fail to mature 

normally.180 These unlicensed NK cells are generally considered hyporesponsive, but 

they elicit important complementary immune functions.202 Interestingly, Tarek et al.19 

report ADCC to be mediated primarily by unlicensed NK cells when conducting anti-

GD2 immunotherapy. In addition, certain KIR/HLA combinations have been shown to 

be of prognostic value in the setting of immunotherapy.21,22 As a result, KIR and HLA 

genotypes and their effects on tumor cell lysis have been increasingly investigated, 

giving rise to the proposed model of KIR/HLA mismatch.203  

1.9.2 KIR/HLA mismatch 

During NK cell maturation, multiple KIR of the inherited repertoire are expressed 

randomly on the NK cell surface.180 On completion of maturation, a stable pattern of 

KIR is expressed, which is maintained throughout the lifetime of a NK cell.180,204 Thus, 

a variation of NK cells with distinct combinations of KIR on their surfaces can be found 

within the peripheral blood.205 As KIR and HLA genes are located on different 
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chromosomes, they are inherited independently from each other.203,205 As a result, 

some inhibitory KIR within the genetic repertoire may lack their respective HLA 

ligand.206 Due to the random KIR pattern, inhibitory signaling might be reduced in some 

peripheral NK cells expressing KIR lacking their ligand. This phenomenon is often 

referred to as KIR/HLA mismatch.22,207  

Originally, the importance of KIR/HLA mismatch in NK-cell-dependent anti-tumor 

response was observed after transplantation of allogeneic stem cells for hematologic 

malignancies. While the use of HLA-nonidentical donors is obviously associated with 

graft-vs-host disease, the occurrence of KIR/HLA-mismatched NK cells has been 

reported to mediate graft-vs-leukemia response.208,209 Accordingly, Ruggeri et al.210 

report mice infused with human AML cells to have prolonged survival after treatment 

with alloreactive NK cells. These encouraging results were followed by several clinical 

trials in which HLA-mismatch was shown to promote survival and outcome after 

hematopoietic stem cell transplantation (HSCT).22,211,212 

As the importance of alloreactive NK cells for effective tumor response became 

increasingly evident, the influence of KIR/HLA mismatch on immunotherapy was 

further investigated. As mentioned above, KIR/HLA mismatch can occur within an 

individual and is possibly associated with increased NK cell activity.203,213 As NK-cell-

mediated ADCC is the main mechanism of action of monoclonal antibodies, the 

improved outcome and prolonged survival of KIR/HLA mismatched patients 

undergoing immunotherapy was suggested. Accordingly, Delgado et al.21 report that 

KIR/HLA mismatch is associated with response to hu14.18-IL-2 immunotherapy in 

neuroblastoma patients. Considering these results, the influence of KIR/HLA 

genotypes on ch14.18/CHO immunotherapy should be further investigated. 

1.10 Summary 

In summary, neuroblastoma shows a remarkable variety in its clinical behavior. While 

many patients are successfully treated with surgery alone, therapy of INSS Stage 4 

(INRG Stage M) neuroblastoma remains challenging.4,7 The most promising advances 

in the treatment of these patients in recent years has been the introduction of anti-GD2 
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antibodies.1,8 Since 2009, anti-GD2 antibody ch14.18/CHO was applied in combination 

with IL-2 to neuroblastoma patients at the Pediatric Oncology Department of the 

University Medicine Greifswald first within a compassionate use program and then also 

to neuroblastoma patients enrolled in the SIOPEN ch14.18/CHO LTI study. 

Anti-GD2 antibodies target neuroblastoma cells.10,125 Subsequent activation of the 

innate immune system results in ADCC and CDC. 8,16,17 As the interactions between 

monoclonal antibodies and effector cells such as NK cells are mediated by FCGR, 

genetic variation of these receptors is increasingly considered significant when 

conducting immunotherapy.21,23,146 In addition, genetic variation of KIR is reported to 

affect ADCC and FCGR genotypes and KIR/HLA mismatch are associated with 

response to anti-GD2 immunotherapy.19,21,214  

Based on these considerations, the aim of this work is to assess whether FGCR 

polymorphisms and KIR/HLA genotypes are associated with outcome of high-risk 

neuroblastoma patients receiving ch14.18/CHO immunotherapy at the University 

medicine in Greifswald. Thereby, this work will provide an initial assessment of the 

prognostic value of FCGR and KIR genotypes for this type of immunotherapy. 
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2 Material 

2.1 Chemicals 

Name Manufacturer 

100 bp DNA Ladder, 500 lanes 
New England Biolabs, Ipswich, MA, 
USA 

2-log DNA Ladder, 500 lanes 
New England Biolabs, Ipswich, MA, 
USA 

50 bp DNA Ladder, 500 lanes 
New England Biolabs, Ipswich, MA, 
USA 

Agarose (peqGOLD Universal Agarose) Peqlab, Erlangen, Germany 

CryoSure-DMSO Dimethyl Sulfoxide 
Cryo-Preservative 

WAK-Chemie Medical GmbH, Steinbach 
(Taunus), Germany 

Dulbecco's PBS (1x) without Ca & Mg 
PAA Laboratories GmbH, Cölbe, 
Germany 

Ethidiumbromide Carl Roth GmbH, Karlsruhe, Germany 

Gel Loading Dye, blue (6x) 
New England Biolabs, Ipswich, MA, 
USA 

Human Albumin 200 g/l solution Baxter AG, Vienna, Austria 

LSM 1077 Lymphocyte Separation 
Medium 

PAA Laboratories GmbH, Cölbe, 
Germany 

PCR Water Bioline, London, UK 

Trishydroxymethylaminomethan (Tris) Carl Roth GmbH, Karlsruhe, Germany 

Trypan Blue solution Sigma-Aldrich Co., St. Louis, USA 

Table 3: Chemicals 
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2.2 Consumables 

Name Manufacturer 

0,2 ml reaction tube 
Sarstedt AG & Co, Nümbrecht, 
Germany 

1,5 ml reaction tube 
Sarstedt AG & Co, Nümbrecht, 
Germany 

48-well PCR Plate Peqlab, Erlangen, Germany 

96-well PCR Plate 
Sarstedt AG & Co, Nümbrecht, 
Germany 

Adhesive Foil 
Sarstedt AG & Co, Nümbrecht, 
Germany 

Flat Cap Strips Peqlab, Erlangen, Germany 

Pipette tips10 µl 
Sarstedt AG & Co, Nümbrecht, 
Germany 

Pipette tips, 1000 µl 
Sarstedt AG & Co, Nümbrecht, 
Germany 

Pipette tips, 200 µl 
Sarstedt AG & Co, Nümbrecht, 
Germany 

Table 4: Consumables 

2.3 Devices 

Name Manufacturer 

Arktik Thermal Cycler Thermo Scientific, Waltham, MA, USA 

Biofuge Pico centrifuge Thermo Scientific, Waltham, MA, USA 

Biofuge fresco centrifuge Thermo Scientific, Waltham, MA, USA 

BioPhotometer plus Eppendorf, Hamburg, Germany 

Eppendorf MasterCycler Gradient Eppendorf, Hamburg, Germany 

Eppendorf Research® plus 0.5-10 µl 
pipette 

Eppendorf, Hamburg, Germany 
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Eppendorf Research® plus 100-1000 µl 
pipette 

Eppendorf, Hamburg, Germany 

Eppendorf Research® plus 10-100 µl 
pipette 

Eppendorf, Hamburg, Germany 

Neubauer chamber Brand, Wertheim, Germany 

MiniSpin centrifuge Eppendorf, Hamburg, Germany 

PIPETMAN® Classic P10 pipette Gilson, Inc., Middleton, WI, USA 

Rotilabo®-Mini centrifuge Carl Roth GmbH, Karlsruhe, Germany 

Rotina 35R centrifuge 
Andreas Hettich GmbH & Co.KG, 
Tuttlingen, Germany 

ROTIXA 120R centrifuge 
Andreas Hettich GmbH & Co.KG, 
Tuttlingen, Germany 

StepOnePlus Real-time PCR System  Thermo Scientific, Waltham, MA, USA 

Stratagene Eagle Eye® II Imaging 
System 

Stratagene, San Diego, CA, USA 

Sub-Cell® GT cell 
Bio-Rad Laboratories GmbH, München, 
Germany 

Table 5: Devices 

2.4 Genotyping kits 

Name Manufacturer 

Olerup SSP® HLA – Negative Control 
SSP 

Olerup GmbH, Vienna, Austria 

Olerup SSP® KIR Genotyping Kit incl. 
Taq 

Olerup GmbH, Vienna, Austria 

Olerup SSP® KIR HLA Ligand Kit incl. 
Taq 

Olerup GmbH, Vienna, Austria 

TaqMan® SNP Genotyping Assay 
(rs1801274) 

Life Technologies GmbH, Darmstadt, 
Germany 

TaqMan® SNP Genotyping Assay 
(rs396991)  

Life Technologies GmbH, Darmstadt, 
Germany 

Table 6: Genotyping kits 
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2.5 PCR agents 

Name Manufacturer 

RedTaq 1,1 x Master Mix, 1,5 mM 
MgCl2 

VWR, Darmstadt, Germany 

RedTaq 2,0 x Master Mix, 1,5 mM 
MgCl2 

VWR, Darmstadt, Germany 

SensiMix SYBR Hi-ROX 2.0x Mastermix Bioline, London, UK 

TaqMan® Genotyping Master Mix  
Life Technologies GmbH, Darmstadt, 
Germany 

Table 7: PCR agents 

2.6 PCR primer 

Name Sequence 

2DL1-1 forward 5’- GTTGGTCAGATGTCATGTTTGAA -3‘ 

2DL1-1 reverse 5’- GGTCCCTGCCAGGTCTTGCG -3‘  

2DL1-2 forward 5’- TGGACCAAGAGTCTGCAGGA -3‘ 

2DL1-2 reverse 5’- TGTTGTCTCCCTAGAAGACG -3‘ 

2DL2-1 forward 5′- AAACCTTCTCTCTCAGCCCA-3′ 

2DL2-1 reverse 5′- GCCCTGCAGAGAACCTACA-3′ 

2DL2-2 forward 5′- CTGGCCCACCCAGGTCG-3′ 

2DL2-2 reverse 5′- GGACCGATGGAGAAGTTGGCT-3′ 

2DL3-1 forward 5′- AGACCCTCAGGAGGTGA-3′ 

2DL3-1 reverse 5′- CAGGAGACAACTTTGGATCA-3′ 

3DL1-1 forward 5′- CGCTGTGGTGCCTCGA-3′ 

3DL1-1 reverse 5′- GGTGTGAACCCCGACATG-3′ 
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3DL1-2.1 forward *  5′- CCATYGGTCCCATGATGCT-3′ 

3DL1-2.2 forward 5′- TCCATCGGTCCCATGATGTT-3′ 

3DL1-2 reverse 5′- CCACGATGTCCAGGGGA-3′ 

FCGR2A–A forward 5’- ATGGAAAATCCCAGAAATTCTCACA -3‘  

FCGR2A–G forward 5’- ATGGAAAATCCCAGAAATTCTCACG -3‘ 

FCGR2A reverse 5’- AATGACCACAGCCACAATGA -3‘  

FCGR3A forward 5’- GGTCACATATTTACAGAATGGCAAACG -3‘  

FCGR3A–G reverse 5’- CAGTCTCTGAAGACACATTTTTACTCCCATC -3‘ 

FCGR3A–T reverse 5’- CAGTCTCTGAAGACACATTTTTACTCCCATA -3‘ 

FCGR3B-NA1 forward 5’- CAGTGGTTTCACAATGTGAA -3‘ 

FCGR3B-NA1 reverse 5’- ATGGACTTCTAGCTGCACCG -3‘  

FCGR3A–NA2 forward 5’- CTCAATGGTACAGCGTGCTT -3‘ 

FCGR3A–NA2 reverse 5’- CTGTACTCTCCACTGTCGTT -3‘ 

GALC forward 5′- TTACCCAGAGCCCTATCGTTCT -3′ 

GALC reverse 5′- GTCTGCCCATCACCACCTATT -3′ 

GAPDH forward 5′- ACTAGGCGCTCACTGTTCTCTC -3′ 

GAPDH reverse 5′- GGAGTAGGGACCTCCTGTTTCT -3′ 

* In accordance with the nucleic acid notation, Y represents both pyrimidine bases 
C and T. The used primer mix contained primers with both bases in the ratio of 1:1 

Table 8: PCR primer 
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2.7 Plasmids 

Name Manufacturer 

FCGR-High-Affinity Eurofins MWG Operon, Ebersberg, Germany  

  

