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Abstract

Neuroblastoma (NB) is the most common extracranial solid tumor in infants, arising
from the developing sympathetic nervous system. A subgroup of approximately 6-8%
of NB patients harbors an alteration in the anaplastic lymphoma kinase (ALK)
gene, making this receptor tyrosine kinase an important therapeutic target. Small-
molecule inhibitors targeting ALK are already in clinical use as monotherapies, but
an optimal integration into the standard care has yet to be established. This study
aims at characterizing the inhibitory properties of the third generation ALK inhibitor
lorlatinib (LOR) on proliferation of tumor cells and its potential in a combinatorial

therapy approach.

In this study, treatment with LOR was investigated in a selection of ALK amplified,
F1174L and R1275Q mutated, as well as wild-type NB cell lines. We found that
the sensitivity to LOR correlated with expression levels of activated ALK protein.
ALK addicted NB-1 cells, which expressed the highest ALK protein levels, were the
most sensitive amongst all tested cell lines and were further used as model system to
study ALK inhibition in wvitro. In these cells, LOR treatment reduced cell viability
and proliferation by inhibiting the Ras-MAPK and PI3K-AKT signaling pathways,
leading to a predominant G; cell cycle arrest. Cell death was induced only at
concentrations above a clinically achievable level. Despite a high initial sensitivity to
LOR, cells could overcome this arrest and gain resistance after long-term treatment.
Thus, LOR may not be appropriate for sustained monotherapy. Therefore, we tested
whether the treatment of NB-1 cells could benefit from combination therapy with the
two first-line chemotherapeutics cisplatin (CDDP) and vincristine (VCR), both in a
classical two-dimensional in vitro setting and also in multicellular tumor spheroids.
Indeed, combination therapy could significantly reduce cell viability in NB-1 cells. In
contrast, NB cell lines that harbor an ALK alteration but express lower amounts of
active ALK protein were less sensitive or even resistant to LOR and could not benefit
from combination therapies. Furthermore, basal expression of ALK signature genes
did not reflect the sensitivity of the different cell lines to LOR. Therefore, RN Aseq
data that are frequently acquired for NB patients may not be adequate to predict

therapy response.
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Taken together, this study shows that not only the genomic ALK status is relevant
for therapeutic success, suggesting that protein levels should be examined before
the treatment with ALK inhibitors. Furthermore, this study indicates that a novel
combinatorial approach of LOR with CDDP or VCR is feasible for ALK addicted
NBs.



Zusammenfassung

Das Neuroblastom (NB) ist der héufigste extrakranielle solide Tumor im jungen
Kindesalter und entsteht aus dem sich entwickelnden sympathischen Nervensystem.
6-8% aller Neuroblastompatienten tragen eine Verdnderung im Gen der anaplastis-
chen Lymphomkinase (ALK), weshalb dieser Rezeptor von grofer Bedeutung fiir
eine zielgerichtet Therapie ist. Obwohl ALK Inhibitoren bereits als Einzelthera-
pie in der klinischen Behandlung von Neuroblastompatienten verwendet werden, ist
eine optimale Einbindung als Standardtherapeutikum in die Ersttherapie noch nicht
etabliert. Das Ziel dieser Arbeit ist die Charakterisierung der inhibierenden Eigen-
schaften von Lorlatinib (LOR), ein ALK Inhibitor der dritten Generation, auf das
Tumorwachstum und sein Potenzial in einem kombinationstherapeutischen Behand-

lungsansatz.

In dieser Arbeit wurde die Behandlung mit LOR an einer Auswahl von ALK ampli-
fizierten, F1174L und R1275Q mutierten, sowie Wildtyp NB Zelllinien untersucht.
Die Sensitivitat gegeniiber LOR korrelierte mit dem Expressionslevel von aktivem
ALK Protein. Die ALK abhéngige Zelllinie NB-1, die das hochste Proteinlevel
aufweiste, zeigte die grofste Sensitivitdt und wurden daher als Modellsystem zur
Untersuchung der ALK Inhibition in vitro verwendet. In diesen Zellen reduzierte
eine Behandlung mit LOR die Zellviabilitat und Proliferation durch Hemmung des
Ras-MAPK und PI3K-AKT Signalwegs. Dies fithrte zu einem Zellzyklusarrest, vor-
wiegend in der G; Phase des Zellzyklus. Ausschliefslich Konzentrationen oberhalb
klinisch relevanter Dosen induzierten Zelltod. Obwohl die Zellen zunéchst sehr sen-
sitiv auf LOR reagierten, wurde der Zellzyklusarrest schnell iiberwunden und eine
Resistenz nach Langzeitbehandlung entwickelt. Dies ldsst darauf schliefsen, dass
eine kontinuierlich Einzeltherpie mit LOR nicht effektive ist. Daher haben wir
getestet, ob NB-1 Zellen von einer Kombinationstherapie mit den herkémmlichen
Chemotherapeutika Cisplatin (CDDP) und Vincristin (VCR) profitieren konnen.
Dies traf sowohl auf die klassische zweidimensionale in wvitro Zellkultur als auch auf
mehrzellige Tumorspheroide zu. Im Gegensatz dazu waren NB Zelllinien mit einer
Verdnderung des ALK Gens aber einer geringen Expression des aktiven Proteins,

weniger sensitiv gegeniiber LOR oder sogar resistent. Aufserdem profitierten sie

vii
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nicht von der Kombinationstherapie. Zusétzlich konnte die basale Expression von
ALK Signaturgenen die Sensitivitdt der verschiedenen Zelllinien nicht widerspiegeln.
Dies lédsst vermuten, dass die haufig generierten Genexpressionsdaten mittels RNA

Sequenzierung nicht zur Vorhersage des Therapieerfolgs genutzt werden konnen.

Insgesamt zeigt diese Arbeit, dass nicht nur der genomische ALK Status fiir den Be-
handlungserfolg relevant ist. Dies deutet darauf hin, dass das Proteinlevel vor einer
Behandlung mit ALK Inhibitoren untersucht werden sollte. Des Weiteren bietet
diese Arbeit die Grundlage fiir einen neuen Therapieansatz mit der Kombination
aus LOR mit den Chemotherapeutika CDDP oder VCR in Neuroblastompatienten
mit ALK abhéngigen Tumoren.
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1 Introduction

1.1 Clinical aspects of neuroblastoma

Neuroblastoma (NB) is the most common extracranial solid tumor in early child-
hood accounting for 8-10% of pediatric malignancies, with a yearly incidence rate
of one case per 100.000 children under the age of 15 (Brodeur 2003, Maris et al.
2007). The median age of diagnosis is 17 months, at which 37% of NB patients are
diagnosed as infants and 90% are diagnosed before the age of five (London et al.
2005). Neuroblastomas originate from neural crest derived cells and can develop
anywhere in the sympathetic nervous system. However, 65% of primary tumors
occur within the abdomen, especially in the adrenal medulla, sympathetic ganglia
and paraganglia. Other common sites include neck, chest and pelvis (Maris et al.
2007, Maris 2010, Johnsen et al. 2009).

NB is an extremely heterogeneous disease with a broad clinical outcome varying from
spontaneous regression without any therapy to highly aggressive metastatic disease
despite multimodal anti-cancer treatment (Brodeur 2003,Maris et al. 2007, Evans,
D’Angio, and Randolph 1971). Indeed, NB shows the highest rate of spontaneous
regression amongst all cancer entities, which is 10-100 fold greater than in other
human cancers (Pritchard and Hickman 1994). In contrast to the spontaneous
regression, which occurs mainly in infants and occasionally in older patients, the
long-term survival of high-risk patients is less than 40% (D’Angio, Evans, and Koop
1971, Hero et al. 2008, Fiorillo et al. 1982, Eklof et al. 1983, De Bernardi et al.
2003, Matthay et al. 1999, Berthold et al. 1997). In general, infants younger than
18 months of age have a good prognosis for survival, while older patients have an
unfavorable outcome. In adult or adolescent patients, the course of the disease is
often lethal (Franks et al. 1997, London et al. 2005, Schmidt et al. 2005). Thus, the

age at diagnosis plays an important role in clinical outcome of NB patients.

The comparability of clinical trials and biological studies, caused by the clinical
and biological diversity of the disease, is still a major challenge. Therefore, the

International Neuroblastoma Staging System (INSS) was established to determine
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a consistent staging strategy with the following 6 stages: 1, 2A, 2B, 3, 4 and 4S. In
general, stage 1 are small localized tumors that were completely resected. Stage 2
are small localized tumors with or without lymph node involvement that could not
be resected completely. Large tumors crossing the midline of the patients that could
not be resected completely are classified as stage 3. Metastatic tumors are grouped
as stage 4, in which patients younger than one year are subclassified as 4S (Brodeur
et al. 1988, Brodeur et al. 1993).

INSS is based on clinical radiographic imaging and surgical evaluation of the tumor,
making the classification extremely dependent on the surgeon. Therefore, a new
international staging system for pre-treatment risk stratification was developed, the
International Neuroblastoma Risk Group Staging System (INRGSS) (Monclair et
al. 2009, Cohn et al. 2009). Staging is based on clinical criteria and image-defined
risk factors (IDRFs) and should predict successful and safe surgery. The INGRSS
consists of the following 4 stages: L1, L2, M and MS (Table 1). In general, these
stages discriminate between locoregional tumors without involvement of local struc-

tures (L1) and locally invasive tumors (L2) from metastatic tumors (M) that can

also show INSS 4S pattern of disease (MS).

Table 1: International Neuroblastoma Risk Group Staging System (INRGSS). Adapted
from Monclair et al. 2009.

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 fac-
tors

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

Based on age at diagnosis, INGR stage, histology, tumor differentiation, MYCN sta-
tus, 11q LOH, and ploidy, four risk categories can be distinguished: very low-risk,
low-risk, intermediate-risk and high-risk (Cohn et al. 2009). Low-risk patients have
an event-free survival of 90% with observation or small therapeutic interventions,
whereas intermediate-risk patients have 78% event free survival rates and receive
surgery and chemotherapy (Monclair et al. 2009). Low- and intermediate-risk NBs
occur mainly in children younger than 18 months of age, are hyperdiploid and have
gains of whole chromosomes. Patients harboring a MYCN amplification and/or
those older than 18 months with stage M disease are considered high-risk with a

long-term survival of <40%. An additional characteristic of this NB subtype are
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segmental chromosomal aberrations rather than whole chromosomal changes (Maris
et al. 2007). The treatment of these patients involves chemotherapy, surgery, ra-
diotherapy, biologics (e.g. cis-retinoid acid) and immunotherapy (Louis and Shohet
2015).

Despite the very aggressive multimodal treatment of high-risk NBs, patients often
relapse and eventually die from the disease. Thus, many research groups are cur-
rently investigating novel treatment strategies to improve clinical outcome of these

patients.

1.2 Genetic predisposition and familial

neuroblastoma

Although NB usually occurs as sporadic tumors, a small fraction of 1-1.5% of cases
are familial (Shojaei-Brosseau et al. 2004). Pedigrees of these patients suggest an

autosomal mode of inheritance with incomplete penetrance (Tonini et al. 2003).

The major cause of familial NB are constitutively activating mutations of the anaplas-
tic lymphoma kinase (ALK') gene (Mosse et al. 2008, Janoueix-Lerosey et al. 2008).
ALK is a receptor thyrosine kinase (RTK) which acts as oncogenic driver of many dif-
ferent malignancies such as anaplastic large-cell non-Hodgkin’s lymphoma (ALCL)
or non-small cell lung cancer (NSCLC) (Morris et al. 1994, Soda et al. 2007). Due
to the location on chromosome 2p23 and the close proximity to MYCN, ALK is oc-
casionally co-amplified with MYCN and thereby activated (Janoueix-Lerosey et al.
2008). The same activating point mutations found in familial NB as well as ampli-

fication occurs also in approximately 10% of sporadic cases (see Section 1.4).