Vector pEX-K 

Inserted sequence: 
AgeI-FCGR2A-H131-FCGR3A-V158-FCGR3B-NA1-
GAPDH340-XbaI 

5‘-

ACCGGTATGGAAAATCCCAGAAATTCTCCCATTTGGATCCCACCTTCTCCATCCCACAAGCAAACCACAGT

CACAGTGGTGATTACCACTGCACAGGAAACATAGGCTACACGCTGTTCTCATCCAAGCCTGTGACCATCA

CTGTCCAAGTATGGGGAGTCTGCCAAGATGTAGGGAGGGGAGAAGAGGGGATGGACAAGGGCTGAGGT

CACATGGGCCTACATGGAGGTCTGAGAAAGCCCATAGCAGCAAAATTGGGCACTGGAGCAAAGAGGAGT

GGGGTGGAAGCCTGGCTAAGTATTGACCAACAAGTAGGGGCCAGAGCTTGGAGCCCTCACGTCCCAGGT

AATAGGTAGTCAGGCTGTTGTTTCACTTTGAAATGTAGGCCCCAGACTAAAGATGGCAGTGAAGCAGAGC

TCCCTCATTGATGCAGAGGTTCCCTAAGCTCCTGGGCATTCCTAAGAGCTGAGGTTTGCCTCGTTTCTTCT

CATGGCTCATGTTATAGCCATTCACTCCAGAAAGCCTGGCACGTCATGGACTGTTCAAGGCTGTGCTCCA

TAGAGTAATGATGCCTCCAGCTATGCGAGGCTTTGGGCCCACCCTCCGTACTGTCCCCAGGGGCTAAGG

GGAATCCTTCCCTCTGCTCCTGCATGCTCACCAGTGTGCTTTCATTCATTTGGTGGAGAAACCTGGGTAG

GGAGGAGGCACAAGTCCAGCCACAGAAACCCTGTGCCAGTGAGGCTGGGGATGTGGTGAATCTTGCATT

GGTGAGTGACTCAGACACAGAAGAGCTTCAGGTGACAAGCACTGGGACATAGCATTGGAGGTGGGAGGT

GGGACAGGGAGAATACAAACGTTGTCATTAAAATAGTAACCCCCCATCCTGCCCTAATGTCTGTCTTCCCT

AGTGCCCAGCATGGGCAGCTCTTCACCAATGGGGATCATTGTGGCTGTGGTCATTGGTCACATATTTACA

GAATGGCAAAGGCAGGAAGTATTTTCATCATAATTCTGACTTCTACATTCCAAAAGCCACACTCAAAGACA

GCGGCTCCTACTTCTGCAGGGGGCTTGTTGGGAGTAAAAATGTGTCTTCAGAGACTGCAATGGTACAGGG

TGCTCGAGAAGGACAGTGTGACTCTGAAGTGCCAGGGAGCCTACTCCCCTGAGGACAATTCCACACAGT

GGTTTCACAATGAGAACCTCATCTCAAGCCAGGCCTCGAGCTACTTCATTGACGCTGCCACAGTCGACGA

CAGTGGAGAGTACAGGTGCCAGACAAACCTCTCCACCCTCAGTGACCCGGTGCAGCTAGAAGTCCATACT

AGGCGCTCACTGTTCTCTCCCTCCGCGCAGCCGAGCCACATCGCTCAGACACCATGGGGAAGGTGAAGG

TCGGAGTCAACGGGTGAGTTCGCGGGTGGCTGGGGGGCCCTGGGCTGCGACCGCCCCCGAACCGCGT

CTACGAGCCTTGCGGGCTCCGGGTCTTTGCAGTCGTATGGGGGCAGGGTAGCTGTTCCCCGCAAGGAGA

GCTCAAGGTCAGCGCTCGGACCTGGCGGAGCCCCGCACCCAGGCTGTGGCGCCCTGTGCAGCTCCGCC

CTTGCGGCGCCATCTGCCCGGAGCCTCCTTCCCCTAGTCCCCAGAAACAGGAGGTCCCTACTCTCTAGA-

3‘ 

 



42 

 

Name Manufacturer 

FCGR-Low-Affinity Eurofins MWG Operon, Ebersberg, Germany  

  

Vector pEX-K 

Inserted sequence: 
AgeI-FCGR2A-R131-FCGR3A-F158-FCGR3B-NA2-

GAPDH340-XbaI 

5’-

ACCGGTATGGAAAATCCCAGAAATTCTCCCGTTTGGATCCCACCTTCTCCATCCCACAAGCAAACCACAGT

CACAGTGGTGATTACCACTGCACAGGAAACATAGGCTACACGCTGTTCTCATCCAAGCCTGTGACCATCA

CTGTCCAAGTATGGGGAGTCTGCCAAGATGTAGGGAGGGGAGAAGAGGGGATGGACAAGGGCTGAGGT

CACATGGGCCTACATGGAGGTCTGAGAAAGCCCATAGCAGCAAAATTGGGCACTGGAGCAAAGAGGAGT

GGGGTGGAAGCCTGGCTAAGTATTGACCAACAAGTAGGGGCCAGAGCTTGGAGCCCTCACGTCCCAGGT

AATAGGTAGTCAGGCTGTTGTTTCACTTTGAAATGTAGGCCCCAGACTAAAGATGGCAGTGAAGCAGAGC

TCCCTCATTGATGCAGAGGTTCCCTAAGCTCCTGGGCATTCCTAAGAGCTGAGGTTTGCCTCGTTTCTTCT

CATGGCTCATGTTATAGCCATTCACTCCAGAAAGCCTGGCACGTCATGGACTGTTCAAGGCTGTGCTCCA

TAGAGTAATGATGCCTCCAGCTATGCGAGGCTTTGGGCCCACCCTCCGTACTGTCCCCAGGGGCTAAGG

GGAATCCTTCCCTCTGCTCCTGCATGCTCACCAGTGTGCTTTCATTCATTTGGTGGAGAAACCTGGGTAG

GGAGGAGGCACAAGTCCAGCCACAGAAACCCTGTGCCAGTGAGGCTGGGGATGTGGTGAATCTTGCATT

GGTGAGTGACTCAGACACAGAAGAGCTTCAGGTGACAAGCACTGGGACATAGCATTGGAGGTGGGAGGT

GGGACAGGGAGAATACAAACGTTGTCATTAAAATAGTAACCCCCCATCCTGCCCTAATGTCTGTCTTCCCT

AGTGCCCAGCATGGGCAGCTCTTCACCAATGGGGATCATTGTGGCTGTGGTCATTGGTCACATATTTACA

GAATGGCAAAGGCAGGAAGTATTTTCATCATAATTCTGACTTCTACATTCCAAAAGCCACACTCAAAGACA

GCGGCTCCTACTTCTGCAGGGGGCTTTTTGGGAGTAAAAATGTGTCTTCAGAGACTGCAATGGTACAGCG

TGCTTGAGAAGGACAGTGTGACTCTGAAGTGCCAGGGAGCCTACTCCCCTGAGGACAATTCCACACAGTG

GTTTCACAATGAGAGCCTCATCTCAAGCCAGGCCTCGAGCTACTTCATTGACGCTGCCACAGTCAACGAC

AGTGGAGAGTACAGGTGCCAGACAAACCTCTCCACCCTCAGTGACCCGGTGCAGCTAGAAGTCCATACTA

GGCGCTCACTGTTCTCTCCCTCCGCGCAGCCGAGCCACATCGCTCAGACACCATGGGGAAGGTGAAGGT

CGGAGTCAACGGGTGAGTTCGCGGGTGGCTGGGGGGCCCTGGGCTGCGACCGCCCCCGAACCGCGTC

TACGAGCCTTGCGGGCTCCGGGTCTTTGCAGTCGTATGGGGGCAGGGTAGCTGTTCCCCGCAAGGAGAG

CTCAAGGTCAGCGCTCGGACCTGGCGGAGCCCCGCACCCAGGCTGTGGCGCCCTGTGCAGCTCCGCCC

TTGCGGCGCCATCTGCCCGGAGCCTCCTTCCCCTAGTCCCCAGAAACAGGAGGTCCCTACTCTCTAGA-3 
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Name Manufacturer 

Inhibitory-KIR Eurofins MWG Operon, Ebersberg, Germany 

  

Vector pUC57 

Inserted sequence: 

AgeI-KIR2DL1-146-KIR2DL1-359-KIR2DL2-173-

KIR2DL2-142-KIR2DL3-156-KIR3DL1-109-KIR3DL1-

191-GAPDH340-XbaI 

5‘-

ACCGGTGTTGGTCAGATGTCATGTTTGAACACTTCCTTCTGCACAGAGAGGGGATGTTTAACGACACTTTG

CGCCTCATTGGAGAACACCATGATGGGGTCTCCAAGGCCAACTTCTCCATCAGTCGCATGACGCAAGACC

TGGCAGGGACCTGGACCAAGAGTCTGCAGGAAACAGAACAGCGAATAGCGAGGTAGGTACTCCTCGGCC

CGGGCTCGTGGCTACTGTTATTCCCAAAGAGTCCTGGAAAATGTGAGCACCCTCCCTCACTCAGCATTTC

CCTCTCTCCAGGACTCTGATGAACAAGACCCTCAGGAGGTGACATACACACAGTTGAATCACTGCGTTTTC

ACACAGAGAAAAATCACTCGCCCTTCTCAGAGGCCCAAGACACCCCCAACAGATATCATCGTGTACACGG

AACTTCCAAATGCTGAGTCCAGATCCAAAGTTGTCTCCTGCCCATGAGCACCACAGTCAGGCCTTGAGGG

CGTCTTCTAGGGAGACAACACTGGCCCACCCAGGTCGCCTGGTGAAATCAGAAGAGACAGTCATCCTGC

AATGTTGGTCAGATGTCAGGTTTGAGCACTTCCTTCTGCACAGAGAAGGGAAGTTTAAGGACACTTTGCAC

CTCATTGGAGAGCACCATGATGGGGTCTCCAAAGCCAACTTCTCCATCGGTCCAAACCTTCTCTCTCAGC

CCAGCCGGGCCCCACGGTTCTGGCAGGAGAGAGCGTGACCTTGTCCTGCAGCTCCCGGAGCTCCTATGA

CATGTACCATCTATCCAGGGAGGGGGAGGCCCATGAATGTAGGTTCTCTGCAGGGCAGACCCTCAGGAG

GTGACATATGCACAGTTGAATCACTGCGTTTTCACACAGAGAAAAATCACTCGCCCTTCTCAGAGGCCCAA

GACACCCCCAACAGATATCATCGTGTACACGGAACTTCCAAATGCTGAGCCCTGATCCAAAGTTGTCTCCT

GTCCATCGGTCCCATGATGCTTGCCCTTGCAGGGACCTACAGATGCTACGGTTCTGTTACTCACACCCCC

TATCAGTTGTCAGCTCCCAGTGATCCCCTGGACATCGTGGCGCTGTGGTGCCTCGAGGAGGACACGTGA

CTCTTCGGTGTCACTATCGTCATAGGTTTAACAATTTCATGCTATACAAAGAAGACAGAATCCACATTCCCA

TCTTCCATGGCAGAATATTCCAGGAGAGCTTCAACATGAGCCCTGTGACCACAGCACATGCAGGGAACTA

CACATGTCGGGGTTCACACCACTAGGCGCTCACTGTTCTCTCCCTCCGCGCAGCCGAGCCACATCGCTC

AGACACCATGGGGAAGGTGAAGGTCGGAGTCAACGGGTGAGTTCGCGGGTGGCTGGGGGGCCCTGGG

CTGCGACCGCCCCCGAACCGCGTCTACGAGCCTTGCGGGCTCCGGGTCTTTGCAGTCGTATGGGGGCA

GGGTAGCTGTTCCCCGCAAGGAGAGCTCAAGGTCAGCGCTCGGACCTGGCGGAGCCCCGCACCCAGGC

TGTGGCGCCCTGTGCAGCTCCGCCCTTGCGGCGCCATCTGCCCGGAGCCTCCTTCCCCTAGTCCCCAGA

AACAGGAGGTCCCTACTCCTCTAGA-3‘ 

Table 9: Plasmids 
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2.8 Purification kits 

Name Manufacturer 

QIAamp® Blood Mini Kit QIAGEN GmbH, Hilden, Germany 

Table 10: Purification kits 

2.9 Software 

Name Manufacturer 

Basic Local Alignment Search Tool 
(BLAST) 

National Institute for Biotechnology 
Information, Bethesda, MD, USA 

Microsoft Office 2016 
Microsoft Corporation, Redmond, WA, 
USA 

Primer3web (version 4.0.0) 
Whitehead Institute for Biomedical 
Research, Cambridge, MA, USA 

Sigma Plot software (version 13.0) 
Systat Software Inc., San Jose, CA, 
USA 

StepOne Software (version 2.3) Thermo Scientific, Waltham, MA, USA 

Zotero (version 4.0.29.10) 
Center for History and New Media, 
Fairfax, VA, USA 

Table 11: Software 
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3 Methods 

3.1 Patient characteristics 

53 patients were treated at the department of Pediatric Hematology and Oncology of 

the University Medicine of Greifswald in a compassionate use program approved by 

the local Ethical Committee. 53 patients were available for FCGR and KIR/HLA 

genotyping. At the time of diagnosis, 46 patients had Stage 4, four had Stage 3, one 

had Stage 2, and two had Stage 1 disease according to the INSS. Patients with a lower 

stage than Stage 4 had disseminated relapse. The median age at diagnosis and at the 

start of treatment was 4.4 years (range 0.5-24.1) and 6.0 years (1.9-25.5), respectively. 

The median time interval from diagnosis to start of ch14.18/CHO treatment was 25 

months (range 8-111 months). Prior to ch14.18/CHO immunotherapy, 53 patients 

received chemotherapy, 51 received surgery, 34 received radiotherapy, and 51 

received high-dose therapy followed by peripheral blood stem cell rescue, 32 of whom 

received meta-iodo-benzyl-guanidine (mIBG) therapy preceding high-dose therapy. 

MYCN amplification was noted in 28.3% of 53 patients, and 1p deletion or imbalance 

in 42.1%. 86.8% met Stage 4 criteria of the INSS, and 92.5% were identified as Stage 

M patients according to INRG. Patients were treated with ch14.18/CHO which was 

given as a long-term infusion in combination with subcutaneous interleukin-2 (IL-2) 

according to the following protocol: IL-2 was administered for five days (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., 160 mg/m²/day day 22-35). All patients had biopsy-proven, high-risk 

neuroblastoma. Patients who had received first-line therapy had to have an evaluable 

disease to be included. In contrast to this, patients who had received second-line 

chemotherapy were allowed to be treated without any evidence of disease. Before the 

start of ch14.18/CHO-infusion treatment with isotretionin, growth factor or other 

immunmodulatory agents had to be discontinued for at least seven days; any other 

previous treatment had to be discontinued for at least three weeks. Furthermore, 
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inclusion was dependent on a performance score of at least 70% and a life expectancy 

of at least 12 weeks. 

3.2 Sample preparation 

Polymerase chain reaction (PCR) based genotyping methods require patient DNA as 

a source material. DNA samples of 53 patients were obtained. Either Buffy Coat or 

cryopreserved peripheral blood mononuclear cells (PMNC) were used for DNA 

purification. The necessary procedures are described below. 

3.2.1 Buffy Coat and PMNC preparation 

Buffy Coat is formed during centrifugation of whole blood Buffy Coat is formed during 

centrifugation of whole blood. It refers to the leucocyte-enriched layer that emerges 

between plasma and erythrocytes when the blood components are separated 

according to their mass. In order to prepare Buffy Coat for DNA isolation, blood treated 

with ethylenediaminetetraacetic acid (EDTA) was centrifuged with 800rpm for 10 

minutes at room temperature using a ROTIXA 120R centrifuge (Andreas Hettich 

GmbH & Co.KG, Tuttlingen, Germany). Subsequently, the plasma was removed, and 

the Buffy Coat was pipetted into a 2 ml reaction tube. These Buffy Coat samples were 

stored at -80°C for further use.  

For PMNC collection, a whole blood and lymphocyte separation medium were layered 

carefully to avoid any blending. After centrifugation at 300 x g for 30 minutes at room 

temperature without a break, all components were separated according to their mass. 

The top layer contained thrombocytes and plasma followed by a layer of PMNC. These 

layers were separated by the separation medium from the sediment, which was 

comprised of granulocytes and erythrocytes. The PNMCs were isolated carefully and 

dissolved in 15 ml of phosphate-buffered saline (PBS) solution. Centrifugation at 300 

g for five minutes at room temperature gave rise to a cell pellet, which was isolated 

and dissolved again in 10 ml PBS. The cell count was subsequently determined using 

a Neubauer chamber. Before counting cells were stained using Trypan Blue solution. 

Due to the increased permeability of their membrane, dead cells absorbed more of the 
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stain and could easily be distinguished from vital cells. To perform counting 10 µl of 

the cell solution were mixed with 10 µl of the Trypan Blue solution. Vital cells were then 

counted using a Neubauer chamber. To store the PMNC, the solution had to be 

centrifuged again. The cell pellet was then isolated and dissolved in a freezing medium 

(10% DMSO dimethyl sulfoxide cryo-preservative in human albumin-solution with an 

albumin concentration of 200 g/l), followed by freezing at -80°C. 

3.2.2 DNA isolation 

DNA purification was performed using QIAamp® Blood Mini Kit (Qiagen GmbH, Hilden, 

Germany) according to the manufacturer's protocol. For Buffy Coat samples, lysis of 

erythrocytes was performed prior to DNA isolation. The addition of protease inactivated 

any desoxyribonucleases, thereby ensuring purification of intact DNA. The released 

DNA was bound to a silica membrane, and any contaminating blood components were 

removed by using washing buffers. After dissolving the purified DNA in an elution 

buffer, DNA concentration was determined spectrophotometrically (BioPhotometer 

plus, Eppendorf, Hamburg, Germany). Subsequently, DNA purity was determined by 

the OD-ratio of absorbance at wavelengths of 260 and 280 nm (A260/280). To be 

eligible for genotyping procedures, samples had to show an A260/280 ratio of ≥ 1.8. 

The purified DNA was diluted to concentrations of 2.5 and 30ng/µl. Samples were then 

stored at -80°C until further use. 

3.3 Methods of molecular biology 

Basic methods of molecular biology are introduced in this chapter to facilitate 

understanding of the genotyping procedures described below. Introduced methods 

include PCR and its variant, real-time PCR (qPCR), as well as post-PCR procedures 

like gel electrophoresis and melting-curve analysis. 

3.3.1 PCR 

The PCR is a fundamental technology in molecular biology. It allows in vitro 

amplification of DNA by using a heat-stable DNA polymerase, deoxyribonucleotides 
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(dNTPs), and primers. Primers are short oligonucleotides of 20-30 base pairs in length. 

They hybridize with a complementary target sequence on the template-DNA, 

determining the amplified section of the DNA. PCR comprises three steps that are 

repeated 20 to 40 times and lead to exponential amplification of the target sequence. 

First, the doubled stranded template-DNA is melted to yield single-stranded DNA 

(denaturation). The singled-stranded DNA can be bound by the complementary 

primers (annealing). The resulting DNA-primer hybrid serves as a starting point of 

subsequent DNA synthesis by the added DNA polymerase (elongation). As a result of 

elongation, a complementary DNA strand containing the sequence of interest is 

synthesized. Subsequent repetition of these three steps leads to exponential 

amplification of the target sequence. Figure 1 illustrates this process schematically. 

PCR products can be analyzed using gel electrophoresis, which is described in detail 

in Section 3.3.3. A different approach to analyzing PCR products is to use fluorescent 

DNA dyes, as is done when performing qPCR, which is described in detail below.  

 

Figure 1: Schematic illustration of PCR. The double-stranded template DNA (blue) is melted into single 

strands (denaturation). Complementary DNA primers (orange) bind to the single DNA strands 

(annealing). DNA-primer hybrids serve as starting point of subsequent DNA synthesis (elongation). 

3.3.2 qPCR 

To perform qPCR, fluorescent DNA dyes like SYBR Green must to be added to a PCR 

reaction. This dye binds to double-stranded DNA, resulting in DNA-dye complexes. 

These complexes absorb blue light (λmax = 497 nm) and emit green light (λmax = 520 

nm). The resulting fluorescence is proportional to the amount of double-stranded DNA. 

Fluorescence is measured after each PCR cycle and rises in the event of successful 

DNA amplification. A schematic illustration of qPCR is shown in Figure 2. As DNA 

amplification can be detected via fluorescence intensity, subsequent gel 
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electrophoresis is not necessary. However, to ensure specific DNA amplification, 

melting-curve analysis must be performed. This technique allows for analysis of PCR 

products by post-PCR fluorescence measurements. It is described in detail under 

3.3.4. 

 

Figure 2: Schematic overview of the qPCR principle. Fluorescent DNA dye (green) binds to double-

stranded DNA (blue). The template DNA is melted into single strands (denaturation). Complementary 

DNA primers (orange) bind to the single DNA strands (annealing). DNA-primer hybrids serve as starting 

points for subsequent DNA synthesis (elongation). Amplification of DNA is associated with increased 

fluorescence intensity. 

3.3.3 Gel electrophoresis 

Gel electrophoresis allows for the separation of nucleic acids based on their charge 

and size. To perform electrophoresis, agarose gels are commonly used. PCR products 

are pipetted onto the gel for analysis. Application of an electric field leads to movement 

of the negatively charged DNA fragments. As shorter fragments can move through the 

gel easier, they migrate faster, resulting in separation by size. A size marker containing 

fragments of defined size is included to determine the size of the PCR products. 

Visualization of the DNA fragments requires staining with ethidium bromide or a similar 

agent, which intercalates into DNA. Subsequent exposure to ultraviolet light leads to 

fluorescence, which intensifies almost 20-fold after binding to DNA. PCR products will 

appear as bands when taking a picture with a camera during UV exposure. Their size 

can be estimated by comparing their location in the gel to the location of the size-

marker fragments. Multiple PCR products which differ in size are separated during gel 

electrophoresis and can be detected as distinct bands, as shown in Figure 3. 
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Figure 3: Illustration of gel electrophoresis. An agarose gel (light gray) is prepared. PCR products are 

pipetted into the wells (dark grey) of the gel. Application of an electric field lets DNA fragments migrate 

through the gel. Short fragments (blue) migrate faster than large fragments (orange). Subsequent 

exposure to ultraviolet light allows analysis. Inclusion of a size marker containing fragments of definite 

size facilitates determination of the size of the PCR products. Source: own representation 

3.3.4 Melting-curve analysis 

qPCR is usually followed by melting-curve analysis. Melting-curve analysis involves 

exposing the reaction tube to increasing heat while measuring the emitted 

fluorescence. The applied heat melts double-stranded DNA into single strands, thus 

decreasing fluorescence intensity. Gene-specific PCR products will melt at the same 

temperature as they share the same DNA sequence. This leads to a decrease of 

fluorescence at a specific temperature. This temperature is referred to as the melt 

temperature (Tm) of the PCR product. Melting-curves represent the intensity of 

fluorescence plotted over the applied temperature. The Tm of the PCR product is the 

temperature at which the slope of the curve is maximal.  

A more common illustration of melting curves is plotting the change of fluorescence 

intensity over the applied temperature. This results in a peak at the respective Tm (see 

Figure 4). Multiple PCR products with different size or sequence can be differentiated 

by their specific Tm, leading to multiple peaks in melting-curve analysis. 
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Figure 4: Illustration of a commonly used illustration of post-PCR melting curves. PCR has been 

performed, thereby amplifying a DNA fragment of GAPDH. SYBR green I was used as a reporter dye 

and the intensity of SYBR green fluorescence was associated with the amount of double-stranded DNA 

in the reaction tube. While exposing the reaction tube to increasing temperatures (X-axis) the ratio of 

the change of SYBR Green I dye fluorescence to the change of temperature was calculated and plotted 

as the derivative reporter (y-axis). During melting with increasing temperature, double-stranded DNA 

dissociates into single-stranded DNA, thereby changing the intensity of fluorescence. Upon reaching 

melting temperature (Tm) of the amplified fragment, fluorescence intensity changes the most, leading to 

peaks in the melting curve. 

3.4 PCR-based genotyping 

3.4.1 Establishing PCR-based genotyping 

To establish PCR-based genotyping protocols, allele-specific primers were designed. 

To ensure allele specificity, primers binding to the polymorphic region of the target 

gene were designed. The ends of the primers were matched with the polymorphic base 

of the SNP of interest. To avoid false positive results, the primer sequences included 

a mismatched base at the penultimate position. After successful design of allele-

specific primers, Primer3web Version 4.0.0. (Whitehead Institute for Biomedical 

Research, Cambridge, MA, USA) was used to find gene-specific primers with a similar 

G-T content.215 Thus, the annealing temperature of gene-specific and allele-specific 

primers was ensured to be similar. Subsequently, suitable primer pairs were tested for 

gene-specific binding using the Basic Local Alignment Search Tool (BLAST) provided 

by the National Center for Biotechnology Information (NCBI, Bethesda, MD, USA). This 

is of particular importance, as the homology of FCGR and KIR genes is extensive. After 
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the gene-specificity of the selected primer pair was established, the optimal annealing 

temperature was determined by using gradient PCR. Gradient PCR allows for 

determination of an optimal annealing temperature by performing PCR at increasing 

annealing temperatures to select a temperature at which the primer pair is target 

specific while still allowing for successful amplification. An example of gradient PCR is 

shown in Figure 5. To confirm negative results, an internal positive control was 

included.  

 

Figure 5: Representative illustration of a gradient PCR result. The picture was taken after gel 

electrophoresis during UV exposure to analyze PCR products. Gradient PCR was performed by using 

FCGR3B-specific primers to amplify a 141 bp fragment of the FCGR3B gene. The annealing 

temperature ranged from 50 °C (Well 1) to 66 °C (Well 9). 53.2 °C (Well 4) was selected as the optimal 

annealing temperature for amplification of the FCGR3B fragment. Inclusion of a 352 bp GALC fragment 

was used as positive control.  

As both FCGR- and KIR-specific primers and internal-control primers were supposed 

to be used in the same reaction Tm, the amplified PCR products had to differ 

substantially. To select an internal control the Tm of the amplified PCR product of 

several GAPDH and GALC specific primer pairs were determined using qPCR. We 

selected a GAPDH-specific primer pair amplifying a fragment with a Tm of 91 °C and a 

GALC-specific primer pair amplifying a fragment with a Tm of 77 °C, respectively. 

Depending on the Tm of the FCGR and KIR amplicons either the GAPDH-specific 

primer pair or the GALC-specific primer pair was used in the final genotyping assay. 
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Finally, the PCR assay containing FCGR or KIR gene- and allele-specific primers and 

internal-control primers was tested for successful genotype determination of plasmids 

with known genotype, as described in detail under 3.4.2. All genotyping procedures 

described below which did not come with a manufacturer’s protocol were established 

using the steps mentioned above. Bearing in mind the extensive homology of FCGR 

and KIR genes, the reliability and accuracy of the established protocol was tested 

thoroughly. This process is described in detail below. 

 

3.4.2 Validation of PCR-based genotyping 

To ensure reliable genotyping, all newly established genotyping protocols were 

validated using artificial DNA plasmids (Eurofins MWG Operon, Ebersberg, Germany). 

Three control plasmids were generated, which served as positive and negative controls 

in subsequent genotype analysis. These are shown schematically in Figure 6. 

Sequences are given in Table 9. These control plasmids were used instead of patient 

DNA as PCR templates for analysis. For FCGR-SNP analysis, two plasmids containing 

the target sequences of FCGR- and GAPDH-specific primers were generated. One 

plasmid contained the sequences of the FCGR2A-131H, FCGR3A-158V, and 

FCGR3B-NA1 alleles (Figure 6A). FCGR2A-131R, FCGR3A-158F, and FCGR3B-NA2 

alleles were included in the second plasmid (Figure 6B). The target sequence for 

GAPDH-specific primers was included in both plasmids. KIR-genotyping protocols 

were validated using a plasmid containing the target sequences of KIR primers and a 

target sequence of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) primers. 

(Figure 6C) The inclusion of this positive control identified false negative results due to 

failures of the PCR reaction. The established genotyping protocols were tested for 

correct determination of the genotypes encoded in the plasmids. GAPDH served as an 

internal control. An example is shown in Figure 7. 
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Figure 6: Plasmids which served as positive controls are shown here. Two plasmids were used for 

FCGR genotyping (A and B). One plasmid (A) contained the sequences of the FCGR2A-131H, 

FCGR3A-158V, and FCGR3B-NA1 alleles. FCGR2A-131R, FCGR3A-158F, and FCGR3B-NA2 alleles 

were included in a second plasmid (B). Target sequences of the used KIR primers were included in a 

third plasmid, which was used for validation of KIR-genotyping procedures (C). The target sequence for 

GAPDH-specific primers was included in all plasmids to serve as an internal control for successful PCR 

amplification. The genotyping protocols were established to assure correct determination of the 

genotype of the plasmids. Restriction sites for AgeI and XbaI restriction enzymes were included to allow 

for re-cloning of the plasmids. 

For further assessment of the accuracy of the established methods, genotyping results 

were compared to commercially available genotyping kits. TaqMan® SNP Genotyping 

Assays (Life Technologies GmbH, Darmstadt, Germany) were available for FCGR2A 

(Assay rs1801274) and FCGR3A (Assay rs396991). There was no assay available to 

assess FCGR3B. All FCGR2A and -3A genotypes were confirmed using the 

manufacturer's protocol. Each 25 µl reaction contained 10 ng genomic DNA, 12.5 µl 

TaqMan Genotyping Mastermix, 7.25 µl A. dest., and either 1.25 µl TaqMan® SNP 

Genotyping Assay rs1801274 or 1.25 µl TaqMan® SNP Genotyping Assay rs396991. 

PCR cycling was performed on a StepOnePlus Real-time PCR System (Thermo 

Scientific, Waltham, MA, USA) under the following conditions: Pre-PCR read of 

fluorescence at 60 °C for 30 s, then 10 min for initial DNA denaturation at 95 °C 

followed by 40 cycles of 92 °C for 15 s (denaturation), 60 °C for 60 s (annealing and 

elongation). Post-PCR read of fluorescence was performed at 60 °C for 30 s. 