A subset of familial NB patients is associated with two additional disorders of neural-
crest derived tissues, central hypoventilation syndrome (CCHS) and Hirschsprung
disease (HSCR). Many patients with these diseases have a germline mutation of
the paired-like homeobox 2B (PHOX2B), a gene enconding for a transciption factor
involved in neuronal development (Amiel et al. 2003, Mosse et al. 2004, Trochet
et al. 2004). Furthermore, PHOX2B mutations occur also in sporadic NB and are
hereby often associated with CCHS and/or HSCR (Limpt et al. 2004).
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1.3 Genomic alterations in neuroblastoma

1.3.1 Ploidy

Cytogenic analysis of NB tumors revealed four levels of ploidy found in neurob-
lastomas, near-diploid, near-triploid, near-tetraploid and near-pentaploid (Kaneko
et al. 1987). Near-diploid and near-tetraploid karyotypes, which are often associ-
ated with MYCN amplification and 1p-deletion, are mainly observed in high-risk
patients. These patients often do not respond to chemotherapy and have a poor
clinical outcome. Near-triploid and near-pentaploid tumors, showing three or five
almost complete haploid chromosomes, are found in patients with a favorable clini-
cal outcome (Look et al. 1984, Cohn et al. 1990a, Gansler et al. 1986, Oppedal et al.
1989). This link of DNA content to the stage of disease and clinical outcome was
shown in infants and patients of age 12-24 months, whereas the karyotype is not a

prognostic factor in patients older than two years of age (Look et al. 1991).

1.3.2 Chromosomal gain and loss

Besides classical flow cytometry and cytogenetic analysis, comparative genome hy-
bridization (CGH) has been used for genome-wide screening of chromosomal gains
and losses in neuroblastoma (Brinkschmidt et al. 1997, Plantaz et al. 2001, Las-
towska et al. 1997, Vandesompele et al. 2001). This includes full or partial gains or
losses of chromosomes 1, 2, 6, 7, 8, 12, 13, 17, 18 and 22 or 3, 4, 9, 11, 14 and X,
respectively (Vandesompele et al. 2001). Among these, 1p deletion and 17q gain are

the most recurring aberrations in NB.

1p deletion Deletion of the short arm of chromosome 1p was first described by
Brodeur, Sekhon, and Goldstein in 1977 (Brodeur, Sekhon, and Goldstein 1977). 1p
deletion correlates with MYCN amplification and tumor ploidy. While 1p deletion
has a negative prognostic impact on di- or tetraploid tumors, there is no effect on

survival in triploid tumors (Fong et al. 1989, Kaneko et al. 1999).

17q gain Full or partial gain of chromosome 17 is observed in approximately 50%
of NB tumors. 17q gain is strongly associated with 1p deletion and MYCN ampli-

fication and observed in advanced tumors and patients older than one year of age.
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While gain of the whole chromosome is predominantly associated with low-stage tu-
mors, partial gain is observed in high-stage NB (Vandesompele et al. 2001). Thus,

17q gain is of prognostic importance for NB patients.

1.3.3 MYCN amplification

MYCN is one of the most prominent proto-oncogenes in NB, with alterations being
either copy number increase or amplification on chromosome 2p24 (Schwab et al.
1983). Amplification values can range from 5-fold to more than 500-fold and copy
numbers are consistent within one tumor and during different times of tumor growth
(Brodeur et al. 1987). Approximately 20% of primary tumors and 50% of high-risk
cases harbor a MYCN amplification. This correlates highly with an advanced stage
of the disease and an unfavorable clinical outcome due to treatment failure (Brodeur
et al. 1984, Seeger et al. 1985).

1.3.4 Genomic alterations promoting telomere lengthening

Telomeres are non-coding repetitive DNA sequences at the end of each chromosome
preventing chromosomal instability (Moyzis et al. 1988). In combination with the
protein complex shelterin, telomeres protect chromosomes from end-to-end fusion,
recombination and degradation and allow discrimination from double-strand breaks
(Rice et al. 2017, Steensel, Smogorzewska, and Lange 1998). With each replication
event, telomere length is shortened ("end-replication problem"), ultimately lead-
ing to cellular senescence and thus to a limited lifespan of somatic cells (Hayflick
1965, Olovnikov 1971). Mechanisms to maintain the telomere length can lead to
immortalization of cells and is a prominent survival mechanism observed in cancer
cells. Telomere maintenance is promoted by increased activation of telomerase, an
enzyme adding telomere repeat sequences to the end of telomeres, or by alternative
lengthening of telomeres (ALT). Increased telomerase activity is associated with the
rearrangement of the telomerase reverse transcriptase (TERT) gene and found in
23% of high-risk patients (Peifer et al. 2015, Valentijn et al. 2015). ALT is associated
with inactivating mutations of the RNA-helicase ATRX gene (a-thalassemia/mental
retardation syndrom X-linked) and occurs in 11% of high-risk NBs (Cheung et al.
2012, Molenaar et al. 2012, Pugh et al. 2013, Peifer et al. 2015). TERT rearrange-
ment, ATRX deletions and MYCN amplification occur mutually exclusive and form
three subgroups of high-stage NB with unfavorable clinical outcome (Peifer et al.

2015).
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1.3.5 Somatic mutations

Similar to other pediatric malignancies, the rate of exonic mutations in NB is very
low compared to adult carciniomas. In the first whole genome sequencing (WGS)
study of 87 untreated primary NB tumors of all risk stages, a frequency of twelve
somatic mutations per tumor was detected (Molenaar et al. 2012). Besides muta-
tions in genes involved in neuronal growth cone stabilization (ODZ3, PTPRD and
CSMD1), mutations were also identified in ATRX, TIAM1 (T-cell lymphoma inva-
sion and metastasis 1) and regulators of the Rac/Roh pathway, indicating defects
in neuritogenesis. Furthermore, focal deletions of the chromatin remodeling genes
ARIDIA and ARID1B were identified (Sausen et al. 2013). In a study of 240 high-
risk NBs, PTPN11 (2.9%) and NRAS (0.83%) had a significant somatic mutation
frequency besides ALK and ATRX (Pugh et al. 2013). Comparative analysis of pri-
mary and relapse tumors revealed an increased number of mutations in the relapse
samples and many of these mutations were assigned to genes of the Ras-MAPK
pathway (e.g. NRAS, HRAS, KRAS, BRAF, FGFR1 or NF1) (Eleveld et al. 2015,
Schramm et al. 2015, Padovan-Merhar et al. 2016). These studies show the impor-
tance of clonal evolution and the accumulation of additional genetic alterations in

NB, which may have a prognostic impact in the relapse setting.

1.4 Anaplastic lymphoma kinase

ALK is a receptor tyrosine kinase which is closely related to the leukocyte tyrosine
kinase (LTK) and ROS receptors, constituting the insulin receptor subfamily of
RTKs (Iwahara et al. 1997, Morris et al. 1997). The ALK gene was first described
as the fusion partner of nucleophosmin (NPM) as the result of a t(2;5)(p23;q35)
translocation event. Thereby, the NPM-ALK fusion protein contains the N-terminal
part of NPM and the C-terminal part of ALK causing a constitutive activation
of ALK (Shiota et al. 1994, Morris et al. 1994). In neuroblastoma, expression of
oncogenic ALK was first described by Lamant et al. in 2000 (Lamant et al. 2000).

1.4.1 The ALK receptor

Human ALK is a 26 exon containing gene located on chromosome 2p23.2-p23.1
in close proximity to the MYCN oncogene. It encodes for a 177 kDA polypep-
tide of 1620 amino acids (aa), which is further post-translationally modified by
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N-glycosylation into a mature 200-220 kDa large protein (Morris et al. 1997, Pul-
ford et al. 1997). Full-length ALK can be proteolytically cleaved at the extracellular
domain, which results in a truncated 140 kDa protein and an 80 kDa protein, which
is released into the extracellular space (Moog-Lutz et al. 2005). The mammalian
full-length ALK protein consists of an extracellular ligand-binding domain (ECD, aa
1-1038), a transmembrane domain (TM, aa 1039-1059) and an intracellular tyrosine
kinase domain (ICD, aa 1060-1620) (Iwahara et al. 1997, Morris et al. 1997). The
ECD contains one glycin-rich region (GR) and two MAM (meprin/A5/protein ty-
rosine phosphatase Mu) domains flanking one LDLa (low-densitiy lipoprotein class
A) domain, Figure 1. The ECD functions are ligand binding, interactions with core-
ceptors and secreted regulatory proteins, as well as dimerization. The ECD of ALK
with its two MAM domains enclosing a LDLa domain is unique amongst all members
of the RTK (Huang 2018). The TK domain in the ICD contains an amino-terminal
lobe (N lobe), composed of a five-stranded antiparallel S-sheet and a single a-helix
(aC), and a predominant a-helical carboxy-terminal lobe (C lobe) containing the
activation loop (A-loop). N and C lobes are connected by the hinge region, alto-
gether forming a cleft containing the ATP binding pocket. The A-loop contains a
Y’'XXX’YY autophosphorylation motif, at which the tyrosine at position Y1278 is
the first residue to be phosphorylated upon activation (Bossi et al. 2010, Lee et al.
2010). The TK function is to catalyze the transfer of a gamma-phosphate group

from adenosine triphosphate (ATP) to a tyrosine residue on a substrate protein.

Extracellular Transmembrane Intracellular
domain (ECD) domain (TM) domain (ICD)
NP RO Q&
Fow  ©

Figure 1: Full-length ALK receptor. ECD - extracellular domain, ICD - intracellular
domain, TM - transmembrane domain, green - MAM (meprin/A5/protein tyrosine phos-
phatase Mu) domain, black - LDLa (low-densitiy lipoprotein class A) domain, purple - GR
(glycin-rich) domain, blue - TK (tyrosine kinase) domain. Redrawn from Schulte et al.
2013b.

1.4.2 ALK expression

In a first study on normal tissues and rhabdomyosarcoma, human ALK mRNA
expression was observed mainly in the central and peripheral nervous system (CNS
and PNS) (Morris et al. 1994). Subsequent studies in mice showed ALK mRNA
expression in the developing brain and spinal cord and in situ hybridization revealed

expression in the thalamus, hypothalamus, midbrain, olfactory bulb and cranial
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ganglia. High levels of ALK mRNA at embryogenesis, starting from day eleven,
decrease during gestation and remain at very low neonatal levels (Iwahara et al.
1997, Morris et al. 1997). Consistent with the mRNA decrease, ALK protein also
declines postnatal and stays at low levels in adult animals (Iwahara et al. 1997,
Vernersson et al. 2006). A similar protein expression pattern was also observed for
human ALK, which is expressed at low levels in the adult CNS, mainly located in
scattered neural cells, pericytes and endothelial cells (Pulford et al. 1997, Falini et al.
1999). Additional studies from Vernersson et al. showed ALK expression in eye, nasal
epithelium, olfactory nerve, tongue, skin, tissue surrounding the esophagus, stomach
and midgut, testis and ovary (Vernersson et al. 2006). A study from Reiff et al.
showed that ALK can autoregulate its expression via HAND2, a phenomenon which

was previously reported in glioblastoma (Reiff et al. 2011, Powers et al. 2002).