Genotypes could be determined according to the fluorescence of the bound TaqMan® 

probes. Each SNP allele was detected by a different TaqMan® probe, which emitted a 

distinct fluorescence signal.  
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Figure 7: To ensure correct genotyping results of the established PCR procedures, they were evaluated 

using artificial DNA plasmids. A representative PCR result of FCGR2A genotyping of the two FCGR 

control plasmids is shown here. The picture was taken after gel electrophoresis during UV exposure to 

visualize PCR products. FCGR2A genotype determination was performed for two plasmids (P1 and P2) 

in duplicates. P1 contained only the FCGR2A-H131 allele, P2 only the FCGR2A-R131 allele. Presence 

of H131 allele is determined on the left panel; presence of R131 is determined on the right panel. The 

amplification of a 952 bp fragment is associated with the presence of the respective allele. The genotype 

of both plasmids was determined correctly by the used protocol. Inclusion of a 340 bp GAPDH fragment 

ensured that negative results were not due to PCR failure. 

To validate the established KIR-genotyping protocol, they were confirmed using Olerup 

SSP® KIR Genotyping Kit incl. Taq (Olerup GmbH, Wien, Austria). Genotyping was 

performed according to the manufacturer's protocol by using 60 ng of genomic DNA in 

each 10 µl reaction. PCR was performed using Arktik Thermal Cycler (Thermo 

Scientific, Waltham, MA, USA) under the following conditions: two minutes for initial 

DNA denaturation at 94 °C followed by 10 cycles of 94 °C for 10 s (denaturation) and 

65 °C for 60 s (annealing and elongation), followed by another 20 cycles of 94 °C for 

10 s (denaturation), 61 °C for 50 s (annealing) and 72 °C for 30 s (elongation). 

Subsequently, gel electrophoresis was performed for 80 min (120 V) on 2% agarose 

gel containing ethidiumbromide. 
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3.5 Genotyping methods 

To compare both PCR and qPCR protocols, we focused on the time and amount of 

DNA needed for genotype determination. 

3.5.1 FCGR2A genotyping using PCR 

FCGR2A genotyping was performed using allele-specific primers (Eurofins MWG 

Operon, Ebersberg, Germany). The primer sequences were previously published.216 

Primers amplifying a fragment of the galactosylceramidase (GALC) gene were added 

to serve as an internal control. Sequences are shown in Table 12. Each 20 µl reaction 

contained 60 ng of genomic DNA, 10 µl VWR Red-Taq DNA-Polymerase 2.0x 

MasterMix 1,5 mM MgCl2, 5 µl A. dest., 5 pg GALC-forward primer, 5 pg GALC-reverse 

primer, 10 pg FCGR2A-reverse primer, and either FCGR2A–A forward primer or 

FCGR2A-G forward primer. Successful amplification of the GALC fragment confirmed 

that the absence of a FGCR amplicon was not due to PCR failure. In addition, a non-

template control (NTC) was included to detect any contamination. PCR cycling was 

performed using Arktik Thermal Cycler (Thermo Scientific, Waltham, MA, USA) under 

the following conditions: 3 min for initial DNA denaturation at 94 °C followed by 30 

cycles of 94 °C for 15 s (denaturation), 61 °C for 15 s (annealing) and 72 °C for 60 s 

(elongation). Subsequent gel electrophoresis for 80 min (120 V) on 2% agarose gel 

containing ethidiumbromide allowed for visualization of the PCR products. The 

FCGR2A genotype could be easily determined by assessing the presence of a 956 bp 

fragment of FCGR2A, as shown in Figure 8. 
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Figure 8: Representative PCR result of FCGR2A genotyping of 3 patients. The picture was taken after 

gel electrophoresis during UV exposure to visualize PCR products. FCGR2A genotype determination 

was performed for three patients (1-3) in duplicates. Presence of H131 allele is determined on the left 

panel; presence of R131 is determined on the right panel. The amplification of a 956 bp fragment is 

associated with the presence of the respective allele. Patient 2 is homozygous for R131, and Patient 3 

is homozygous for H131. Patient 1 is heterozygous since a 956 bp fragment is present in both panels. 

Inclusion of a 352 bp GALC fragment ensured that negative results were not due to PCR failure.  

Table 12: Primers used for FCGR genotyping 

Name Sequence 

FCGR2A–A forward 5’- ATGGAAAATCCCAGAAATTCTCACA -3‘  

FCGR2A–G forward 5’- ATGGAAAATCCCAGAAATTCTCACG -3‘ 

FCGR2A reverse 5’- AATGACCACAGCCACAATGA -3‘  

FCGR3A forward 5’- GGTCACATATTTACAGAATGGCAAACG -3‘  

FCGR3A–G reverse 5’- CAGTCTCTGAAGACACATTTTTACTCCCATC -3‘ 

FCGR3A–T reverse 5’- CAGTCTCTGAAGACACATTTTTACTCCCATA -3‘ 

FCGR3B-NA1 forward 5’- CAGTGGTTTCACAATGTGAA -3‘ 
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FCGR3B-NA1 reverse 5’- ATGGACTTCTAGCTGCACCG -3‘  

FCGR3A–NA2 forward 5’- CTCAATGGTACAGCGTGCTT -3‘ 

FCGR3A–NA2 reverse 5’- CTGTACTCTCCACTGTCGTT -3‘ 

GALC forward 5′- TTACCCAGAGCCCTATCGTTCT -3′ 

GALC reverse 5′- GTCTGCCCATCACCACCTATT -3′ 

GAPDH forward 5′- ACTAGGCGCTCACTGTTCTCTC -3′ 

GAPDH reverse 5′- GGAGTAGGGACCTCCTGTTTCT -3′ 

3.5.2 FCGR2A genotyping using qPCR 

To avoid gel electrophoresis and reduce time consumption, a real-time PCR protocol 

was established using the same primers that were used for regular PCR (see Table 

12). Each 10 µl reaction contained 5 ng of genomic DNA, 5 µl SensiMix SYBR Hi-ROX 

2.0x Mastermix, 0.5 µl A. dest., 2.5 pg GALC forward primer, 2.5 pg GALC reverse 

primer, 10 pg FCGR2A reverse primer, and either 10 pg FCGR2A-A forward primer or 

10 pg FCGR2A–G forward primer. PCR was performed using a StepOnePlus Real-

time PCR System (Thermo Scientific, Waltham, MA, USA) under the following 

conditions: 10 min for initial DNA denaturation at 95 °C followed by 30 cycles of 95 °C 

for 15 s (denaturation), 61 °C for 15 s (annealing) and 72 °C for 60 s (elongation). 

Melting-curve analysis was performed after cycling to identify the genotype. 

Fluorescence was measured while raising the temperature from 60 °C to 95 °C in steps 

of 3 °C. To ensure correct genotyping results, GALC-specific primers that served as 

an internal control were included in each analytical run. Finally, an NTC was added in 

each analysis to detect any contamination. As the Tm of the GALC amplicon was 77 

°C, it was easily distinguished from the FCGR3B fragment, which melts at 85 °C. 

However, to simplify general genotyping, the GAPDH-specific primers used in 

FCGR3A, FCGR3B and KIR genotyping were also tested using 2.5 pg GAPDH forward 

primer and 2.5 pg GAPDH reverse primer instead of 2.5 pg GALC forward primer and 

2.5 pg GALC reverse primer, respectively. FCGR2A genotype could successfully be 

assessed, as shown in Figure 9. 
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Figure 9: Example of a melting-curve result of FCGR2A genotyping. The graphs were obtained after 

qPCR to analyze the PCR products. SYBR green I was used as a reporter dye and the intensity of SYBR 

green fluorescence was associated with the amount of double-stranded DNA in the reaction tube. While 

exposing the reaction tube to increasing temperatures (X-axis) the ratio of the change of SYBR Green I 

dye fluorescence to the change of temperature was noted as the derivative reporter (y-axis). Upon 

reaching the melting temperature (Tm) of the PCR products this ratio was increased as double-stranded 

PCR amplicons were melted into single strands. This lead to peaks in the melting curves at the Tm of 

the PCR products. Black solid lines represent melting curves derived from reactions containing 

FCGR2A-R131-specific primers, and gray dashed lines are derived from reactions containing FCGR2A-

H131-specific primers. Tm of FCGR2A amplicons was 85°C. GAPDH-specific primers amplify a fragment 

with a Tm of 91°C which were used as internal positive control. Accordingly, melting curves of three 

patients representing each genotype are shown above (A: FCGR2A-H131 homozygous B: FCGR2A-

H131R heterozygous; C: FCGR2A-R131 homozygous).  

3.5.3 FCGR3A genotyping using PCR 

A conventional PCR protocol for FCGR3A genotyping was established using allele-

specific primers (Eurofins MWG Operon, Ebersberg, Germany). Primer sequences 

were previously published.217 To increase the specificity of analysis, mismatches were 

included at the penultimate position of the allele-specific primers. Primer sequences 

are given in Table 12. Each 20 µl reaction contained 60 ng of genomic DNA, 10 µl 

VWR Red-Taq DNA-Polymerase 2.0x MasterMix 1,5 mM MgCl2, 5 µl A. dest, 5 pg 

GALC forward primer, 5 pg GALC reverse primer, 10 pg FCGR3A forward primer, and 

either FCGR3A–G or FCGR3A–T reverse primer. The included GALC-specific primers 
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served as an internal positive control ensuring that the absence of a FGCR amplicon 

was a true result. To detect any contamination, an NTC was included in every run. 

PCR cycling was performed using Arktik Thermal Cycler (Thermo Scientific, Waltham, 

MA, USA) under the following conditions: 3 min for initial DNA denaturation at 94 °C 

followed by 30 cycles of 94 °C for 15 s (denaturation), 56 °C for 15 s (annealing), and 

72 °C for 20 s (elongation). PCR products were visualized after subsequent gel 

electrophoresis for 80 min (120 V) on 2% agarose gel containing ethidiumbromide. The 

genotype could easily be determined, as the presence of a FCGR3A allele was 

associated with the presence of a 143 bp fragment in the respective assay, as shown 

in Figure 10.  

 

Figure 10: PCR result of FCGR3A genotyping of three patients. The picture was taken after gel 

electrophoresis during UV exposure to analyze PCR products. FCGR3A genotype determination of 

three patients in duplicate (1-3) is shown. Presence of V158 allele is shown on the left and presence of 

F158 on the right panel. Amplification of a 143 bp sized fragment is associated with the presence of the 

respective allele. Patient 1 is heterozygous, Patient 2 homozygous for V158 and Patient 3 homozygous 

for F158. Amplification of a 352 bp GALC fragment served as internal positive control to ensure that 

negative results were not due to PCR failure. 
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3.5.4 FCGR3A genotyping using qPCR 

To avoid gel electrophoresis and to reduce time consumption, a real-time PCR protocol 

was established by using the same primers that were used for regular PCR shown in 

Table 12. Each 15 µl reaction contained 5 ng of genomic DNA, 7.5 µl SensiMix SYBR 

Hi-ROX 2.0x Mastermix, 1µl A. dest, 2.5 pg GAPDH forward primer, 2.5 pg GAPDH 

reverse primer, 20 pg FCGR3A forward primer, and either 20 pg FCGR3A–G or 20 pg 

FCGR3A–T reverse primer. PCR cycling was performed on a StepOnePlus Real-time 

PCR System (Thermo Scientific, Waltham, MA, USA) under the following conditions: 

10 min for initial DNA denaturation at 95 °C, followed by 30 cycles of 95 °C for 15 s 

(denaturation), 56 °C for 15 s (annealing), and 72 °C for 20 s (elongation). Subsequent 

melting-curve analysis facilitated genotype determination. Fluorescence was 

measured while raising the temperature from 60 °C to 95 °C in steps of 3 °C. To ensure 

correct genotyping results, GAPDH-specific primers were included that served as an 

internal positive control. Furthermore, an NTC was included to detect any 

contamination. 

 

Figure 11: Result of FCGR3A genotyping by melting-curve analysis of three patients (A-C). The graphs 

were obtained after qPCR to analyze the PCR products. SYBR green I was used as a reporter dye and 

the intensity of SYBR green fluorescence was associated with the amount of double-stranded DNA in 

the reaction tube. While exposing the reaction tube to increasing temperatures (X-axis) the ratio of the 

change of SYBR Green I dye fluorescence to the change of temperature was noted as the derivative 

reporter (y-axis). Upon reaching the melting temperature (Tm) of the PCR products this ratio was 

increased as double-stranded PCR amplicons were melted into single strands. This lead to peaks in the 

melting curves at the Tm of the PCR products. Black solid lines represent melting curves derived from 
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reactions containing FCGR3A-V158-specific primers and gray dashed lines from reactions containing 

FCGR3A-F158-specific primers. The Tm of FCGR3A amplicons was 79 °C. GAPDH-specific primers 

amplifying a fragment with a Tm of 91 °C were added as internal positive control to ensure that negative 

results were not due to PCR failure. Accordingly, melting curves of three patients representing each 

genotype are shown above (A: FCGR3A-F158 homozygous B: FCGR3A-F158V heterozygous; C: 

FCGR3A-V158 homozygous). 

3.5.5 FCGR3B genotyping using PCR 

FCGR3B genotyping was performed using allele-specific primers (Eurofins MWG 

Operon, Ebersberg, Germany). Primer design was based on previously published 

primers.218,219 Sequences are shown in Table 12. Each 20 µl reaction contained 60 ng 

of genomic DNA, 10 µl VWR Red-Taq DNA-Polymerase 2.0X MasterMix 1.5 mM 

MgCl2, 5 µl A. dest, 5 pg GALC forward primer, 5 pg GALC reverse primer, and either 

10 pg FCGR3B-NA1 forward primer and 10 pg FCGR3B-NA1 reverse primer or 10 pg 

FCGR3A–NA2 forward primer and 10 pg FCGR3A–NA2 reverse primer. GALC-

specific primers insured that the absence of a FGCR amplicon was a true result. In 

addition, an NTC was included to detect any contamination. PCR cycling was 

performed on Arktik Thermal Cycler (Thermo Scientific, Waltham, MA, USA). PCR 

cycling conditions for FCGR3B genotyping were as follows: For determination of 

FCGR3B-NA1, 3 min for initial DNA denaturation at 94 °C was followed by 30 cycles 

of 94 °C for 15 s (denaturation), 53.5 °C for 15 s (annealing), and 72 °C for 20 s 

(elongation). Determination of FCGR3B-NA2 was performed under the following 

conditions: 3 min for initial DNA denaturation at 94 °C was followed by 30 cycles of 94 

°C for 15 s (denaturation), 55.5 °C for 15 s (annealing), and 72 °C for 20 s (elongation). 

Subsequent gel electrophoresis for 80 min (120 V) on 2% agarose gel containing 

ethidiumbromide was performed to visualize the PCR products, as shown in Figure 12. 
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Figure 12: PCR result of FCGR3B genotyping of 3 patients in duplicate. The picture was taken after gel 

electrophoresis during UV exposure to analyze PCR products. FCGR3B-genotype determination of 

three patients (1-3) is shown. The presence of the NA1 allele is determined on the left panel, the 

presence of the NA2 allele is determined on the right panel. Presence of the respective allele is 

associated with amplification of a 141 bp (NA1) or 167 bp (NA2) fragment. Accordingly, Patient 1 is 

homozygous for NA1, Patient 2 is homozygous for NA2, and Patient 3 is heterozygous. Amplification of 

a 352 bp GALC fragment was used as internal control.  

3.5.6 FCGR3B genotyping using qPCR 

Additionally, a real-time PCR which allowed for analysis of FCGR3B polymorphisms 

was established using the same primers shown in Table 12. Each 10 µl reaction 

contained 5 ng of genomic DNA, 5 µl SensiMix SYBR Hi-ROX 2.0x Mastermix, 1 µl A. 

dest, 2.5pg GAPDH forward primer, 2.5 pg GAPDH reverse primer, and either 10 pg 

FCGR3B-NA1 forward and 10 pg FCGR3B-NA1 reverse primer or 10 pg FCGR3B–

NA2 forward primer and 10 pg FCGR3B–NA2 reverse primer. PCR was performed on 

a StepOnePlus Real-time PCR System (Thermo Scientific, Waltham, MA, USA). 

FCGR3B-NA1 genotype was determined under the following conditions: 10 min for 

initial DNA denaturation at 95 °C followed by 30 cycles of 95 °C for 15 s (denaturation), 

53.5 °C for 15 s (annealing) and 72 °C for 20 s (elongation). For determination of 

FCGR3B-NA2, 10 min for initial DNA denaturation at 95 °C was followed by 30 cycles 

of 95 °C for 15 s (denaturation), 55.5 °C for 15 s (annealing), and 72 °C for 20 s 
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(elongation). Melting-curve analysis was performed after cycling to identify the 

genotype. Fluorescence was measured while raising the temperature from 60 °C to 95 

°C in steps of 3 °C. To ensure correct genotyping results, GAPDH-specific primers 

were included that served as an internal control. Furthermore, an NTC was included to 

detect any contamination. 

 

Figure 13: Result of FCGR3B genotyping of three patients using melting-curve analysis (A-C). The 

graphs were obtained after qPCR to analyze PCR products. SYBR green I was used as a reporter dye 

and the intensity of SYBR green fluorescence was associated with the amount of double-stranded DNA 

in the reaction tube. While exposing the reaction tube to increasing temperatures (X-axis) the ratio of 

the change of SYBR Green I dye fluorescence to the change of temperature was noted as the derivative 

reporter (y-axis). Upon reaching the melting temperature (Tm) of the PCR products this ratio was 

increased as double-stranded PCR amplicons were melted into single strands. This lead to peaks in the 

melting curves at the Tm of the PCR products. Black solid lines represent melting curves derived from 

reactions containing FCGR3B-NA2-specific primers and gray dashed lines represent melting curves 

derived from reactions containing FCGR2A-NA1 primers. The Tm of FCGR3B amplicons was 83 °C. 

GAPDH-specific primers leading to a fragment with a Tm of 91 °C were added as internal positive control 

to ensure that negative results were not due to PCR failure. Accordingly, melting curves of three patients 

representing each genotype are shown above (A: FCGR3B-NA1 homozygous; B: FCGR3B-NA1/NA2 

heterozygous; C: FCGR3B-NA2 homozygous). 

3.5.7 KIR genotyping using qPCR 

KIR 2DL1, 2DL2, 2DL3, and 3DL1 were determined by using gene-specific primers 

(Eurofins MWG Operon, Ebersberg, Germany). Primer sequences were previously 

published.220,221 Due to the high genetic variability of the KIR locus, two primer pairs 
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were included for KIR 2DL1, 2DL2, and 3DL1, as not all alleles were detected by a 

single primer pair. Each 10 µl reaction contained 5 ng of genomic DNA, 5 µl SensiMix 

SYBR Hi-ROX 2.0x Mastermix, 1 µl A. dest, 2.5 pg GAPDH forward primer, 2.5 pg 

GAPDH reverse primer, and 10 pg of a KIR forward primer and 10 pg of its respective 

KIR reverse primer. Table 13 shows the primer sequences. PCR was performed using 

a StepOnePlus Real-time PCR System (Thermo Scientific, Waltham, MA, USA) under 

the following conditions: 10 min for initial DNA denaturation at 95 °C followed by 30 

cycles of 95 °C for 15 s (denaturation), 65 °C for 15 s (annealing), and 72 °C for 20 s 

(elongation). GAPDH-specific primers were used as internal positive controls to ensure 

that the absence of a KIR amplicon was a true result. In addition, inclusion of an NTC 

ensured detection of any contamination. Melting-curve analysis was performed after 

PCR cycling to identify the genotype. To obtain melting curves, fluorescence was 

measured while raising the temperature from 60 °C to 95 °C in steps of 3 °C. 

Table 13: Primer used for KIR genotyping 

Name Sequence 

2DL1-1 forward 5’- GTTGGTCAGATGTCATGTTTGAA -3‘ 

2DL1-1 reverse 5’- GGTCCCTGCCAGGTCTTGCG -3‘  

2DL1-2 forward 5’- TGGACCAAGAGTCTGCAGGA -3‘ 

2DL1-2 reverse 5’- TGTTGTCTCCCTAGAAGACG -3‘ 

2DL2-1 forward 5′- AAACCTTCTCTCTCAGCCCA-3′ 

2DL2-1 reverse 5′- GCCCTGCAGAGAACCTACA-3′ 

2DL2-2 forward 5′- CTGGCCCACCCAGGTCG-3′ 

2DL2-2 reverse 5′- GGACCGATGGAGAAGTTGGCT-3′ 

2DL3-1 forward 5′- AGACCCTCAGGAGGTGA-3′ 

2DL3-1 reverse 5′- CAGGAGACAACTTTGGATCA-3′ 

3DL1-1 forward 5′- CGCTGTGGTGCCTCGA-3′ 
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3DL1-1 reverse 5′- GGTGTGAACCCCGACATG-3′ 

3DL1-2.1 forward *  5′- CCATYGGTCCCATGATGCT-3′ 

3DL1-2.2 forward 5′- TCCATCGGTCCCATGATGTT-3′ 

3DL1-2 reverse 5′- CCACGATGTCCAGGGGA-3′ 

GAPDH forward 5′- ACTAGGCGCTCACTGTTCTCTC -3′ 

GAPDH reverse 5′- GGAGTAGGGACCTCCTGTTTCT -3′ 

* In accordance with the nucleic acid notation Y represents both pyrimidine bases 
C and T. The used primer mix contained primers with both bases in the ratio of 1:1 

3.5.8 HLA Ligand genotyping 

HLA ligand genotyping was performed using the Olerup SSP® KIR HLA Ligand Kit 

incl. Taq (Olerup GmbH, Wien, Austria). It allowed for detection of HLA-C1, HLA-C2, 

and HLA-Bw4+ alleles. An NTC was added by using Olerup SSP® HLA – Negative 

Control SSP (Olerup GmbH, Wien, Austria) to detect any contamination. Genotyping 

was performed according to the manufacturer's protocol using 60 ng of genomic DNA 

in each 10 µl reaction. PCR was performed using Arktik Thermal Cycler (Thermo 

Scientific, Waltham, MA, USA) under the following conditions: 2 min for initial DNA 

denaturation at 94 °C followed by 10 cycles of 9 4°C for 10 s (denaturation) and 65 °C 

for 60 s (annealing and elongation), followed by another 20 cycles of 94 °C for 10 s 

(denaturation), 61 °C for 50s (annealing), and 72 °C for 30 s (elongation). Subsequent 

gel electrophoresis for 80 min (120 V) on 2% agarose gel containing ethidiumbromide 

was performed to visualize the PCR products. 

3.6 Statistical methods 

Sigma Plot software (version 13.0, Systat Software Inc., San Jose, CA, USA) was used 

for statistical analysis. 
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3.6.1 Genotype frequency analysis 

Expected frequencies for FCGR polymorphisms were determined using the Hardy-

Weinberg equilibrium.222 The frequencies observed in the 53 patients analyzed were 

then compared to the expected frequencies to reveal any differences in genotype 

contribution. Statistical comparison was made using the Χ² test. 

3.6.2 Survival analysis 

OS and EFS were calculated using the method of Kaplan and Meier.223 It illustrates 

the time of occurrence of the event of interest between two groups. In our analysis 

groups were formed based on KIR or FGCR genotypes. When analyzing OS, death 

was considered as the event of interest. The OS is given as mean ± standard error of 

mean (SEM) in years. The confidence interval (95% CI) is given in parentheses. In the 

case of EFS two possible events of interest were noted: Relapse and death due to any 

cause but the disease. The EFS is given as mean ± standard error of mean (SEM) in 

years. The confidence interval (95% CI) is given in parentheses. Subsequently, the 

survival curves were compared using a statistical hypothesis test called the log rank 

test.224,225 It is used to test the null hypothesis that there is no difference between the 

survival curves.225 Thereby, association between survival and genotypes was 

determined. A P value of < 0.05 was considered significant, and < 0.01 was considered 

very significant. If a significant or very significant P value was noted the null hypothesis 

was rejected. Rejection of the null hypothesis indicates a difference between the 

survival curves. 



68 

 

4 Results 

4.1 Genotype analysis 

FCGR and KIR genotypes were determined in 53 patients. Due to lack of DNA the 

FCGR3B and KIR genotype could not be assessed in one patient. The determined 

genotypes are shown in Table 14: Patient specific genotypes, OS and EFS. In addition, 

patient specific OS and EFS are noted. 

Table 14: Patient specific genotypes, OS and EFS 

patient 
KIR 
mismatch 

FCGR2A FCGR3A FCGR3B 
OS (in 
years) 

EFS (in 
years) 

P-01-MK X* H/R V/F X* 6,17 1,56 

P-02-SO mismatch R/R V/F NA1/NA2 2,07 0,26 

P-03-SY match H/H F/F NA2/NA2 5,91 5,91 

P-04-RW mismatch R/R V/F NA1/NA1 5,56 5,56 

P-05-WF match H/R V/F NA2/NA2 1,19 0,56 

P-06-KZ match R/R F/F NA1/NA2 3,53 0,95 

P-07-DO match H/R F/F NA2/NA2 1,81 0,33 

P-08-LO mismatch R/R V/F NA2/NA2 1,94 0,35 

P-09-DJ match H/R V/F NA1/NA1 5,20 5,20 

P-10-KJ mismatch H/H V/F NA2/NA2 4,99 4,99 

P-11-AT match H/R V/F NA1/NA2 4,78 4,78 

P-12-LK mismatch R/R F/F NA1/NA2 4,51 4,51 

P-13-WA match R/R V/F NA2/NA2 1,96 0,27 
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P-14-BV match H/H V/F NA2/NA2 4,75 1,81 

P-15-PT match H/H V/F NA1/NA2 3,43 1,77 

P-16-BA mismatch R/R F/F NA2/NA2 4,73 1,73 

P-17-KA mismatch H/H F/F NA1/NA2 1,71 0,11 

P-18-MN mismatch H/R F/F NA1/NA2 3,41 0,54 

P-19-GE match H/H F/F NA1/NA1 2,23 0,58 

P-20-IA match R/R F/F NA2/NA2 4,03 4,03 

P-21-DS mismatch H/R F/F NA1/NA2 4,33 0,58 

P-22-BL match H/H V/F NA1/NA2 4,33 4,33 

P-23-CB mismatch R/R F/F NA1/NA2 2,02 0,58 

P-24-ER mismatch H/H F/F NA1/NA1 4,26 0,58 

P-25-BA mismatch R/R V/F NA2/NA2 1,95 0,48 

P-26-TT mismatch H/R V/V NA1/NA2 4,25 4,25 

P-27-EC mismatch H/R V/F NA2/NA2 0,27 0,24 

P-28-FD Match H/H V/F NA1/NA2 4,27 4,27 

P-29-HJ Match H/H F/F NA1/NA2 4,23 0,29 

P-30-BV mismatch R/R V/F NA1/NA2 0,69 0,25 

P-31-PA mismatch R/R F/F NA1/NA2 1,05 0,12 

P-32-RN Match H/R F/F NA1/NA2 0,68 0,68 

P-33-PH Match H/R V/F NA1/NA2 3,55 0,22 

P-34-PO mismatch H/R V/V NA1/NA2 3,79 3,79 

P-35-VF Match H/R V/F NA2/NA2 2,77 0,93 

P-36-MA mismatch H/R F/F NA2/NA2 4,04 2,76 
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P-37-CJ mismatch H/H F/F NA1/NA2 3,96 2,04 

P-38-GA mismatch H/R F/F NA1/NA1 3,91 1,35 

P-39-CM mismatch R/R F/F NA2/NA2 1,88 0,23 

P-40-SR match H/R V/F NA1/NA1 0,84 0,30 

P-41-MH mismatch H/H F/F NA1/NA2 1,45 0,29 

P-42-KJ mismatch H/R V/F NA2/NA2 3,77 3,77 

P-43-MM match H/H F/F NA1/NA1 3,61 0,29 

P-44-WA mismatch R/R F/F NA1/NA2 2,33 1,04 

P-45-MJ mismatch H/R V/F NA2/NA2 3,48 3,48 

P-46-HA mismatch H/R F/F NA1/NA2 3,64 3,64 

P-47-GN mismatch H/H V/V NA2/NA2 3,22 3,22 

P-48-DO mismatch H/R F/F NA1/NA2 3,52 3,28 

P-49-CK mismatch H/R V/F NA1/NA1 3,46 2,42 

P-50-PK match H/R F/F NA2/NA2 3,00 0,75 

P-51-SM match H/R V/F NA1/NA2 2,87 2,55 

P-52-SA match H/R F/F NA2/NA2 1,89 0,48 

P-53-KE mismatch R/R V/F NA2/NA2 2,82 1,83 

*Due to lack of DNA the FCGR3B and KIR genotype could not be assessed in 
patient P-01-MK 

 

4.1.1 FCGR frequencies 

Analysis of FCGR polymorphisms revealed 14/53 patients (26%) to be homozygous 

for FCGR2A 131H, 15/53 (28%) to be homozygous for the 131R allele, and 24/53 

(45%) to be heterozygous (H/R). Analysis of FCGR3A polymorphism revealed 3/53 
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(6%) patients to be homozygous for 158V, 26/53 (49%) to be homozygous for the 158F 

allele and 24/53 (45%) heterozygous patients (V/F). FCGR3B genotyping showed 8/52 

(15%) patients to be homozygous for FCGR3B NA1, 20/52 (38%) patients to be 

homozygous for the NA2 allele, and 24/52 (46%) to be heterozygous (NA1/NA2). DNA 

was missing for successful FCGR3B genotype determination in one patient.  