1.4.3 ALK function in normal development

The normal function of the ALK receptor is still not entirely clear, although the ex-
pression patterns of mRNA and protein depicts the importance of ALK in neuronal
development. To better understand the function of ALK, several model organisms
have been studied. In Caenothabditis elegans, ALK (ceALK) was found to inhibit or
destabilize presynaptic neural differentiation (Liao et al. 2004). Drosophila lenao-
gaster ALK (dALK) is essential for survival and plays a major role in visceral
mesoderm development, where loss in dALK leads to failure in gut development.
Furthermore, dALK mediates neuronal circuit assembly in the fly visual system
(Loren et al. 2001, Loren et al. 2003, Bazigou et al. 2007). A study in zebrafish by
Yao et al. showed that ectopic ALK overexpression promotes cell proliferation and
aberrant neurogenesis, while inhibition of endogenous ALK compromises neuronal
differentiation and neuron survival in the CNS (Yao et al. 2013). Thus, ALK plays
a major role in neural progenitor proliferation, differentiation and survival during
embryogenic neurogenesis. In adult mice, ALK plays a crucial role in hippocam-
pal neurogenesis and ALK knockout causes behavioral defects in an antidepressant
manner, although the mice are viable and do not show any apparent developmental
or anatomical deficits (Bilsland et al. 2008). Furthermore, ALK affects learning
and spatial memory as well as the ethanol-related behavior of adult mice (Weiss
et al. 2012, Lasek et al. 2011). To study the effect of ALK on the vertebrate sym-
pathetic nervous system development, chick embryos were used as model system.
Here, Reiff et al. demonstrated an increased proliferation of immature sympathetic
neurons upon ALK activation. Together with its ligand midkine, ALK may control

sympathetic neurogenesis (Reiff et al. 2011).
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1.4.4 ALK alterations in human cancers

Since the discovery of the NPM-ALK fusion protein in ALCL in 1994, oncogeni-
cally activated ALK has been reported in many other tumor entities including
haematopoietic malignancies and solid tumors, Figure 2 (Hallberg and Palmer 2013,
Lin, Riely, and Shaw 2017). Several mechanisms of ALK activation have been re-
ported in human malignancies, including gene fusion, point mutation, overexpres-
sion and amplification. These alterations cause an increased ALK signaling and

show high oncogenic potential.

Gene fusion proteins originate from translocation events and were reported in
anaplastic large-cell non-Hodgkin’s lymphoma (ALCL), inflammatory myofibroblas-
tic tumor (IMT), diffuse large B cell lymphoma (DLBCL), non-small cell lung cancer
(NSCLC), renal medulla carcinoma (RMC), renal cell carcinoma (RCC), breast can-
cer, colon carcinoma, serous ovarian carcinoma (SOC) and oesophageal squamous
cell carcinoma (ESCC). More than 20 fusion genes have been reported to date and
within one tumor entity, ALK can have several different fusion partners. In general,
regulatory regions of the partner gene drive initiation of transcription of the ALK
fusion protein and the partner protein determines subcellular localization (nucleus
and/or cytoplasm) and induces dimerization followed by transautophosphorylation
and activation of the ALK kinase domain. Interestingly, the prognostic factor of
ALK fusion varies between cancer entities. While ALK translocation in ALCL and
IMT correlate with a better prognosis, ALK fusions in DLBCL and NSCLC are

associated with an unfavorable outcome.

Overexpression and amplification of the ALK gene was detected in many dif-
ferent tumor samples and cancer cell lines, including melanoma, NSCLC, neuroblas-
toma, glioblastoma, rhabdomyosarcoma, ovarian and breast cancer, astrocytoma,
ewing’s sarcoma and retinoblastoma. In neuroblastoma, both overexpression and
amplification of the wild-type ALK receptor are associated with unfavorable clinical
outcome (Passoni et al. 2009, De Brouwer et al. 2010, Schulte et al. 2011 , Duijkers
et al. 2012)

Point mutations cause a constitutive ALK activation and signaling and were
found in neuroblastoma, NSCLC, IMT and anaplastic thyroid cancer (ATC). Sec-
ondary mutations acquired during the treatment with small-molecule inhibitors are
associated with NSCLC, IMT and ATC, while primary tumor-associated mutations
occur mainly in NB but also in NSCLC and ATC.
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( ALK-positive cancers )

—— ! T

C ALK fusion ) ( ALK overexpression ) C ALK point mutation )
ALCL Melanoma Neuroblastoma
(NPM, ALO17, TFG, MSN, TPM3, NSCLC (various mutations mostly in the
TPM4, ATIC, MYH9, CLTC, TRAF1) Neuroblastoma kinase domain)
IMT Glioblastoma NSCLC and IMT
(TPM3, TPM4, CLTC, ATIC, SEC31A, Rhabdomyosarcoma (Gateway mutations and other
RANBP2, PPFIBP1, CARS) Ovarian cancer resistance mutations)
NSCLC Breast cacner ATC - _
(EML4, KIF5B, TFG, KLC1, PTPN3, Astrocytoma (mutations in kinase domain)
STRN, TPR, CRIM1, HIP1, CLTC)

Ewing’s sarcoma

DLBCL Retinoblastoma

(NPM, CLTC, SQSTM1, SEC31A,
RANBP2, ATIC)

ESCC

(TPM4)

RMC and RCC

(VCL, TPM3, EML4, STRN)
Breast cancer

(EML4)

Colon carcinoma
(C2orf44, EML4)

SOC

(FN1)

Figure 2: ALK alterations in human cancers. Schematic summary of ALK-positive
cancers. orange - ALK fusion proteins, in which the kinase domain of ALK is fused to
the amino-terminal portion of various proteins (indicated in the brackets) were reported in
anaplastic large-cell non-Hodgkin’s lymphoma (ALCL), inflammatory myofibroblastic tu-
mor (IMT), diffuse large B cell lymphoma (DLBCL), non-small cell lung cancer (NSCLC),
renal medulla carcinoma (RMC), renal cell carcinoma (RCC), breast cancer, colon, carci-
noma, serous ovarian carcinoma (SOC) and oesophageal squamous cell carcinoma (ESCC).
pink - ALK overexpression was detected in melanoma, NSCLC, neuroblastoma, glioblas-
toma, rhabdomyosarcoma, ovarian cancer, breast cancer, astrocytoma, ewing’s sarcoma
and retinoblastoma. blue - ALK primary and secondary point mutations were found
in Neuroblastoma, NSCLC, IMT and anaplastic thyroid cancer (ATC). ALO17 - ALK
lymphoma oligomerization partner on chromosome 17; CARS - cystein-tRNA synthetase;
CLTL - clathrin heavy chain; CRIM1 - cysteine rich transmembrane BMP regulator 1;
EML4 echinoderm mictrotubule-assicioated protein-like 4; FN1 - fibronectin 1, HIP1 -
huntingtin interacting protein 1; KIF5B - kinesin family member 5B; KLC1, kinesin light
chain 1; MSN - moesin, MYH9 - myosin heavy chain 9; NPM nucleophosmin; PPFIBP2
- PTPRF-interacting protein-binding protein 1; PTPN3 - protein tyrosine phosphatase
non-receptor type 3; RANBP2 - RAN-binding protein 2; SQTMI1 - sequestosome 1; STRN
- stratin; TFG - TRK-fused gene; TPM - tropomyosin; TRAF1 - TNF receptor associated
factor 1; VCL - vinculin. Redrawn from Hallberg and Palmer 2013.
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1.4.5 ALK alterations in neuroblastoma

ALK is the most recurrently altered gene in neuroblastoma. To date, point mu-
tation, gain/amplification and overexpression have been identified in NB patients
and are associated with particularly poor outcome (Janoueix-Lerosey et al. 2008),
whereas no case of an ALK fusion protein was reported yet. Aberrant copy number
status of ALK is obtained either by unbalanced gain of large genomic regions at 2p
including the ALK locus or high-level amplification of ALK. Approximately 25% of
neuroblastomas harbor a significant copy number increase which is associated with
high-risk disease and a poor clinical outcome (Mosse et al. 2008, Janoueix-Lerosey
et al. 2008). Similar to other ALK-positive cancer entities, genomic rearrangements
have also been reported in NB leading to a lack of parts of the ECD. This includes
deletion of exons A2-3, A4-11 and Al-5 (Okubo et al. 2012, Cazes et al. 2013,
Fransson et al. 2015).

Point mutations, the main alteration of ALK in NB, are present in both familial and
sporadic cases and were observed in tumor samples and NB cell lines, in an almost
mutually exclusive fashion with ALK amplification (Caren et al. 2008, Chen et al.
2008, George et al. 2008, Janoueix-Lerosey et al. 2008, Mosse et al. 2008, Martinsson
et al. 2011, De Brouwer et al. 2010, Janoueix-Lerosey et al. 2018). A large number
of mutations distributed within the ICD have been identified in NB to date, but
the majority of ALK mutations are located in the kinase domain, with three major
hotspots at positions R1275 (43%, R to L/Q), F1174 (30%, F to L/V/S/I/C) and
F1245 (12%, F to C/I/L/V) accounting for 85% of all mutations (Bresler et al.
2014). In general, mutations occur in the juxtamembrane region (R1060H, K1062M,
T10871, D1091N, A1099T), P-loop (G1128A), N-lobe (T1151M, 11183T, R1192P),
C-lobe (L1240F, R1231Q, 11250T, T1343I, D1349H), aC/A-loop (M1166R, I11170N,
111708, I1171N, R1275Q, Y1278S), Phe-core (F11741, F1174L, F1174S, L1240V,
F1245C, F1245V), A-loop (G1286R), active site (L1196M, A1200V, D1270G) and
other regions (A1234T, A1464STOP) (Janoueix-Lerosey et al. 2018). Chand et al.
determined three different classes of ALK mutations: (1) gain-of-function ligand-
independent, (2) ligand-dependent, and (3) kinase-dead, Figure 3 (Chand et al.
2013). Of these mutations R1275Q, R1192P, T1087I, 11250T, T1152] and G1128A
occur as germline mutations (Janoueix-Lerosey et al. 2008,Chen et al. 2008, Mosse
et al. 2008, Bourdeaut et al. 2012).
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Figure 3: ALK mutations in neuroblastoma. Schematic diagram of the full-length
ALK protein structure and boundaries representing certain domains such as the extracel-
lular domain (1-1038), the transmembrane domain (1039-1059; dark grey) and the tyrosine
kinase domain (1116-1392; light grey) including the G-rich loop (1123-1128; ligh blue), the
aC helix (1157-1173; green), the catalytic loop (1246-1251; yellow) and the activation loop
(1271-1288; dark blue). Numbers above the schematic diagram indicate verified ligand-
independent mutations (pale lilac), ligand-dependent mutations (dark lilac), kinase-dead
mutations (pink) and unclassified mutations (grey) in neuroblastomas. Numbers indicate

amino acids in the ALK 1620 aa long polypeptide. Redrawn and modified from Hallberg
and Palmer 2013 and Lin, Riely, and Shaw 2017.

[f080]
(19-1038)

A study on 709 NB tumors revealed a similar frequency of ALK mutations in favor-
able (INSS 1,2 and 48, 5.7%) and unfavorable (INSS 3 and 4, 7.5%) neuroblastomas
(De Brouwer et al. 2010). Furthermore, there was no difference in survival when
comparing ALK wild-type and mutation or amplification. However, comparison of
wild-type and R1275Q with F1174L mutations showed a significant difference in sur-
vival. This may be explained by the fact that the frequency of co-occurrence of the
F1174L mutation with MYCN amplification is much higher compared to R1275Q.
Interestingly, the common F1174L mutation has not been detected in the germline of

ALK patients, which could be explained by a very low survival rate and embryonic
lethality when ALK F1174L and MYCN amplification co-occur.