Genotyping results were confirmed using TaqMan® SNP genotyping assays (Life 

Technologies GmbH, Darmstadt, Germany) for FCGR2A (Assay rs1801274) and 

FCGR3A (Assay rs396991). No differences in the determined genotypes and 

polymorphism frequencies were noted.  

The expected genetic distribution of FCGR2A, -3A, and -3B polymorphisms was 

calculated based on Hardy-Weinberg principles, as described above. As shown in 

Table 15, no significant deviation from the expectations of the Hardy-Weinberg 

equilibrium was found in the observed genotype distribution. 

Table 15: FCGR genotype distribution 

Gene genotype 
observed frequency 
(%) 

expected frequency 
(%) 

Χ2 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   

FCGR3B 

NA1/NA1 15 14   

NA1/NA2 46 46 0.05 0.947 

NA2/NA2 38 37   
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4.1.2 KIR/HLA frequencies 

The presence of inhibitory KIR 2DL1, 2DL2, 2DL3, and 3DL1 was determined in 52 

patients. The necessary DNA sample for analysis of KIR2DL3 was missing from one 

patient. Presence of KIR2DL1 was observed in 51 (96%), KIR2DL2 was observed in 

26 (49%), KIR2DL3 was observed in 47 (90%) and KIR3DL1 was observed in 53 

(100%) patients.  

KIR genotypes were confirmed using the Olerup SSP® KIR Genotyping Kit incl. Taq 

(Olerup GmbH, Wien, Austria). Genotyping results did not differ between established 

protocols and the commercially available Olerup SSP® KIR Genotyping Kit. 

DNA samples for HLA ligand genotyping were available from 52 patients. HLA-C1 was 

present in 45 (85%) and HLA-C2 in 34 (65%) patients. The HLA-Bw4 motif could be 

observed in 41 (79%) patients. Comparison with previously published data shows KIR 

and HLA ligand frequencies to be similar.21 

Table 16: KIR/HLA ligand frequencies 

Gene Patients (n) Patients (%) 

inhibitory KIR 

2DL1 51 96 

2DL2 26 49 

2DL3* 47 90 

3DL1 53 100 

HLA ligand* 

HLA-C1 45 85 

HLA-C2 34 65 

HLA-Bw4 41 79 

*DNA for successful analysis of KIR2DL3 and HLA ligands was missing in one 
patient. 
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4.1.3 KIR/HLA mismatch analysis 

A KIR/HLA mismatch was defined if at least one KIR missed its respective ligand, 

previously described as the receptor-ligand model.226 According to this model, patients 

were either classified as KIR/HLA matched (every expressed KIR has at least one 

respective ligand) or KIR/HLA mismatched (at least one expressed KIR has no 

respective ligand). DNA samples from 52 patients were eligible for KIR/HLA mismatch 

analysis, which revealed 22 (42%) to be KIR/HLA matched and 30 (58%) to be 

KIR/HLA mismatched. The observed KIR/HLA combinations are shown in detail in 

Table 17. 

Table 17: KIR/HLA combinations 

KIR/HLA combination Patients (n) Patients (%) 

KIR/HLA 

Match 22 42 

Mismatch 30 58 

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 

*Due to the missing DNA of one patient for KIR/HLA mismatch analysis, the total 
number of KIR/HLA combinations is reduced by one. 



74 

 

4.2 Survival analysis 

After determination of FCGR and KIR genotypes, their impact on patients’ survival was 

analyzed. 

4.2.1 Association between FCGR genotypes and survival 

Three FCGR genotypes were included in this analysis: FCGR2A, -3A and. -3B. As 

mentioned above, anti-tumor response by ch14.18/CHO depends mainly on effective 

induction of ADCC.138,145 FCGR2A-H131 and FCGR3A-V158 genotypes were 

associated with an increased receptor affinity to human IgG.153,167,170 Accordingly, 

FCGR2A-H131 and FCGR3A-V158 were considered as high affinity alleles, FCGR2A-

R131 and FCGR3A-F158 as low affinity alleles. As FCGR2A and -3A are activating 

receptors, the increased binding affinity of the high affinity alleles results in increased 

NK cell activation, thereby promoting ADCC and anti-tumor response.174,227,228 

To analyze the impact of FCGR2A polymorphisms on survival, patients were divided 

into two groups: Group one included patients harboring the high-affinity FCGR2A-H131 

allele (H/H or H/R), whereas patients being homozygous for low-affinity FCGR2A-R131 

allele formed the second group. The EFS rates of the first group (38/53 patients) were 

higher than those of the second group (15/38 patients) (34% vs. 20%). Accordingly, 

the mean EFS time was longer in patients of the first group (EFS: 2.7±0.4 years (95% 

CI [1.9, 3.5]) compared to that of FCGR2A-R131-homozygous patients (EFS: 1.7±0.5 

years (95% CI [0.6, 2.7]). As shown in Figure 14, comparison of EFS probabilities 

revealed improved EFS probability in patients harboring the FCGR2A-H131 allele (H/H 

or H/R) compared to that of FCGR2A-R131 homozygous patients. However, this 

difference was not found to be significant (P = 0.141). 

Similar observations were made when analyzing OS. The OS rates of patients 

expressing the FCGR2A-H131 allele (H/H or H/R) were higher than those of FCGR2A-

R131 homozygous patients. (68% vs. 33%), and the mean OS time was prolonged. 

(4.8±0.4 years (95% CI [4.1, 5.5]) vs. 3.1±0.5 years (95% CI [2.2, 4.1]). Analysis of OS 
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probabilities showed improved OS of the first group compared to that of the second 

group (P = 0.020), as shown in Figure 14. 

 

Figure 14: Association of FCGR2A genotype and patients’ survival. Patients harboring the FCGR2A-

H131 allele (H/H, H/R; back line) are compared to those who were FCGR2A-R131 homozygous (R/R; 

grey line). Patients expressing the FCGR2A-H131 allele (H/H or H/R) showed improved OS and EFS 

probabilities. 

Similar to FCGR2A, the impact of FCGR3A genotypes on patients’ survival was 

analyzed by dividing patients into two groups: one including patients harboring the high 

affinity FCGR3A-V158 allele (V/V or V/F), the other including patients homozygous for 

the low affinity FCGR3A-F158 allele (F/F). The EFS rates of the first group (27/53 

patients) were higher than those of the second group (26/38 patients) (41% vs. 19%). 

Accordingly, the mean EFS time was longer in patients of the first group (EFS: 2.9±0.5 

years (95% CI [1.9, 3.8]) compared to that of FCGR3A-F158 homozygous patients 

(EFS: 1.7±0.4 years (95% CI [1.0, 2.6]). Despite this tendency towards increased EFS 

in FCGR3A-V158-harboring patients, there was no significant difference in EFS 

probability (p = 0.082, Figure 15).  
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Analysis of OS showed similar OS rates of patients expressing the FCGR3A-V158 

allele and those who were FCGR3A-F158 homozygous. (59% vs. 58%). Similarly, the 

mean OS time did not differ significantly between the two groups: 4.4±0.5 years (95% 

CI [3.5, 5.2]) vs. 4.2±0.42 years (95% CI [3.8, 5.0]). As shown in Figure 15, the OS 

probabilities of patients expressing the FCGR3A-V158 allele were not significantly 

improved compared to those of FCGR3A-F158-homozygous patients (P = 0.911).  

 

Figure 15: Association of FCGR3A genotype and patients’ survival. Patients harboring the FCGR3A-

V158 allele (V/V, V/F; black line) were compared to FCGR3A-F158-homozygous patients (F/F; grey 

line). Patients expressing the FCGR2A-V158 allele (V/V or V/F) showed EFS probabilities. 

For analysis of FCGR3B, patients were divided into two groups: one including patients 

harboring the FCGR3B-NA1 allele (NA1 or NA1/NA2), another including patients 

homozygous for FCGR3B-NA2. The EFS rates of the first group (32/52 patients) were 

similar to those of the second group (20/52 patients) (35% vs. 30%). Accordingly, 

comparison of the mean EFS time did not reveal any significant differences between 

the two groups (1.9±0.4 years (95% CI [1.3, 2.5]) vs. 2.1±0.5 years (95% CI [1.2, 3.0])). 

As shown in Figure 16, comparison of EFS probabilities revealed no significant 

difference in patients harboring the FCGR3B-NA1 allele compared to FCGR3B-NA2-

homozygous patients (P = 0.985). 



77 

 

Similar observations were made when analyzing OS. The OS rates of patients 

expressing the FCGR3B-NA1 allele (NA1 or NA1/NA2) were similar to those of 

FCGR3B-NA2-homozygous patients (56% vs. 60%). Accordingly, the mean OS time 

did not differ significantly between the two groups (4.0±0.3 years (95% CI [3.3, 4.7]) 

vs. 4.2±0.5 years (95% CI [3.2, 5.2]), and no significant difference in OS probability 

was found (P = 0.928, Figure 16). 

 

Figure 16: Association of FCGR3B genotype and patients’ survival. Patients harboring the FCGR3B-

NA1 allele (NA1/1, NA1/2; black line) were compared to FCGR3B-NA2-homozygous patients (NA2/2; 

grey line). No significant differences in OS or EFS probabilities was found. 

As both FCGR2A and FCGR3A showed a tendency towards improved survival 

probability, the combined impact of both genes on survival was analyzed. Therefore, 

two patient cohorts combining FCGR2A and FCGR3A genotypes were defined, as 

shown in Figure 17. Patients harboring at least one homozygous, low-affinity genotype 

(R/R and/or F/F) were assigned to the combined low-affinity cohort (33/53 patients 

(62%)). The second cohort included patients who missed a homozygous, low-affinity 

genotype (H/H or H/R and V/V or V/F) to form the high-affinity cohort (20/53 patients 

(38%)). 
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Figure 17: Frequencies of distinct FCGR2A (columns) and FCGR3A (rows) genotypes. To assess the 

impact of combined FGCR2A and FCGR3A genotypes on patients’ survival, two cohorts were formed. 

Patients missing a homozygous, low-affinity genotype (H/H or H/R and V/V or V/F) were included in the 

combined high-affinity group (dark grey; 20/53 patients). Patients harboring at least one homozygous, 

low-affinity genotype (R/R and/or F/F) were assigned to the combined low-affinity cohort (light grey; 

33/53 patients). 

Patients assigned to the high-affinity cohort displayed increased EFS compared to the 

patients of the low-affinity cohort (50% vs. 18%). Accordingly, the mean EFS time was 

3.2±0.5 years (95% CI [2.6, 4.2]) and 1.7±0.4 years (95% CI [1.0, 2.4]) in the high- and 

low-affinity cohorts, respectively. In addition, EFS probability was significantly 

increased in the high-affinity cohort compared to that of the low-affinity cohort (P = 

0.008), as shown in Figure 18. 

Additional analysis of OS was performed by comparing the same high- and low-affinity 

cohorts based on combined FCGR2A and FCGR3A genotypes. The OS rates of the 

high-affinity cohort were improved compared to that of the low-affinity cohort. Similarly, 

the mean OS time of patients assigned to the high-affinity cohort (4.9±0.5 years (95% 

CI [3.9, 5.9]) was longer than that of the low-affinity cohort (3.9±0.4 years (95% CI [3.2, 

4.7]). However, comparison of OS probabilities revealed no significant differences in 

mean OS time between the high-affinity cohort and the low-affinity cohort (P = 0.175), 

as shown in Figure 18. 
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Figure 18: Association of combined FCGR2A and FCGR3A genotypes and patients’ survival. Patients 

included in the high-affinity cohort (high; black line) were compared with patients assigned to the low-

affinity cohort (low; grey line). The EFS probability was significantly increased in the high-affinity cohort 

compared to that of patients included in the low-affinity cohort. 

4.2.2 Association between KIR/HLA mismatch and survival 

The impact of the presence or absence of inhibitory KIR/HLA match (2DL1/HLA-C2, 

2DL3/HLA-C1 and 3DL1/HLA-Bw4) on EFS and OS was analyzed accordingly. Based 

on the collected data, 52 patients were eligible for analysis. The EFS rates of KIR/HLA-

matched patients (22/52 patients) was similar to that of mismatched patients (30/52 

patients) (30% vs. 32%). Accordingly, comparison of mean EFS time did not reveal 

any significant differences between matched and mismatched patients (2.4±0.4 years 

(95% CI [1.6, 3.2]) vs. 2.3±0.5 years (95% CI [1.3, 3.4]). As shown in Figure 19, EFS 

probabilities did not differ significantly between the two groups (P = 0.919).  

Similarly, the OS rates of KIR/HLA-matched patients hardly differed from those of 

mismatched patients (60% vs. 55%), and mean OS time was similar in both groups 

(4.0±0.4 years (95% CI [3.3, 4.7]) vs. 4.1±0.5 years (95% CI [3.2, 5.0]). Accordingly, 
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analysis of OS probabilities did not reveal any significant differences between matched 

and mismatched patients, as shown in Figure 19 (P = 0.799). 