1.4.6 ALK activation and signaling

The wild-type ALK receptor is activated by ligand-induced dimerization and subse-
quent autophosphorylation of the kinase domain. In invertebrates, Jeb and HEN-1
were identified as ligands of dALK and ceALK, respectively (Englund et al. 2003,
Lee et al. 2003, Ishihara et al. 2002). In vertebrates, the heparin-binding growth
factors midkine (MK) and pleiotrophin (PTN) were initially described as ligands ac-
tivating mammalian ALK (Stoica et al. 2001, Stoica et al. 2002). It was shown that
PTN indirectly causes ALK phosphorylation by stimulation of the receptor protein
tyrosine phosphatase beta/zeta complex (RPTPS/(), which also dephosphorylates
ALK in the absence of PTN (Perez-Pinera et al. 2007). However, the role of PTN
as ALK ligand remains controversial, as several groups could not confirm a PTN in-
duced ligand-dependent ALK activation (Moog-Lutz et al. 2005, Miyake et al. 2002,
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Mathivet2007). Recently, Murray et al. described heparin as a specific, high-affinity
ALK ligand that binds to a N-terminal region in the ECD causing dimerization
and activation by phosphorylation (Murray et al. 2015). Human secreted proteins
FAM150A and FAM150B were shown to be ligands for both ALK and LTK, binding
to the glycin-rich region of the ECD. While FAM150B is a dual activator of ALK
and LTK, FAM150A has a higher specificity for LTK. Furthermore, both proteins
can bind constitutively active ALK in NB causing a ’superactivation’ (Guan et al.
2015, Reshetnyak et al. 2015).

While the downstream signaling of ALK fusion proteins such as NPM-ALK or
EML4-ALK has been well characterized, signaling of full-length ALK has not been
studied as extensively, due to the lack of well described ligands. To overcome this
limitation, strategies such as generation of chimeras between ALK and various re-
ceptor domains, usage of ALK agonist antibodies inducing dimerization or usage of
ALK agonist and antagonist antibodies as well as small-molecule inhibitors in NB
cell lines, were used (Janoueix-Lerosey et al. 2018). In general, the main pathways
triggered by ALK are JAK-Stat3, PI3K-AKT, Ras-MAPK and PLC~, which are
engaged in proliferation, differentiation and survival, Figure 4. However, the signal-
ing pathways activated highly depend on the ALK isoform (full-length or truncated,
wild-type or mutated and the fusion partner in ALK fusion proteins) and the sub-
cellular localization (Umapathy et al. 2014, Wiesner et al. 2015, Chiarle et al. 2008,
Gouzi et al. 2005).

Concerning the full-length receptor and neuroblastoma, major pathways involved
in ALK signaling are the Ras-MAPK pathway and PI3K-AKT pathway. These
pathways are inactivated upon ALK knock-down or inhibition with small-molecule
inhibitors, which was revealed by the dephosphorylation of ERK1/2 and AKT (Sto-
ica et al. 2002, Mathivet, Mazot, and Vigny 2007, Janoueix-Lerosey et al. 2008,
George et al. 2008, Bresler et al. 2011, Duijkers et al. 2011, Schonherr et al. 2011,
Heukamp et al. 2012, Sattu et al. 2013, Moore et al. 2014, Umapathy et al. 2014,
Guan et al. 2016). Additionally, the signal transducer and activator of transcription
3 (STAT3) was identified as ALK downstream target. However, STAT3 phosphory-
lation and dephosphorylation is delayed compared to ERK1/2 and AKT, suggesting
that STAT3 is an indirect target of ALK (Schonherr et al. 2011, Sattu et al. 2013).
Several studies demonstrated the transcriptional activation of MYCN by ALK (Reiff
et al. 2011, Berry et al. 2012, Schonherr et al. 2011, Sattu et al. 2013, Umapathy
et al. 2014). Umapathy et al. showed that this activation is mediated by the PI3K
signaling cascade including AKT, MEKK3 and MEKS5 resulting in the phosphory-
lation of ERK5 (Umapathy et al. 2014). Phosphoproteomics on ALK altered NB

cell lines revealed ALK-dependent cell cycle progression and survival promoted by
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the Ras-JNK pathway, in which inhibition of either ALK or JNK causes cell cycle
arrest or apoptosis (Chen et al. 2016).

ALK signaling
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Figure 4: ALK signaling. ECD - extracellular ligand-binding domain, ICD - intracellular
tyrosine kinase domain, TM - transmembrane domain, green - MAM (meprin/Ab5 /protein
tyrosine phosphatase Mu) domain, black - LDLa (low-densitiy lipoprotein class A) domain,
purple - GR (glycin-rich) domain, blue - TK (tyrosine kinase) domain, orange - ligand. P
- Phosphate residue. Redrawn from Schulte et al. 2013b.



1 Introduction 15

1.4.7 ALK in neuroblastoma tumorigenesis

Several in-vitro and in-vivo studies were performed to better understand the role of
ALK in NB tumorigenesis. Therefore, the effect of ALK signaling was investigated
in murine neural crest progenitor cells (NCPC) MONC-1 and JoMa-1 (Schulte et al.
2013a, Montavon et al. 2014), as well as chick sympathetic neuroblasts (Reiff et al.
2011, Kramer et al. 2016). In NCPCs, ALK expression maintained proliferation and
survival, being sufficient to immortalize NCPCs without oncogene MY C. Orthotopic
transplantation of these ALK-positive cells into nude mice caused undifferentiated
tumor formation but no NB formation, although subcutaneous transplantation of
ALK-F1174L-JoMal cells led to development of NB-like tumors. In chick sym-
pathetic neuroblasts constitutive activation of the ALK F1174L mutant causes a
short term increase in proliferation which subsequently turns into cell cycle arrest,
neuron differentiation and long-term survival of postmitotic sympathetic neurons.
This suggests that ALK signaling in neuroblasts rather than neural crest progenitors
contributes to NB tumorigenesis. A meta-analysis on 254 human neuroblastomas
by De Brouwer et al. revealed a higher transforming capacity of the ALK F1174L
mutation compared to the R1275Q mutation, as well as a positive cooperative effect
between ALK F1174L and MYCN amplification leading to a particularly poor out-
come (De Brouwer et al. 2010). To further study this combined ALK and MYCN
effect in NB tumor formation, several zebrafish and mouse models have been estab-
lished (Berry et al. 2012, Zhu et al. 2012, Heukamp et al. 2012, Cazes et al. 2014).
Hereby, a special focus lies on the F1174L mutation, which has a higher oncogenic
potential. In zebrafish, only the combined activation of ALK and MYCN led to
the formation of tumors comparable to human neuroblastomas, but not ALK alone
(Zhu et al. 2012). In mouse models, similar observations were made, where ALK
expressed under the Th or the endogenous promotor was not sufficient to induce
tumor formation by itself but only in the presence of MYCN amplification (Berry
et al. 2012, Cazes et al. 2014). However, under the strong [-actin promotor, ALK
alone was able to induce NB tumors (Heukamp et al. 2012). Together, activated
ALK and MYCN overexpression cooperate to elicit NB tumor development from
sympathoadrenal progenitors with a decreased latency of tumor onset compared to

tumor initiation by MYCN alone.
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1.4.8 ALK as a therapeutic target

Oncogenic ALK expression in the form of activating fusion proteins and mutated
or overexpressed/amplified proteins has been identified in many different cancer
entities. Due to the limited expression of the wild-type receptor in very few adult
tissues, ALK serves as an exceeding therapeutic target with few expected toxic
side effects. Since the discovery of ALK-positive tumors, several small-molecule
tyrosine kinase inhibitors (TKIs) targeting ALK have been developed by academia
and pharmaceutical companies (Wan et al. 2006, Christensen et al. 2007, Galkin
et al. 2007, Li and Morris 2008, McDermott et al. 2008). These targeted drugs
were initially developed and assessed for the treatment of ALK-positive NSCLC
patients and only later introduced to the clinical treatment of neuroblastoma (Kwak
et al. 2010, Mosse et al. 2013). ALK TKIs are grouped into first (NVP-TAEG684,
crizotinib), second (ceritinib, alectinib, brigatinib, entrectinib) and third (lorlatinib)
generation inhibitors. In general, they are ATP competitive substances binding to
the ATP binding pocket in the kinase domain of ALK (Hallberg and Palmer 2016,
Umapathy et al. 2019). However, due to their different structures, interactions with
kinase residues and subsequent inhibition varies between the drugs. Additionally,
most of these inhibitors are not specific for ALK but can also inhibit other RTKs
such as ¢-MET or ROS1 (Christensen et al. 2007, Yasuda et al. 2012).

1.4.8.1 Monotherapy

NVP-TAE684 and crizotinib belong to the first generation of ALK inhibitors and
initial studies demonstrated their antiproliferative potential in NSCLC, ALCL and
NB cell lines (Galkin et al. 2007, McDermott et al. 2008, Schonherr et al. 2011).
While NVP-TAE684 was exclusively used for preclinical testing due to its high tox-
icity, crizotinib entered the clinic as the first FDA approved ALK inhibitor for the
treament of ALK-positive NSCLC in 2011 (Kwak et al. 2010). In these patients, a
good initial response, which was even superior to standard first-line chemotherapy,
was reported and similar efficacies were shown in other cancer entities including pe-
diatric patients with ALCL and IMT (Shaw et al. 2013, Mosse et al. 2013, Solomon
et al. 2014, Gambacorti Passerini et al. 2014, Mosse et al. 2017). Despite the good
initial response, crizotinib treated patients were found to develop a resistance by
acquiring secondary mutations in the kinase domain of ALK itself, by activation
of bypass signaling pathways (such as EGFR, IGFR, MET, KIT) or by ALK copy
number gain (Choi et al. 2010, Camidge and Doebele 2012, Gainor et al. 2016,
Dagogo-Jack, Shaw, and Riely 2017). The secondary acquired resistance mutations
found in ALK-fusion proteins include positions F1174, F1245 and the gatekeeper
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mutation L1196M amongst others, which are common mutations of the full-length
ALK receptor in neurblastoma (Friboulet et al. 2014, Kodityal et al. 2016). A
first clinical trial including NB patients demonstrated that ALK inhibitors could
be beneficial also for ALK-positive neuroblastomas (Mosse et al. 2013). Due to
the crizotinib resistance, a number of second generation ALK inhibitors were de-
veloped. While ceritinib, derived from NVP-TAE684, was tested in NB patients
in Phase I clinical trials (NCT-01742286, NCT02780128) and alectinib was applied
to one extensively treated, refractory, metastatic ALK-F1145C NB patient (Heath
et al. 2018), brigatinib and entrectinib are only studied in preclinical models. While
ceritinib, alectinib and brigatinib/entrectinib were approved by the FDA in 2014,
2016 and 2017, respectively for the treatment of ALK-positive NSCLC, ceritinib
showed high toxicity in NB patients and thus cannot be used for the treatment of
ALK-positive neuroblastomas. In general, second generation inhibitors show su-
perior efficacy to crizotinib and can overcome secondary mutations acquired during
crizotinib treatment in ALK-fusion proteins (Friboulet et al. 2014, Ignatius Ou et al.
2014, Katayama et al. 2014, Shaw et al. 2014, Tucker et al. 2017, Guan et al. 2018).
However, there are several ALK mutations, including G1202R, 11171N/T/S and
(G1123S, causing a resistance towards these drugs (Toyokawa et al. 2015, Katayama
et al. 2014). Thus, third generation ALK inhibitors have been developed, with
lorlatinib being FDA approved since 2018 for the treatment of NSCLC patients
and already tested in clinical trials in NB (Phasel/II-NANT: New Approaches to
Neuroblastoma Therapy). This dual ALK/ROSI inhibitor is the most potent one
when comparing all ALK inhibitors and can overcome almost all resistance muta-
tions (Shaw et al. 2017). Interestingly, an ALK-positive lung cancer patient, with
a crizotinib-resistance mutation, acquired a L1198F lorlatinib resistance mutation
which resensitized the patient to crizotinib treatment (Shaw et al. 2016). In neu-
roblastoma, lorlatinib shows strong activity towards almost all mutant variants in

in-vitro and in-vivo assays (Infarinato et al. 2016, Guan et al. 2016).

1.4.8.2 Combination therapy

Despite the reduction of cell proliferation and survival in in-vitro and in-vivo stud-
ies, monotherapies with ALK inhibitors were not effective in ALK-positive NB pa-
tients so far. This suggests the emerging need to develop combinatorial approaches
including ALK bypass signaling pathways. Several preclinical studies on combinato-
rial treatments have been performed in ALK-positve NB cell lines and xenografts to
address this issue, resulting in synergistic as well as antogonistic effects. Wood et al.
showed a synergistic effect of ceritinib with the dual CDK4/6 inhibitor ribociclib,

leading to enhanced growth inhibition, cell cycle arrest and caspase independet cell
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death (Wood et al. 2017). Similiar synergisms of proliferation and tumor growth in-
hibition was shown in the combined treatment of crizotinib with the ERK5 inhibtior
XMD8-92 (Umapathy et al. 2014). Furthermore, combined inhibition of ALK and
MDM2 was synergistic in TP53 wild-type NB cell lines and xenografts. However,
tumors started growing at discontinuation of the treatment (Wang et al. 2017). In
contrast, the inhibition of the Ras-MAPK pathway with the MEK inhibitor tram-
etinib led to an increased AKT activity, advising against a combined treatment
(Umapathy et al. 2017). Diverse effects were observed by dual inhibition with crizo-
tinib and the PI3K/AKT/mTOR inhibitor Torin 2 in a MYCN-dependent manner.
While the combination reduced proliferation and tumor growth in ALK mutated,
MYCN amplified cells, increased PI3K activity was observed in a wild-type MYCN
background suggesting an ALK/mTOR/PI3K triple inhibition (Berry et al. 2012,
Moore et al. 2014). Indeed, a Phase I clinical trial (NTR-5584) comprising of the
ALK inhibitor crizotinib and the dual mTOR /PI3K inhibitor temsirolimus was initi-
ated. Besides the combination of ALK inhibitors with other targeted drugs, Krytska
et al. performed a preclinical study in which crizotinib was applied together with the
two standard of care chemotherapeutics topotecan and cyclophosphamide (Krytska
et al. 2016). In comparison to the single agent treatment, combination therapy
achieved synergistic cytotoxicity and higher caspase-dependent apoptosis in NB cell
lines and enhanced tumor response and mouse event-free survival. Together, these
studies demonstrated that combinatorial treatments could be beneficial for ALK-
positive NB patients. However, possible combinations have to be examined carefully

in order to avoid antagonistic effect.

1.5 Clinical treatment of neuroblastoma

Based on age, INGR stage, MYCN status and other characteristics, NB patients
are grouped into low-risk, intermediate-risk and high-risk, leading to varying ther-
apeutic strategies. These strategies are based on clinical trials conducted on the
different risk groups by the american children’s oncology group (COG) and the in-
ternational society of pediatric oncology european neuroblastoma (SIOPEN). The
clinical outcome of low-risk and intermediate-risk patients is excellent, thus these
patients receive a highly reduced therapy compared to high-risk patients. In the case
of a low-risk disease, surgery alone is sufficient to cure patients suffering from NB,
including cases in which the tumor could not be resection completely (Strother
et al. 2012, De Bernardi et al. 2008). Furthermore, a subset of these patients
show spontaneous regression and are thus being observed only without any treat-

ment (Nuchtern et al. 2012, Hero et al. 2008). Young intermediate-risk patients
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with unresectable tumors or disseminated NB without MYCN amplification re-
ceive a reduced chemotherapy with respect to duration and dosage (Baker et al.
2010, Rubie et al. 2011, De Bernardi et al. 2009, Kohler et al. 2013). Older pa-
tients with unresectable tumors and unfavorable histology receive a more intense
chemotherapy including radiotherapy. The overall survival of high-risk NB pa-
tients is still very low, despite a very extensive multimodal treatment including
three blocks: induction, consolidation and post-consolidation therapy, Figure 5.
The induction phase starts with five to six cycles of induction chemotherapy which
can include several different chemotherapeutic agents (cisplatin, cyclophosphamide,
doxorubicin, etoposide, topotecan and vincristine) and surgery. During consol-
idation, patients are treated with a high-dose myeloablative chemotherapy with
several different regimens (cisplatin/etoposide /melphalan, bulsulfan /melphalan and
thiotepa/cyclophosphamide plus cisplatin/etoposide/melphalan). This treatment is
followed by autologous hematopoietic stem-cell rescue and irradiation (Matthay et
al. 1999). As half of the patients relapse after achieving a clinical remission, a post-
consolidation therapy is necessary to treat residual disease. This phase includes the

application of cytokines and isotretinoin together with immunotherapy.

Induction Consolidation Post-Consolidation
[ [ |
Chemotherapy XRT
Stem-cell Stem-cell
harvest infusion
Induction Chemotherapy Myeloablative regimens Immunotherapy regimens
* Cisplatin * Cisplatin/etoposide/melphalan *ch 14.18 mAB + subq
* Cyclophosphamide * Busulfan/melphalan GM-CSF / ch 14.18 mAB
* Doxorubicin * Thiotepa/cyclophosphamide + + IV IL-2
* Etoposide cisplatin/etoposide/melphalan *ch 14.18/CHO mAB +
* Topotecon subq IL-2
*Vincristine

Figure 5: Standard of care treatment of high-risk neuroblastomas. Treatment
of high-risk patients consists of induction (chemotherapy and primary tumor resection),
consolidation (high-dose chemotherapy with autologous stem cell rescue and external beam
radiotherapy [XRT]) and post-consolidation (anti-ganglioside 2 immunotherapy with cy-
tokines and cis-retinoic acid). ch - chimeric, CHO - chinese hamster ovary, GM-CSF -
granulocyte macrophage colony-stimulating factor, IL-2 - interleukin-2, IV - intravenous,
mAB - monoclonal antibody. Redrawn from Pinto et al. 2015.
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1.6 Aim of this study

Neuroblastoma is a very heterogeneous disease that has rare recurrent somatic mu-
tations. This makes it extremely difficult to address therapies with targeted drugs
in addition to the standard first-line chemotherapy that NB patients receive. The
receptor tyrosine kinase ALK is one of the few druggable targets in NB. In the
past years, many different small molecule inhibitors targeting ALK have been in-
tensively studied and some inhibitors are currently used in the clinical treatment
of NB patients. However, the introduction of ALK inhibitors in the standard care
still remains a major challenge as no optimal treatment regimen for these targeted
drugs was determined yet. Furthermore, therapy response of patients treated with
an ALK inhibitor is highly variable, as some patients respond very well to the
treatment, while others are not affected by the treatment or even gain a resistance
mutation during the therapy. Thus, this study is aiming at investigating combina-
tion therapies with classical first line chemotherapeutics as well as other targeted

drugs. This project is addressing the following questions:

e [s the combination of ALK inhibitors with classical first-line chemotherapeutics

beneficial for treatment outcome?

For this purpose, NB cell lines with different ALK alterations are treated with
combinations of an ALK inhibitor and chemotherapeutics used in the standard care
of NB patients. This analysis is aiming at determining for which patients harboring

an ALK alteration, combination therapies can be beneficial.

e Can the basal gene expression predict the response to treatment with ALK
inhibitors?

Some patients receiving treatment with an ALK inhibitor do not respond to the
treatment. In order to investigate whether one can predict the therapy outcome,

whole transcriptome analysis is performed on cell line as well as patient data.
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2.1 Materials

Table 2: Research equipment

Research Equipment

2200 TapeStation

Agilent Technologies

Cell culture hood Hera Heraeus
Centrifuges Eppendorf and Heraeus
DI 15000 Incubator STXG-TIZWX-SET Tokai Hit

EMCCD camera, Andor iXON3 885 Andor Technologies
EPSON Perfection 2450 Photo Scanner  Epson

Freezing container, Mr. Frosty Nalgene

iBlot2 Dry Blotting System Invitrogen

Light Cycler 480 II Roche

LUNA automated cell counter Logos Biosystems
Microscope Nikon Ti-E Nikon
MACSQuant VYB Analyzer Miltenyi

NanoDrop ND-1000 Spectrophotometer ~ Thermo Scientific
Plan Fluor 10X Phl DLL objective Nikon

Plan Apo A 20X Ph2 DM objective Nikon

Qubit 2.0 Fluorometer Invitrogen

SDS-gel electrophoresis chamber BioRad

Shaking Platform
Steri-cult CO4 incubator

Heidolf Polymax 2040
Thermo Scientific

Tecan Sparks Tecan

Thermo water bads GFL, Hans Bayer, Julabo
Transfer chamber BioRad

Vortex Genie NeoLab

Centrifuge and microcentrifuge tubes, cryo tubes, Cuvettes Semi-Micro and tis-
sue culture flasks, plates and dishes were purchased from Eppendorf, Falcon, TPP,

Sarstedt, NalgeneNunc and Greiner Bio-One.
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Table 3: Material

Material

5ml polystrene round-bottom tubes, cell-strainer cap
Agilent High Sensitivity D5000 Screen Tapes
Cell imaging plates, black, 24-well

iBlot 2 Transfer Stacks, NC, regular size
LUNA cell counter slides

MicroAmp Optical Adhesive Film
Nitrocellulose Membrane, 0.45mm

NuPAGE 3-8% Tris-Acetate Midi Protein Gels
NuPAGE 4-12% Bis-Tris Midi Protein Gels
PVDF membrane, 0.45mm

PrimeSurface 96U plate

qPCR 96-well TW-MT-plate

qPCR optical adhesive film

Qubit Assay Tubes

Super Nalgene Versi-Dry lab soakers
Whatman 3MM Paper

Falcon

Agilent Technologies
Eppendorf

Thermo Scientific
Logos Biosystems
Thermo Scientific
GE Healthcare
Thermo Scientific
Thermo Scientific
Millipore

Shio

Biozym

Applied Biosystems
Invitrogen

Th Geyer
Whatman Dassel

Table 4: Molecular biology reagents

Molecular biology reagent

10mM dNTPs
4x NuPAGE Sample Buffer
20x PBS

Thermo Scientific
Thermo Scientific
Santa Cruz

Amersham ECL Prime Western Blotting Detection Reagent GE Healthcare

BM Chemiluminescence Blotting Substrate
Bovine Serum Albumin

CellTiter Blue Cell Viability Assay

Clarity Western ECL Substrate

EDTA

EDTA-free Mini Complete Protease Inhibitor Cocktail

Lipofectamine RNAIMAX

NuPAGE MOPS SDS Running Buffer
NuPAGE Tris Acetate SDS Running Buffer
Oligo(dt)qp Primer