 

Figure 19: Association of KIR/HLA mismatch and patients’ survival. If at least one expressed KIR was 

missing its respective ligand, patients were considered to be KIR/HLA mismatched (mismatch; black 

line). Patients expressing ligands for all their KIR were considered to be KIR/HLA matched (match; grey 

line). The OS and EFS probabilities of KIR/HLA matched and KIR/HLA mismatched patients were 

compared using Log-rank test. Neither OS nor EFS probabilities differed significantly between the two 

groups. 
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5 Discussion 

The unique capacity of anti-GD2 antibodies to target and destroy neuroblastoma cells 

has become a valuable tool in the treatment of high-risk neuroblastoma. The most 

prominent member of the anti-GD2 antibody family is ch14.18, and its therapeutic 

potential was recently demonstrated in neuroblastoma patients showing prolonged 

EFS and improved OS.1 Over the last few years, pediatric oncologists at the University 

Hospital of Greifswald established the clinical structures needed to offer ch14.18/CHO 

infusion to patients suffering from high-risk neuroblastoma and further investigations 

of the mechanism of action of ch14.18/CHO were carried out. As mentioned above, 

ADCC is considered the main mechanism of action of monoclonal antibodies. Our 

research group was able to demonstrate that ch14.18/CHO effectively induces 

ADCC.138 Since FCGR polymorphisms and KIR/HLA mismatches were repeatedly 

reported to affect ADCC mediated by monoclonal antibodies, individual FCGR and 

KIR/HLA genotypes might impact patient-specific ADCC induced by 

ch14.18/CHO.174,229–231 Indeed, the prognostic value of FCGR and KIR genotyping in 

immunotherapy of neuroblastoma was suggested for several anti-GD2 monoclonal 

antibodies.21,23 However, the effect of FCGR polymorphisms and KIR/HLA mismatch 

on response to ch14,18/CHO was not assessed so far. 

5.1 Impact of FCGR on ch14.18/CHO immunotherapy 

According to recent research, NK cells are important mediators of anti-tumor effects of 

ch14.18/CHO in mice.15 Interestingly, NK cell activation by ch14.18/CHO depends on 

antibody binding to FCGR3A, a receptor with an exceptional genetic variety. As 

mentioned above, NK cells were able to bind human IgG1 with increased affinity in 

FCGR3A-V158-homozygous donors.167 Accordingly, association of FCGR3A-V158F 

genotype and response to immunotherapy was shown for a variety of IgG1 monoclonal 

antibodies.21,173,174 As ch14.18/CHO is an IgG1 monoclonal antibody itself, binding of 

ch14.18/CHO to NK cells is likely to be affected by the FCGR3A genotype. Increased 

binding affinity would subsequently lead to increased NK cell activation, thereby 
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promoting ADCC and tumor cell lysis. The data reported above revealed effects of the 

FCGR3A genotype on EFS, as EFS rates were higher and as the mean EFS time was 

longer in patients harboring the high-affinity FCGR3A 158V allele. However, significant 

effects on EFS probability could not be demonstrated—probably due to the small 

number of patients analyzed. In addition, the FCGR3A genotype was not associated 

with OS. In fact, no significant differences were found in OS rates, mean OS time, and 

OS probabilities when comparing patients expressing the FCGR3A 158V allele to 

FCGR3A-158F-homozygous patients. However, this might be due to the low frequency 

of FCGR3A-158V-homozygous patients (three out of 53 patients) and the small overall 

size of the examined cohort. Recent research has made similar observations when 

examining the impact of FCGR genotypes in response to hu14.18-IL-2.21 As IL-2 was 

reported to induce immune response and NK cell activation, it constitutes an essential 

part of current immunotherapy regimes—including that used in the SIOPEN 

ch14.18/CHO LTI study.134,232–235 Therefore, Delgado et al.21 hypothesized that 

FCGR3A genotypes should affect response to hu14.18-IL-2, as effective activation of 

cytokine-induced NK cells depends on the FCGR3A genotype. However, no 

association between the FCGR3A genotype and response to hu14.18-IL-2 was found. 

However, Delgado et al.21 found only two of 36 patients to be FCGR3A-158V 

homozygous. Accordingly, the validity of the observed results is admittedly limited.21 

In consideration of these drawbacks in the study design of this thesis, the observed 

effects on EFS rates and mean EFS time might indicate an important impact of 

FCGR3A genotypes on patients survival. 

Although NK cells are considered to be the main contributors to ch14.18/CHO-induced 

ADCC, anti-tumor effects of neutrophils have been reported.236,237 Accordingly, several 

studies have noted effective tumor cell lysis by neutrophils when performing anti-GD2 

immunotherapy.135,238 Barker et al.132 report that neutrophils play an important role in 

ch14.18-induced neuroblastoma cell lysis. They revealed several distinct mechanisms 

responsible for this anti-tumor response.239 Since FCGR2A is considered the main 

activating receptor on neutrophils, its genomic variation has gained increased scientific 

attention. As mentioned above, the single nucleotide polymorphism at amino acid 

position 131, commonly referred to as FCGR2A-H131R, was shown to affect the 
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receptor’s affinity to human IgG. Binding studies demonstrate that the FCGR2A-H131 

allotype binds to human IgG2 and IgG3 with higher efficacy than FCGR2A-R131.153,170 

In addition, the FCGR2A genotype is reported to affect binding to human IgG1, which 

is the IgG subclass commonly used in immunotherapy.153 Accordingly, various studies 

have demonstrated an association between the FCGR2A-H131 allele and response to 

IgG1 monoclonal antibodies.172–174 In addition, Cheung et al.23 report FCGR2A 

genotypes to be associated with progression-free survival of patients receiving anti-

GD2 antibody 3F8. However, patients were treated with granulocyte-macrophage 

colony-stimulating factor (GM-CSF), thus inducing FCGR2A-expressing granulocytic 

cells.240 As patients of the SIOPEN ch14.18/CHO LTI study did not receive GM-CSF, 

the contribution of FCGR2A-expressing cells to tumor cell lysis was considered to be 

only limited. However, the data presented above reveal that the presence of the 

FCGR2A-H131 allele is associated with increased EFS rates and prolonged mean EFS 

time. Although the EFS probability of the FCGR2A-H131 allele carriers was not 

significantly better compared to that of FCGR2A-R131 homozygous patients, a 

tendency towards improved EFS probability was observed. These results suggest that 

the FCGR2A-H131 allele is associated with increased activation of neutrophils and 

other immune cells—probably due to improved binding to ch14.18/CHO. In addition, 

the observed association stresses the importance of neutrophils and other FCGR2A-

expressing cells for effective ch14.18/CHO-induced tumor cell lysis. In consideration 

of the collected data, FCGR2A-expressing cells appear to make a substantial 

contribution to the therapeutic effects of ch14.18/CHO, even without stimulation 

through GM-CSF. Since Heslop et al.241 report IL-2 infusion to accelerate neutrophil 

recovery and induce granulocyte-macrophage colony stimulating factor (GM-CSF) 

production of dendritic cells, activation of FCGR2A-expressing cells might depend on 

IL-2. Interestingly, Delgado et al.21 report a trend toward higher response rate in 

FCGR2A-131H-homozygous patients who receive hu14.18-IL-2. Bearing these results 

in mind, the data collected in this study might indicate the prognostic value of FCGR2A 

genotyping when conducting immunotherapy with ch14.18/CHO. However, the 

prognostic value certainly needs to be assessed in a greater sample size to reveal 

significant associations. In addition, FCGR2A genotyping might only be of prognostic 
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value when combining immunotherapy with IL-2, as substantial contributions by 

FCGR2A-expressing cells to tumor cell lysis might depend on activation through IL-2. 

As the importance of neutrophils for effective immunotherapy with ch14.18/CHO 

became clear, it appeared to be of great interest to also include FCGR3B in this 

analysis. As mentioned above, FCGR3B is regarded as an important inhibitory 

receptor on neutrophils.218 Interestingly, the receptor function of FCGR3B is affected 

by the so-called neutrophil antigen (NA) polymorphism, which involves a four amino 

acid substitution altering receptor glycosylation.175 So far, the effect of the NA1/NA2 

polymorphism on the success of immunotherapy is unclear; however, phagocytosis of 

IgG-opsonized bacteria and IgG-sensitized erythrocytes is increased in FCGR3B-NA1-

homozygous individuals.176,177 As the cytotoxic effects of monoclonal antibodies are 

mainly induced by NK cells which do not bear FCGR3B, data on the impact of FCGR3B 

genotypes on immunotherapy is limited. The observations made in this thesis have not 

revealed any association between the FCGR3B genotype and patients’ survival. Either 

the observed increase in phagocytosis of FCGR3B-NA1-homozygous individuals does 

not affect the anti-tumor response induced by ch14.18/CHO, or it does so only to a 

very limited extent. Our sample size might not be big enough to detect effects so 

limited. As FCGR2A genotypes were shown to affect EFS rates, mean EFS time and 

EFS probabilities, FCGR2A-expressing neutrophils appear to make a substantial 

contribution to the therapeutic effects of ch14.18/CHO. According to our data, this 

contribution is not altered by FCGR3B genotypes, although FCGR3B is regarded as 

an important inhibitory receptor of neutrophils.218 In theory, the effects of FCGR2A 

genotypes could be due to increased activity of FCGR2A-expressing cells other than 

neutrophils, such as dendritic cells; but effective tumor cell lysis by neutrophils was 

reported when performing anti-GD2 immunotherapy.239 Given the limited published 

data on FCGR3B genotyping, the NA polymorphism appears to have no impact on 

ch14.18/CHO-induced tumor cell lysis. Furthermore, no prognostic value of FCGR3B 

genotyping was revealed, although activation of neutrophils appears to contribute to 

effective tumor cell lysis when using ch14.18/CHO.239 However, these results were 

obtained from a small sample and could only be compared to the very limited data 

available. Therefore, it must be said that the functional impact of this polymorphism on 
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the interactions of neutrophils and monoclonal antibodies remains obscure and 

requires further investigation. 

As patients with single gene polymorphisms (FCGR2A and -3A) show increased 

ADCC, and as both NK cells and neutrophils mediate ADCC, additional analysis of 

combined FCGR genotypes was performed. As effects of FCGR2A and -3A genotypes 

on patients’ survival were detected, we hypothesized that patients who showed 

beneficial genotypes in both receptors were likely to show improved survival. To test 

this hypothesis, two patient cohorts combining FCGR2A and -3A genotypes were 

defined, as described above. Patients harboring at least one homozygous, low-affinity 

genotype (R/R and/or F/F) were assigned to the combined low-affinity cohort (33/53 

(62%)). The second cohort included patients who missed a homozygous, low-affinity 

genotype (H/H or H/R and V/V or V/F), thereby forming the high-affinity cohort (20/53 

patients). As no association between FCGR3B and survival was found, FCGR3B 

genotypes were not taken into account when defining these cohorts. The ch14.18/CHO 

was expected to induce ADCC most effectively when both neutrophils and NK cells 

were able to bind ch14.18/CHO with increased affinity. Interestingly, the collected data 

not only demonstrates an increase in EFS rates and mean EFS time in patients of the 

high-affinity cohort, they also show a significant increase in EFS probability. These 

results suggest that both FCGR2A and -3A genotypes affect the efficacy of 

ch14.18/CHO in neuroblastoma patients. However, the probability of OS was not 

significantly different in our high- and low-affinity cohorts. Usually, an increase in EFS 

leads to prolonged OS survival as time progresses as events such as relapses will 

affect patients’ OS survival. Accordingly, we observed a trend in improved OS of 

patients in the high-affinity cohort. Therefore, it seems mandatory to reevaluate the 

survival probabilities of our cohort in the future as significant differences of OS might 

be detected after a longer observation period. In addition, we suggest that an increase 

in the cohort size might reveal significant differences in the future. Based on these 

observations, FCGR genotyping might actually offer the predictive value we assumed. 

Accordingly, we recommend extending FCGR2A and -3A genotyping to 

neuroblastoma patients receiving ch14.18/CHO immunotherapy in the future. In 

addition, the predictive value of FGCR genotypes might not be limited to ch14.18/CHO 
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immunotherapy. As several studies have shown, FCGR genotyping might be of value 

when performing immunotherapy with a variety of monoclonal antibodies, such as 

cetuximab and trastuzumab.173,174 The efforts described above to establish the FCGR 

genotyping methods at Greifswald University Hospital might not only be limited to the 

field of pediatric oncology. In fact, several other clinical departments offering 

immunotherapy, such as the departments of gynecology and oncology, might benefit 

from the established methods. 

5.2 Future research possibilities regarding FCGR 

As the results of the present work suggest prognostic value of FCGR genotyping in 

patients receiving ch14.18/CHO immunotherapy, further research should be 

considered to assess the functional impacts of FCGR genotypes on ch14.18/CHO 

immunotherapy. Our research group recently described functional bioassays allowing 

measurement of ch14.18/CHO-induced ADCC levels.138 Due to increased binding of 

ch14.18/CHO by leucocytes of patients with high-affinity FCGR alleles, these patients 

should display increased ADCC levels compared to those harboring low-affinity alleles. 

Accordingly, comparison of the ADCC levels of the two FCGR cohorts might reveal 

that the observed improved survival of patients with high-affinity FCGR alleles is 

associated with increased ADCC, as originally hypothesized. In addition, the FCGR 

genes display variation not only in the form of SNPs but in their copy numbers as 

well.242 Copy number variation (CNV) has been described for a variety of FCGR, 

including FCGR-3A, -3B, and -2C.243,244 Interestingly, high copy numbers were 

associated with increased FCGR expression on the cell surface and linked to increased 

autoimmunity.245,246 So far, the impact of CNV on the efficacy of immunotherapy 

remains unclear. Nevertheless, it seems possible that the increase of FCGR3A 

expression on NK cells associated with high copy numbers is beneficial for effective 

anti-tumor response. Erbe et al.154 recently described a PCR method to determine both 

SNP and CNV of FCGR3A and -2C in a single PCR reaction using qPCR. However, 

bearing in mind the extensive homology between the FCGR genes accuracy of any 

genotyping protocol has to be ensured. Several PCR based methods for FCGR SNP 

genotyping have been described so far.216–219 Based on these previously published 
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results we were able to establish PCR-based genotyping methods for FCGR2A-

H131R, FCGR3A-V158F and FCGR3B-NA1/NA2 polymorphisms. The data presented 

above shows the reliability and accuracy of the established procedures. First of all, the 

described methods allowed reliable detection of single nucleotide changes in artificially 

created plasmids. Furthermore, genotyping results were 100% concordant with 

expensive, commercially available genotyping kits such as TaqMan® SNP genotyping 

assays. In addition, the described qPCR-based protocols allow genotype 

determination without time-consuming, post-PCR procedures such as gel 

electrophoresis. Therefore, the described protocols are suitable for fast genotype 

analysis in larger cohorts, as was demonstrated within the scope of this thesis. The 

additional establishment of classical PCR protocols allows for FCGR SNP analysis, 

even when qPCR equipment is lacking. Although, reliable and accurate genotype 

analysis was achieved using the newly established methods, further improvements 

may be considered, as we would recommend FCGR genotyping to be extended in the 

future. One way to facilitate FCGR genotyping would be to successfully implement a 

protocol based on fluorescent reporter probes such as the TaqMan® probes.247 

Besides gene-specific PCR primers, the genotyping assay would include allele-specific 

fluorescent reporter probes. Each probe would be attached to a fluorescent dye such 

as carboxytetramethylrhodamine (TAMRATM) or fluorescein amidite (FAMTM). The 

detection of a certain dye would depend on the presence of the associated allele, 

thereby allowing genotype determination in a single reaction. Ibrahim et al.248 report 

single nucleotide changes to be detectable using TaqMAn®-probe technology. 