PhosStop Phosphatase Inhibitor Cocktail
Ponceau S

PowerUp SYBR Green Master Mix

Protein Assay Dye Reagent Concentrate
QIAZol Lysis Reagent

RNaseOUT Recombinant Ribonuclease Inhibitor
SuperScript IV Reverse Transcriptase

Roche

Sigma

Promega

BioRad

Carl Roth

Roche

Thermo Scientific
Thermo Scientific
Thermo Scientific
Thermo Scientific
Roche

Sigma

Thermo Scientific
BioRad

Qiagen

Thermo Scientific
Thermo Scientific
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Table 5: Chemicals and reagents
Chemicals and reagents
DAPI Sigma
DMF Serva
DMSO AppliChem
Ethanol Sigma
Formaldehyde 4% Biolegend
FxCycle Violet Stain Life Technologies
Giemsa’s Azure Eosin Methylene Blue solution Merck
Glutaraldehyde Sigma
[sopropanol Greiner Bio One
Methanol Greiner Bio One
Nuclease free water Ambion
Triton X-100 Sigma
Trypan Blue AppliChem
Tween-20 Merck
Table 6: Kits for molecular biology
Kits for molecular biology Supplier Cat.no
CellEvent Caspase-3/7 Green Flow Cytometry Invitrogen C10427
Assay Kit
Click-it EAU Alexa Fluor 488 Flow Cytometry Thermo C-
Assay Kit Scientific 10420
High-Sensitivity D5000 Reagents Agilent 5067-
Technologies 5593
High-Sensitivity RNA ScreenTapes Agilent 5067-
Technologies 5592
High-Sensitivity RNA ScreenTape Ladder Agilent 5067-
Technologies 5579
High-Sensitivity RNA ScreenTape Sample Buffer Agilent 5067-
Technologies 5580
miRNeasy Mini Kit Qiagen 217004
NEBNext MultiplexOligos for Illumina (Dual Index BioLabs E7600
Primer Set1)
NEBNext Ultra II Directional RNA Library Prep BioLabs E7760
Kit for Illumina
Qubit dsDNA HS Assay Kit Invitrogen Q32854
Qubit RNA BR Assay Kit Invitrogen Q10210
RNase-free DNase Set Qiagen 79254
RNaseOUT Recombinant Ribonuclease Inhibitor Thermo 10777019
Scientific
SuperScript IV Reverse Transcriptase Thermo 18090-
Scientific 200
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Table 7: Antibodies for protein detection

Specificity Host Supplier Dilution Type
B-Actin-HRP mouse Sigma 1:5000 primary
AKT rabbit  Cell Signaling 1:1000 primary
phospho-AKT (Serd73) rabbit  Cell Signaling 1:1000 primary
ALK rabbit  Cell Signaling 1:1000 primary
phospho-ALK (Tyr1604) rabbit  Cell Signaling 1:500 primary
MET rabbit  Cell Signaling 1:800 primary
pdd /42 rabbit  Cell Signaling 1:1000 primary
phospho-p44/42 (Tyr202/204) rabbit Cell Signaling 1:1000 primary
Vinculin-HRP mouse Santa Cruz 1:2500 primary
Anti Mouse-HRP goat Santa Cruz 1:5000 secondary
Anti Rabbit-HRP goat Santa Cruz 1:5000 secondary

PageRuler prestained protein ladder (cat.no 26616) or Spectra Multicolor High
Range protein ladder (cat.no 26625) purchased from Thermo scientific were used

as marker for molecular weight.

Table 8: Ologonucleotides and QuantiTect Primer Assays for qRT-PCR

Gene Assay ID or Sequence 5°’-3’ Cat. No Supplier
ALK Hs ALK 1 SG QT00028847 Qiagen
CCNE2 Hs CCNE2 1 SG QT00063511 Qiagen
CCNG2 Hs CCNG2 1 SG QT00998193 Qiagen
KLE7 Hs KLF7 1 SG QT00079065 Qiagen
PDCD4 Hs PDCD4 1 SG QT00030548 Qiagen
PIK3C2A Hs PIK3C2A 1 SG QT00034013 Qiagen
PTPRE Hs PTPRE 1 SG QT00021567 Qiagen
HPRT1 (for) TGACACTGGCAAAACAATGCA Sigma
HPRT1 (rev) GGTCCTTTTCACCAGCAAGCT Sigma
SDHA (for) TGGGAACAAGAGGGCATCTG Sigma
SDHA (rev) CCACCACTGCATCAAATTCATG) Sigma

Table 9: siRNA for transient gene knock-down

Target gene siRNA ID Sense sequence 5’-3’

MET s8700 GCACUAGCAAAGUCCGAGALtt
MET s8701 CACCUUAUCCUGACGUAAAtt
MET s8702 GCUACUUAUGUGAACGUAAtt
PLK1 s448 CCAUUAACGAGCUGCUUAALtt

Negative control No 1 4390843 not provided
Negative control No 2 4390846 not provided
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All siRNAs were Silencer Select siRNAs purchased from Ambion.

Table 10: Neuroblastoma cell lines

Cell line ALK status Reference

CHLA-15 R1275Q Keshelava et al. 1998
CHLA-20 R1275Q Keshelava et al. 1998
CHLA-90 F1245V Keshelava et al. 1998
CHP-126 wild-type Schlesinger et al. 1976
CHP-134 wild-type Schlesinger et al. 1976
CLB-BAR amplified Bouzas-Rodriguez et al. 2010
CLB-GA R1275Q) Combaret et al. 1995
COG-N-291 wild-type Farooqi et al. 2014

GI-M-EN wild-type Donti et al. 1988

HD-N-33 wild-type Schwab, unpublished
IMR-32 wild-type Tumilowicz et al. 1970
IMR-5/75 wild-type Tumilowicz et al. 1970
KELLY F1174L Schwab et al. 1983
KP-N-SI9S wild-type Sugimoto et al. 1991
KP-N-YN wild-type Sugimoto et al. 1991

LAN-1 F1174L Seeger et al. 1977

LAN-2 wild-type Seeger et al. 1977

LAN-5 R1275Q Seeger et al. 1982

LAN-6 D1091N Wada et al. 1993

LS wild-type Rudolph et al. 1991
MHH-NB-11  wild-type Pietsch et al. 1988

NB-1 amplified Miyake S. 1973

NB69 R1275L Mena et al. 1989

NB-7 wild-type Westermann, unpublished
NBL-S wild-type Cohn et al. 1990b

NGP wild-type Brodeur, Sekhon, and Goldstein 1977
NMB wild-type Brodeur, Sekhon, and Goldstein 1977
SH-EP F1174L Ross, Spengler, and Biedler 1983
SH-SY5Y F1174L Biedler et al. 1978

SIMA wild-type Marini et al. 1999

SJ-NB-1 wild-type Van Roy et al. 2006
SJ-NB-12 wild-type Van Roy et al. 2006
SK-N-AS wild-type El-Badry et al. 1989
SK-N-BE(2C) wild-type Biedler and Spengler 1976
SK-N-DZ wild-type Sugimoto et al. 1984
SK-N-FI wild-type Sugimoto et al. 1984
SK-N-SH F1174L Biedler, Helson, and Spengler 1973
SMS-KCN F1174L Reynolds et al. 1986
SMS-KCNR  F1174L Reynolds et al. 1986
TET21IN F1174L Lutz et al. 1996

TR14 R1275Q Cowell and Rupniak 1983
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Table 11: Media and supplements for cell culture

Media and Supplements for cell culture

OptiMEM (1X)

RPMI-1640 (1mM L-Glutamine, 25mM Hepes)

Gibco Life Technologies
Gibco Life Technologies

RPMI-1640 (1mM L-Glutamine, Phenol-red free) Gibco Life Technologies

Fetal bovine serum (FBS)

Gibco Life Technoligies

Hygromycin B Sigma
G418 Sigma
Table 12: Cytostatics
Cytostatics
Cisplatin Sigma
Doxorubicin Tocris
Lorlatinib Tocris
NVP-TAE684 Selleckchem
Tepotinib Selleckchem
Vincristine Selleckchem
Software

Adobe illustrator and photoshop CS5

ChemiCapt 5000

Fiji 1.0

FlowJo 10.5.3

GraphPad Prism 6.0

ImageJ 1.52q

NIS Elements 5.02.01

R 3.6.0

R Studio 1.0.153

TapeStation Analysis Software 3.1
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2.2 Methods

2.2.1 General cell culture methods
2.2.1.1 Culturing of neuroblastoma cell lines

All NB cell lines were cultivated in RPMI-1640 supplemented with 10% FBS at 37°C
in a cell culture incubator with 5% COs and 80% humidity. Cell culture medium was
substituted with pre-heated medium every 2-4 days and cells were split once or twice
per week at ratios 1:3 to 1:15 when cells reached sub-confluence. Therefore, cells
were gently detached by incubation in versene (10mM EDTA in 1xPBS, pH 7.0) for
1-bmin at 37°C' or with normal cell culture medium, depending on the cell line. Cell

morphology was observed with a light microscope (Zeiss Axiovert microscope).

2.2.1.2 Cryo-preservation of neuroblastoma cell lines

For cryo-preservation, adherent cells were detached either with normal growth medium
or by versenization, centrifuged (800rpm, 5min, room temperature) and re-suspended
in ice-cold cryo-preservation medium (RPMI-1640 supplemented with 40% FBS and
10% sterile-filtered DMSQO). Cryogenic vials containing 1 ml of the cell suspension
were transferred into cryocontainers (Mr. Frosty, Nalgene) and gently cooled down

at —80°C' overnight before long-term storage in liquid nitrogen.

2.2.1.3 Thawing of neuroblastoma cell lines

For re-cultivation, cryo-preserved cells were thawed at 37°C' for approximately 1min
and re-suspended in normal growth medium. Cells were allowed to attach overnight

before substitution of medium to remove excess DMSO.

2.2.1.4 Spheroid tissue culture

NB spheroids were either cultivated in round-bottom 96-well plates (PrimeSurface
96-U plates, Shio) or in agarose-coated flat bottom 96-well plates (TPP). For this,
flat bottom 96-well plates were coated with 50 ul of 1% agarose in ddH5O and left to
dry for 2h prior to seeding. Cell suspension with adjusted cell numbers was seeded
onto spheroid 96-well plates and incubated for 24h to allow spheroid formation.

During this time, plates must not be moved within the cell culture incubator. To
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study the effect of chemotherapeutics or kinase inhibitors, drug solution was applied

on top of the seeding medium.

2.2.2 Chemotherapeutic and kinase inhibitor treatment

In this study, the following chemotherapeutics and kinase inhibitors were used: dox-
orubicin (DOX, Tocris), vincristine (VCR, Selleckchem), cisplatin (CDDP, Sigma),
lorlatinib (LOR, Tocris), NVP-TAE683 (TAE, Selleckchem) and tepotinib (TEP,
Selleckchem). Stock solutions were prepared with the following solvents: H,O
(DOX), DMSO (VCR, LOR, TAE, TEP) and DMF (CDDP). If not otherwise indi-
cated, EC50 values were used as working concentrations. These values were deter-
mined with the CellTiter Blue (CTB) viability assay, section 2.2.3, for each cell line
and drug individually.

2.2.3 Cell viability and cell confluence assay

CellTiter Blue (CTB) viability assay (Promage) was used to measure metabolic
activity in order to determine the viability of the cells during and after drug treat-

ment.

Cells were seeded into black (viability) and transparent (confluence, 2D culture)
or round-bottom (spheroid assay) 96-well plates with the following densities: CLB-
BAR (8000 c/well), CLB-GA (5000 c¢/well), IMR-32 (2000 c¢/well), KELLY (3000
c/well), KP-N-YN (7000 c¢/well), LAN-1 (1500 c¢/well), LAN-5 (8000c/well), NB-1
(5000 ¢/well), NBL-S (3000 c¢/well), NMB (3000 c¢/well), SH-EP (500c/well), SH-
SY5Y (3000 c¢/well), SK-N-AS (3000 c¢/well), SK-N-BE(2C) (2000 c/well), SK-N-FI
(8000 c¢/well) and SMS-KCNR (5000 c¢/well). Cell numbers were adjusted for each
cell line in order to reach 70-80% confluence at the end of the treatment. Cells were
incubated overnight to allow cells to attach or form spheroids before treatment with

drug solution and appropriate solvent controls for indicated time points.

To determine cell viability, CTB Reagent (Promega) was applied at a ratio of 1:10
for 5h before detection of fluorescence with the Tecan Sparks (Tecan) using 540 nm
excitation and 580 nm emission filters. Here, black 96-well plates were used for 2D
culture directly. For 3D spheroid cultures, CTB containing medium was transferred
from the spheroid plates into black 96-well plates directly before measuring. Control
wells containing normal growth medium in the absence of cells were used to correct

for background fluorescence. Fluorescence of solvent control wells were set to 100%
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and cell viability of the different drug concentrations was calculated as percentage

of controls.

Confluence of transparent 96-well plates were measured with the Tecan Sparks using
a coverage of each well with 9 images. Confluence of spheroids was determined by

measuring the area of the spheroid described in section 2.2.5.2.

2.2.4 Colony formation assay using Giemsa staining

Colony formation assays were performed to evaluate the colony formation capacity

of NB cells at drug treatment.

Seeding and drug treatment was performed as described in section 2.2.3. Cells
were fixed in 11% glutaraldehyde for 30min, washed 2x 5min in 1xPBS and stained
with Giemsa solution (10% Giemsa Azure Eosin Methylen Blue solution in 1xPBS)
overnight. After washing 2x 5min in 1xPBS and 1x 5min in ddH5O, plates were
allowed to dry overnight before imaging with an EPSON Perfection 2450 Photo

scanner. Images were analyzed with ImageJ using the ColonyArea plugin.

2.2.5 Microscopy
2.2.5.1 Live-cell microscopy

Cells were grown on 24-well glass-bottom cell imaging plates (Eppendorf) in phenolred-
free RPMI-1640 medium and imaged every 20min for the indicated time duration.
Growth conditions (37°C, 5% CO2 and 80% humidity) were controlled with a Tokai-
Hit incubation system (Tokai Hit Stagetop Incubator STX). Images were acquired
with an inverted widefield Nikon Ti-E microscope using an EMCCD camera (Andor
iXON3 885) and a Plan Fluor 10X Phl DLL objective (Nikon). A light engine lamp
(Lumencor) was used to acquire phase contrast images. Cells were tracked in FIJI

software using the MTrackJ plugin for manual tracking.

2.2.5.2 Spheroid imaging

Spheroids were generated as described in section 2.2.1.4 and images were acquired
for each well individually with the Nikon Ti-E microscope using an EMCCD camera
and a Plan Fluor 10X Phl DLL objective (Nikon). Images were analyzed with

Fiji software to determine the area of the spheroid. Spheroids grown in solvent
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controls were set to 100% and confluence of drug treated spheroids was calculated

as percentage area of controls.

2.2.6 Flow Cytometry

All flow cytometry samples were measured on the Miltenyi MACSQuant VYB An-
alyzer and data was analyzed using FlowJo software. For cell cycle analysis, cells
with DNA content below that of the G1 fraction were considered dead and excluded

for cell cycle analysis with the Dean-Jette-Fox algorithm.

2.2.6.1 Cell cycle

Adherent and non-adherent cells were harvested and centrifuged for 5min at 800rpm.
Excess media was removed leaving 500 ul to re-suspend the pellet. Cells were fixed
in a citric acid buffer (0.1 M citric acid in 1xPBS with 0.5% Tween-20) and incubated
at 4°C' at least overnight but not longer than one week. Cells were washed in 1xPBS

and stained with DAPI for 30min before measuring.

2.2.6.2 EdU incorporation

Cells were incubated with 10 M EdU 1.5h prior to harvest, fixed and stained with
the Click-it Plus EAU Flow Cytometry Assay kit (Thermo Scientific) according to
the manufacturer’s instructions. After washing, the cells were stained with Violet

Blue dye for cell cycle analysis.

2.2.6.3 Caspase

Adherent and non-adherent cells were harvested, centrifuged for 5min at 800rpm, re-
suspended in 1 ml medium and stained with the CellEvent Caspase-3/7 Green Flow

Cytometry Assay kit (Invitrogen), according to the manufacturer’s instructions.
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2.2.7 Gene knock-down with siRNA

To perform gene knock-down with short interfering RNAs (siRNA), cells were seeded
into 96-well plates (KELLY: 3000 cells and SH-EP: 500 cells in 90 pl media) and
10 cm dishes (KELLY: 5x10° cells and SH-EP: 1.5x10° cells in 9 ml media) 24h
prior to treatment. Before siRNA knock-down, 10 ul or 1 ml of a 10 nM LOR
solution and corresponding DMSO controls were applied to 96-well plates or 10 cm
dishes, respectively. For gene knock-down, siRNAs from a 50 M stock solution were
diluted in serum-free OptiMEM medium at ratio 1:250. Lipofectamine RNAIMAX
transfection reagent was diluted in serum-free OptiMEM at cell line specific ratios
(KELLY: 1:50, SH-EP: 1:100). Both solutions were mixed at ratio 1:1 and incubator
for 15min at room temperature. 10 pl or 1 ml of siRNA-RNAIMAX solution was
applied to the 96-well plates and 10 cm dishes, respectively. After five days of
treatment, 96-well plates were used to determine cell viability and cell confluence
with the CTB assay and Giemsa staining, respectively. Cells treated in 10 cm dishes
were collected and protein levels of the target genes were determined by western
blot.

2.2.8 Quantitative RT-PCR

After the indicated treatment, cells were collected, washed in ice-cold 1xPBS, lysed
in QIAzol Lysis Reagent and stored at —80°C'. RNA was purified using the miRNaesy
Mini Kit (Qiagen) with an additional DNase digestion step (RNA-free DNase Set,
Qiagen) according to the manufacturer’s protocol. Concentration of RNA was mea-
sured with the Qubit RNA BR Assay (Invitrogen). 500 ng of isolated RNA was
reverse transcribed into cDNA using SuperScript IV Reverse Transcriptase (Invitro-
gen) following the manufacturer’s instructions and stored at —20°C until further use.
The DNA was quantified in a 96-well format (PCR 96-well TW-MT-plate, Biozym)
using the LightCycler 480 II (Roche). To perform the quantitative RT-PCR, the
PowerUp SYBR Green master mix (Invitrogen) was used together with QuantiTect
primers (Qiagen). For this, 2 ul of cDNA was mixed with 10 ul SYBR Green master
mix, 2 pl QuantiTect primer and 6 pl HyO. The reaction was carried out with the
following conditions: 2min at 45°C', 2min at 95°C' and 40 cycles of 15sec at 95°C'
followed by 30sec at 60°C'. A melting curve was assessed at 97°C'. The relative gene
expression of the target genes and internal reference genes were calculated using
the crossing points (ACp) method (Morse et al. 2005, Livak and Schmittgen 2001).
Results for the target genes were normalized by the two internal reference genes
(SDHA and HPRT1) for comparison between different target genes.
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2.2.9 RNA-Sequencing

3x10° cells were seeded onto 15 cm petri dishes and treated with 10 zM LOR and
corresponding DMSO controls respectively for 8h and 24h. Cells were harvested,
washed in cold 1xPBS and lysed in QIAzol Lysis Reagent (Qiagen). RNA was puri-
fied using the miRNaesy Mini Kit (Qiagen) with an additional DNase digestion step
(RNA-free DNase Set, Qiagen) accordning to the manufacturer’s protocol. RNA
concentration was determined using the Qubit RNA BR (broad range) Assay Kit (In-
vitrogen) and quality was assessed with the NanoDrop Spectrophotometer (Thermo
Scientific). 1 ug total RNA was purified from ribosomal RNA using the NEBNext
rRNA Depletion Kit (BioLabs) according to the manufacturer’s instructions. The
quality of the rRNA-depleted RNA was assessed by running the sample on a TapeS-
tation using the High Sensitivity RNA ScreenTape System (Agilent Technologies)
and RNA Integrity Numbers (RIN) were determined. Libraries were prepared with
the NEBNext Ultra II Directional RNA Library Prep Kit for Illumina (BioLabs).
Based on the measured RINs, fragmentation was performed for 15min at 94°C'. Bar-
codes were added for each individual sample using the NEBNext MultiplexOligos
for Mllumina Kit (Dual Index Primer Set 1, BioLabs) to multiplex eight samples
per one sequencing lane. Seven cycles of enrichment PCR were performed before
purification of cDNA with NEBNext Sample Purification beads (BioLabs). Qual-
ity of libraries was assessed using the Agilent High Sensitivity D5000 ScreenTape
System (Agilent Technologies) on a 2200 TapeStation System (Agilent Technolo-
gies). Concentration of libraries was determined with the Qubit dsDNA HS Assay
(Invitrogen). Sequencing was performed on an Illumina platform with HiSeq 4000
Paired-end 100bp sequencing type. Quality control and alignment of the raw reads
was performed by Dr. Xi Wang and CPM-TMM normalization of read counts was
performed by Dr. Umut Toprak.

2.2.10 Protein quantification by SDS-PAGE and western
blotting

Protein lyses Cells were seeded onto 15 c¢m dishes and incubated in indicated
drug solution and time points. Adherent and non-adherent cells were harvested,
immediately placed on ice, washed in ice-cold 1xPBS and lysed in mPER buffer
(mPER supplemented with EDTA-free Mini Complete Protease Inhibitor Cocktail,
PhosStop Phosphatase Inhibitor Cocktail and 8 uM EDTA) at a concentration of
5x10° cells per 10 ul mPER buffer. Protein lysates were stored at —80°C' at least
for 24h before centrifugation for Hmin at 13000rpm at 4°C.
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SDS PAGE The sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) was used to separate proteins. Therefore, protein lysates were mixed with
4x NuPage LDS-Sample buffer (NP007, Thermo Scientific), denatured for 10min at
70°C" and loaded into any NuPage Midi Protein gel (Thermo Scientific). Protein
lysates of 5x10° cells were loaded when all samples belonged to the same cell line.
If protein expression was compared between different cell lines, 50 g total protein
was loaded into the gel. Protein concentration was determined with the Bradford
method using Protein Assay Dye Reagent Concentrate (BioRad). Gels were run at
100V.

Western blot Proteins were transferred to a nitrocellulose membrane using the
iBlot2 Dry Blotting System (Thermo Scientific) and iBlot2 Transfer Stacks (Thermo
Scientific). Proteins with large molecular weight, such as ALK, were transferred to
a PVDF membrane in a fully submerged tank transfer system (BioRad) for 2.5h at
100V.

Immunodetection After transfer, the membrane was blocked in blocking buffer
(BM Chemiluminescence Blotting Substrate, Roche) for 1h at room temperature,
washed 3x 5bmin in TBS-T buffer (0.01% Tween in 1x TBS) and incubated in pri-
mary antibody diluted in TBS-T supplemented with 5% BSA at 4°C overnight.
After washing 3x 5min in TBS-T, membranes were incubated in HRP-conjugated
secondary antibody diluted in TBS-T for 2h and washed again 3x 5min in TBS-
T. Proteins were detected using the Clarity and Clarity Max Western ECL Blot-
ting Substrates (BioRad) or the ECL Plus Western Blotting Detection System (GE
Healtcare) and a CCD camera (BioRad).
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The clinical outcome of neuroblastoma (NB) patients still remains a major challenge,
with low long-term survival rates for high-risk patients despite highly aggressive mul-
timodal chemo- and radiotherapy. Thus, a lot of effort was made to introduce novel
approaches to the clinical therapy, such as the treatment with targeted drugs. One of
the few druggable targets in NB is the anaplastic lymphoma kinase (ALK) and many
inhibitors targeting this receptor tyrosine kinase have been both preclinically and
clinically studied in the past years. However, to date there is no optimal treatment

regimen for ALK inhibitors in the first-line therapy.