Accordingly, TaqMan® based FCGR SNP genotyping protocols were described.248,249 

Due to the variety of dyes available, even the determination of multiple FCGR SNP in 

a single assay may be possible. If future data indicates a prognostic effect of FCGR 

copy numbers, further efforts should be considered to establish genotyping methods 

which can determine both SNPs and CNV. 
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5.3 Impact of KIR/HLA mismatch on ch14.18/CHO 

immunotherapy 

Since NK cell regulation mechanisms are complex, receptor genotyping should not be 

limited to FCGR genes. Although effective NK cell activation through FCGR3A is 

crucial for response to monoclonal antibodies such as ch14.18, NK cell activity is tightly 

regulated by a variety of other receptors as well. Unlike B- and T-cells, NK target cell 

recognition is not dependent on the recognition of a specific antigen.250 Instead, the 

balance between inhibitory and activating signals governs the response induced by NK 

cells upon interaction with a potential target cell.145 One group of receptors which has 

gained increased attention in this context is the KIR family. Mature NK cells express 

KIR to recognize MHC-I molecules on potential target cells.180 Lack or downregulation 

of MHC-I molecules reduces inhibitory KIR signaling, thus promoting NK cell 

activation.181,182 It should be noted that both activating and inhibitory KIR exist and are 

expressed by mature NK cells. However, inhibitory KIR tend to bind their ligands with 

greater affinity, usually outweighing their activating counterparts.145,184,185  

As mentioned above, KIR are expressed randomly during NK cell maturation, leading 

to a repertoire of NK cells with distinct combinations of KIR on their surface.180,205 The 

independent inheritance of KIR and their HLA ligands generates NK cells expressing 

KIR without their respective HLA-ligand.206 This phenomenon is referred to as a 

KIR/HLA mismatch.21 The significance of a KIR/HLA mismatch in NK cell-dependent 

anti-tumor response was originally noted after transplantation of stem cells for 

hematologic malignancies.208,210,211 Accordingly, Venstrom et al.22 report beneficial 

effects of KIR/HLA mismatch on the survival of patients undergoing autologous HSCT 

for high-risk neuroblastoma. While all these observations were made in patients 

receiving HSCT, recent data suggests that the KIR/HLA mismatch is of similar 

importance in immunotherapy.21,214 Recently, Delgado et al.21 have reported that 

response to hu14.1-IL-2 is improved in patients with KIR/HLA mismatch. Impact of 

KIR/HLA genotypes on the response of 39 patients was analyzed; complete response 

was observed in five of them. Interestingly, all five patients displayed a KIR/HLA 

mismatch. In contrast to these results, we did not observe any association between 
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KIR/HLA mismatch and patients’ survival in our cohort of 53 neuroblastoma patients. 

Survival rates and survival probabilities were similar when comparing KIR/HLA 

matched and mismatched patients. However, both study populations differed in a 

variety of aspects: The incidence of MYCN amplification increased in our cohort (28,3 

vs. 15%), and the percentage of patients meeting INSS Stage 4 criteria was higher as 

well (86,8% vs. 67%).235 Both MYCN amplification and INSS Stage 4 are associated 

with poor prognosis, indicating that our cohort suffers from remarkably unfavorable 

disease.5,45 As positive effects of KIR/HLA mismatch on survival are likely to be limited, 

they might be outweighed by the negative prognostic factors present in the examined 

cohort. Reassessing the impact of KIR/HLA mismatch in future studies with greater 

patient number appears to be necessary.  

5.4 Activating KIR and further research 

In addition, recent research indicates that genotypes of activating KIR must be 

considered when evaluating the association of KIR genotype and outcome after 

immunotherapy. Scquizzato et al.251 were recently unable to confirm the proposed 

association of inhibitory KIR/HLA mismatch and risk of relapse in pediatric patients 

undergoing allogeneic hematopoietic stem cell transplantation. Instead, they observed 

the presence of at least one mismatched activating KIR gene in patients displaying a 

relapse. Similarly, Michaelis et al.252 did not find any association between KIR/HLA 

mismatch but rather between KIR Haplotype B and outcome after haploidentical 

transplantation. The term KIR haplotype has been used to describe distinct patterns 

underlying the diversity of KIR genes.205 Two main haplotypes named Haplotype A and 

B have been described. Haplotype A, which is an inhibitory genotype, consists of six 

KIR genes: KIR2DL1, 2DL3, 2DL4, 3DL1, 3DL2, and 2DS4.253,254 With the exception 

of KIR2DS4, all of these genes encode inhibitory receptors. In contrast, KIR Haplotype 

B comprises additional activating KIR such as KIR2DS2 or 2DS3.254 Due to the 

increased presence of activating receptors, it has been proposed that KIR Haplotype 

B is associated with increased NK cell activity. Cooley et al.207 have demonstrated that 

transplantation from donors with Haplotype B prolongs the survival of recipients after 

hematopoietic cell transplantation for acute myelogenous leukemia (AML). While these 
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observations were made in patients receiving hematopoietic cell transplantation, KIR 

Haplotype B appears to be beneficial in patients with solid tumors such as 

neuroblastoma as well. Activity of NK cells expressing KIR2DS2 was shown to be 

increased, resulting in prolonged survival of mice with glioblastoma.255 As the gene 

content of KIR Haplotype B displays individual variation, it has recently been divided 

into several subgroups. Cooley et al.256 determined whether Haplotype B genes were 

in the centromeric or telomeric part of the KIR locus, or both. Based on these results, 

they were able to determine the extent of KIR-B content. Subsequently, a KIR B-

content score was developed referring to the total number of centromeric and telomeric 

motifs containing Haplotype B genes. Recently, a high donor KIR B-content score was 

associated with a significantly reduced risk for relapse after haploidentical 

transplantation in children with acute lymphoblastic leukemia.257 Similarly, significantly 

reduced relapse was observed in patients with AML who received transplants from 

donors having two or more B gene-content motifs.256 Association between a high KIR 

B-content score and response to immunotherapy with monoclonal antibodies remains 

to be proven. However, the increase in NK cell activity associated with high KIR B-

content might be beneficial when conducting immunotherapy using ch14.18/CHO. 

Establishing genotyping methods to determine both inhibitory and activating KIR to 

extend the survival analysis in our cohort to activating KIR and KIR haplotypes appears 

to be necessary if we are to comprehensively assess the impact of KIR genotypes on 

outcomes of neuroblastoma patients receiving ch14.18/CHO.  

Due to the variety of KIR genes involved in NK cell function, establishing qPCR-based 

genotyping protocols appears to be preferable, as they do not require labor-intensive 

gel electrophoresis. The qPCR genotyping methods of KIR2DL1, KIR2DL2, KIR2DL3, 

and KIR3DL1 described above were based on a recently described qPCR-based 

protocol to perform KIR-genotype determination which included activating KIR.220 

However, due to the extensive genetic diversity of the KIR genes, establishing accurate 

PCR procedures targeting distinct KIR is quite difficult. To ensure correct genotype 

determination, artificially created control plasmids were used for validation. Moreover, 

repetition of genotyping was performed with an Olerup SSP® KIR Genotyping Kit to 

confirm that all KIR genotypes were determined correctly. As mentioned above, the 
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established qPCR-based protocol did not require time-consuming post-PCR 

procedures such as gel electrophoresis and could be performed using a far smaller 

amount of patient DNA. Therefore, this method seems to be preferable when 

conducting KIR analysis of larger cohorts. KIR/HLA mismatch was easily determined 

when combining the established qPCR protocol with HLA LIGAND genotyping using 

the Olerup SSP® KIR HLA Ligand Kit incl. Taq (Olerup GmbH, Wien, Austria). 

Establishing genotyping protocols for activating KIR and KIR haplotype determination 

will require associated efforts. Although reliable and accurate genotype analysis was 

achieved using the newly established methods, further improvements may be 

considered, as KIR/HLA genotyping will be extended in the future. Furthermore, as 

extension of KIR genotyping to activating KIR will increase the time and DNA 

consumption necessary for genotype determination, use of newly established 

genotyping methods should be considered, such as assisted laser 

desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry (MS).258 

Consideration of the time needed to perform genotyping will become increasingly 

important when establishing genotyping methods, as our cohort is expected to grow 

substantially in the future. 

5.5 Summary and outlook 

In summary, we established fast and reliable genotyping methods using SSP that 

allowed genotype determination of FCGR2A, -3A, and -3B as well as KIR2DL1, 2DL2, 

2DL3, and 3DL1. HLA ligand genotyping was performed using a commercially 

available genotyping kit. After extensive validation of the newly established methods, 

the genotypes of 53 neuroblastoma patients receiving ch14.18/CHO immunotherapy 

were determined. Subsequently, the presence of KIR/HLA mismatch could easily be 

assessed. The results described in the present work suggest that both FCGR3A and 

FCGR2A genotypes affect the efficacy of ch14.18/CHO in neuroblastoma patients. 

FCGR genotyping might therefore offer predictive value when performing 

immunotherapy using ch14.18/CHO. Accordingly, we recommend extending FCGR2A 

and -3A genotyping to neuroblastoma patients receiving ch14.18/CHO immunotherapy 

in the future. As FCGR genes display variation both in the form of SNPs and in their 
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copy numbers, the impact of CNV on the outcome of patients treated with 

ch14.18/CHO should be assessed in the future. CNV might be of particular importance, 

as high copy numbers were associated with increased FCGR expression on the cell 

surface.245 An increase of FCGR3A expression on NK cells associated with high copy 

numbers might be beneficial for effective anti-tumor response. 

As our analysis did not show any significant impact of KIR/HLA mismatch on patient 

survival in our cohort of 53 neuroblastoma patients, we would recommend extending 

KIR genotyping to activating KIR. As recent research suggests, activating KIR and KIR-

B content are associated with an increase in NK cell activity. Therefore, activating KIR 

genotypes and high KIR-B content might have prognostic value when performing 

immunotherapy using ch14.18/CHO. Accordingly, extending the survival analysis in 

our cohort to activating KIR and KIR haplotypes appears to be necessary to 

comprehensively assess the impact of KIR genotypes on outcomes of neuroblastoma 

patients receiving ch14.18/CHO.  

Although NK cell receptor genotyping allows us to identify neuroblastoma patients who 

benefit from ch14.18/CHO immunotherapy, the prognosis of patients with Stage 4 

neuroblastoma remains poor. As anti-GD2 antibodies represents a major advancement 

in the treatment of these patients, patients with unfavorable FCGR and KIR genotypes 

are especially likely to show only limited response to ch14.18/CHO immunotherapy. 

Developing therapeutic strategies for these patients remains an important challenge. 

Accordingly, tremendous efforts have been made to improve the treatment of high-risk 

neuroblastoma patients in the last years. Recently, fusion proteins of cytokines and 

GD2-specific antibodies have been introduced to further increase anti-tumor effects. 

The antitumor activity of hu14.18-IL-2—a fusion protein consisting of IL-2 molecularly 

linked to a humanized monoclonal anti-GD2-antibody—has been demonstrated in 

patients with relapsed or refractory neurobastoma.235 However, the superiority of 

ch14.18-IL-2 over ch14.18 plus IL-2 as separate molecules remains to be proven in 

clinical trials.259 A hu14.18/GM-CSF fusion protein was shown to mediate ADCC more 

effectively than hu14,18 alone or in combination with systemic GM-CSF.260 In addition, 

anti-GD2-antibodies have been used for radioimmunotherapy using radioiodinated 

monoclonal antibodies such as 131I-3F8.261,262 While radioiodination of 3F8 did not 
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improve survival compared to 3F8 alone among patients with high-risk metastatic 

Stage 4 neuroblastoma in first remission, it appears to be suitable for treatment of 

patients with recurrent neuroblastoma metastatic to the central nervous system.259,261 

As the possibilities of genetic engineering evolve, bi-specific antibodies (bsAbs) 

targeting two different antigens have been developed. Construction of bsAbs binding 

both tumor-antigen and FCGR3A are used to bring NK cells and tumor cells into the 

proximity of each other in order to increase anti-tumor response.263–265 Interestingly, 

the induced cytotoxic effects of the bsAbs were not affected by the FCGR3A 

genotype.265 Construction of a bsAbs targeting GD2 and FCGR3A might therefore 

provide a valuable therapeutic strategy for patients with an unfavorable FCGR3A 

genotype. In addition, anti-KIR antibodies which are able to suppress inhibitory KIR 

signaling have recently been developed.266,267 Romagné et al.268 report that the human 

monoclonal antibody 1-7F9 is able to recognize KIR2DL1, -2, and -3 and to enhance 

NK cell activity in vivo due to decreased inhibitory KIR signaling. Anti-KIR antibodies 

might provide a valuable tool to further augment NK cell toxicity in patients with 

unfavorable FCGR or KIR genotypes. 

All these results indicate just a fraction of the tremendous efforts which have been 

made by researchers and clinicians worldwide to improve the treatment of 

neuroblastoma. Especially high-risk neuroblastoma patients require improvements in 

currently established treatments and new therapeutic approaches to improve their 

prognosis. We hope to have made a modest contribution to this exceptional task. 
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