3.1 ALK in neuroblastoma patients

The current standard of care of NB patients includes the identification of their
genomic ALK status. Patients with an ALK alteration such as point mutation
will receive treatment with an ALK inhibitor. To date, more than 20 different
ALK mutations were discovered, Figure 3, the majority of which occur at the three
hotspots F1174, R1275 and F1245. In the present study, the two main mutations
F1174L and R1275Q were used to study the transcriptome of NB patients and the
response to ALK inhibitors in NB cell lines.

In this study, whole transcriptome analysis was performed on two patient cohorts,
"primary enriched tumors" and "relapsed tumors". The primary enriched tumor
cohort included data from 182 patients with mainly primary but also a few relapsed
tumors. In this cohort, there were five amplified, nine R1275Q mutated, five F1174L
mutated, eight otherwise mutated and 155 wild-type (wt) cases. The relapsed tu-
mor cohort consisted of 81 patients with a relapse disease. This cohort included four
amplified, three R1275Q mutated, seven F1174L mutated, seven otherwise mutated
and 60 wild-type patients. Distribution of the different ALK alterations were calcu-
lated as percentage of total patients, Figure 6. Interestingly, the frequency of ALK
alterations increased from 15% in the primary setting to 26% in the relapse cohort.

This was due to in increasing fraction of patients with mutations. While alterations

34
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occurred in a range of 3-5% in the primary enriched tumor cohort, the F1174L and

other mutation subgroups each represented 9% of relapsed patients.
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Figure 6: ALK mutations occur more often in NB patients with a relapse
disease compared to patients with a primary disease. Percentage of patients with
a specific ALK status in A the primary enriched tumor cohort and B the relapsed tumor
cohort. Patients were grouped into amplified (amp, purple), R1275Q mutated (yellow),
F1174L mutated (blue), otherwise mutated (other, green) and wild-type (wt, gray). n=1.

Next, ALK expression levels were compared between the five different subgroups.
For this purpose, RNAseq data was normalized with the CPM-TMM method and
log2 transformed. Both cohorts had similar expression levels of ALK, of which ampli-
fied cases had the highest gene expression. Mutated cases had intermediate expres-

sion levels and wild-type expression ranged from intermediate to low, Figure 7.
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Figure 7: ALK expression depends on the ALK status and does not vary
between primary and relapse disease. ALK expression in A the primary enriched
tumor cohort and B the relapsed tumor cohort. Patients were grouped into amplified (amp,
purple), R1275Q mutated (yellow), F1174L mutated (blue), otherwise mutated (other,
green) and wild-type (wt, gray). n=1.
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3.2 ALK in neuroblastoma cell lines

3.2.1 ALK status and expression in neuroblastoma cell lines

One aim of this study was to investigate combination treatments for ALK-positive
neuroblastomas. Therefore, the genomic ALK status of a large panel of NB cell
lines, which represented all major genetic lesions found in NB, was determined
using whole genome sequencing (WGS), whole exome sequencing (WES) and RNA
sequencing (RNAseq) data, Table 10. Results were provided by Dr. Umut Toprak.
Fluorescence in situ hybridization (FISH) for ALK and MYCN genes performed by
Dr. Larissa Savelyeva showed a co-amplification of ALK with MYCN in the NB-1

cell line, Figure 8.

-

.

Figure 8: ALK is co-amplified with MYCN in NB-1 cells. Fluorescence in situ
Hybridization (FISH) analysis of ALK and MYCN in NB-1 cells. Arrows indicate ALK
and MYCN loci. Green: ALK, red: MYCN, blue: DAPI. Images provided by Dr. Larissa
Savelyeva. n=1.

The cell line panel consisted of 39 cell lines with one amplified, five R1275Q mu-
tated, seven F1174L, three otherwise mutated and 23 wild-type cell lines. The ALK
amplified cell line CLB-BAR was not included in this panel, as there was no RNAseq
data available at the time of this study. In general, ALK alterations in the cell line
cohort occurred at a much higher frequency (42%) compared to both patient cohorts
(15% and 26%), Figure 9A. This difference was due to a higher frequency of ALK
mutations, with 13% R1275Q mutated, 18% F1174L mutated and 8% otherwise

mutated cell lines.

Next, the ALK expression level of each cell line was determined. One replicate at

normal growth conditions was sequenced to determine the gene expression. Read
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counts were normalized with the CPM-TMM method and log2 transformed. This
dataset was generated in the laboratory of PD Dr. Frank Westermann and provided
by Dr. Umut Toprak. In general, expression levels in the different ALK groups were
similar to those of NB patients, Figure 9B. Amplified cells had the highest ALK
expression, while mutated cells had intermediate levels and wild-type cell lines had

intermediate to low expression levels.
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Figure 9: Distribution of ALK alterations and expression level in NB cell lines.
A Percentage of cell lines with a specific ALK status. B ALK expression levels of the cell
line panel. Cell lines were grouped into amplified (amp, purple), R1275Q mutated (yellow),
F1174L mutated (blue), otherwise mutated (other, green) and wild-type (wt, gray). n=1.

3.2.2 Model cell lines to study therapeutic ALK inhibition in

vitro

Based on the genetic ALK status and expression level, a panel of 15 NB cell lines
harboring different ALK alterations such as amplification and point mutation as
well as wild-type cell lines were chosen, Figure 10. Besides NB-1, a second ALK
amplified cell line CLB-BAR, not shown in Figure 10, was included in the panel.
Concerning ALK mutations, the focus was on the two main hotspot mutations,
R1275Q and F1174L. Selected wild-type cell lines had intermediate, as well as low
expression levels of ALK, representing the broad expression range found across the
patient and cell line cohorts. In total, two ALK amplified (NB-1, CLB-BAR), two
R1275Q mutated (LAN-5, CLB-GA), four F1174L mutated (SMS-KCNR, LAN-1,
SH-SY5Y, KELLY) and seven wild-type (NBL-S, NMB, IMR-32, KP-N-YN, SK-N-
AS, SK-N-BE(2C), SK-N-FI) cell lines were studied, Table 13.
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Figure 10: ALK expression of the cell line panel. ALK expression of the NB cell
lines panel. Cells were grouped by their ALK status into amplified (amp, purple), R1275Q
mutated (yellow), F1174L mutated (blue), otherwise mutated (other, green) and wild-type
(wt, gray). Black: model cell lines selected for further analysis. n=1.

Table 13: Model cell lines to study ALK inhibition in wvitro.

Amplified R1275Q F1174L Wild-type
NB-1 LAN-5 SMS-KCNR NBL-S
CLB-BAR CLB-GA LAN-1 NMB
SH-SY5Y IMR-32
KELLY KP-N-YN
SK-N-AS
SK-N-BE(2C)
SK-N-FI

Next, hierarchical clustering of all cell lines, Figure 11, as well as a principle com-
ponent analysis (PCA) on the 5000 most variable genes, Figure 12, were performed.
Both analyses revealed two small cell line clusters, the mesenchymal cluster including
HD-N-33, KP-N-SI9S, SH-EP, SK-N-AS and GI-ME-N, as well as a second cluster
containing the NB-7, MHH-NB-11, TR14 and CHP-134 cell lines, which has not
been described yet. The chosen model cell lines to study therapeutic inhibition of
ALK did not form a specific cluster based on their gene expression. This indicates
that the selection of cell lines represented a broad range of different gene expression

profiles.
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variable genes across the whole NB cell line panel.
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The provided RNAseq data contained one replicate per cell line and did not include
the cell line CLB-BAR. Thus, the relative ALK mRNA expression was validated
by qRT-PCR. For this purpose, cells were cultured at normal growth conditions,
harvested and lysed. RNA was isolated, reverse transcribed and mRNA levels were
quantified. The relative ALK mRNA expression was calculated by normalization
with expression levels of the two internal controls SDHA and HPRT1, Figure 13A.
The highest expression level was detected in the ALK amplified cell line CLB-BAR.
A much lower expression level was detected for the rest of the cell lines. Here,
the F1174L mutated cell lines SMS-KCNR and SH-SY5Y had the second highest
expression level followed by two wild-type cell lines NMB and SK-N-BE(2C) and
the R1275Q mutated cell lines CLB-GA and LAN-5. KELLY and LAN-1 cells had
a much lower ALK expression level than the other F1174L mutated cell lines. Low
mRNA expression in NB-1 cells was due to the binding of primers to exons 2 and
3, which are deleted in NB-1 cells (Okubo et al. 2012). For the rest of the cell
lines, ALK expression levels measured by qRT-PCR resembled those determined by
RNAseq.

Next, ALK protein levels were determined for all cell lines. Cells were cultured at
normal growth conditions, harvested and protein lysates analyzed by western blot,
Figure 13B. Three different ALK bands were observed, the full length ALK at 220
kDa, the cleaved ALK at 140 kDa and a second form of truncated ALK at 180
kDa. First, membranes were exposed for 8sec, Figure 13B upper panel. A strong
signal was detected for the ALK amplified cell line NB-1. All other cell lines had
a much weaker or no detectable signal. Interestingly the second ALK amplified
cell line CLB-BAR also had a much lower ALK protein level compared to NB-1.
While NB-1 had high epxression of full-length and cleaved ALK, CLB-BAR cell
lines expressed an ALK protein of 180 kDa. This is due to the deletion of exons
4-11 in CLB-BAR cells which leads to the deletion of the extracellular domain of
the ALK protein.

To better detect lower ALK levels, a longer exposure time of 2min 33sec was used,
Figure 13B lower panel. In contrast to mRNA expression levels, the R1275Q mu-
tated cell lines CLB-GA and LAN-5 had the highest ALK protein expression among
all ALK mutated cell lines. Similar to mRNA expression, the F1174L cell lines
SMS-KCNR and SH-SY5Y had higher ALK protein levels compared to KELLY and
LAN-1 cells. The wild-type cell lines KP-N-YN, NMB and IMR-32 had similar ex-
pression levels compared to KELLY and LAN-1 cells, while SK-N-FI and SK-N-AS
cells did not express total ALK protein. All cell lines express low levels of the 180
kDa and 140 kDa ALK.
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Figure 13: ALK mRNA and protein expression in the model cell lines. A ALK
mRNA expression. Cells were cultured at normal growth conditions, harvested, isolated
RNA reverse transcribed and ALK mRNA expression quantified with qRT-PCR. Mean +
SD. n=3. B ALK protein expression. Cells were cultured at normal growth conditions,
harvested and lysates were analyzed by western blot. Blots were exposed for 8sec (upper
panel) and 2min 33sec (lower panel). n=2. One representative experiment is shown.
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3.3 Therapeutic targeting of ALK with the third
generation ALK inhibitor lorlatinib
ALK is one of the few frequently altered genes in neuroblastoma that can be used

in a targeted therapy. Thus, several small molecule inhibitors targeting this re-

ceptor tyrosine kinase are currently in clinical trials or already used to treat NB
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Figure 14: Morphology and growth behavior varies between model cell lines.
Images represent the growth behavior of the model cell lines in a monolayer cell culture
setting. Scale bar: 100 pum.
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patients with an ALK aberration such as amplification or mutation. In this study
the two ALK inhibitors NVP-TAE684 (TAE) and lorlatinib (LOR) were tested on
the model cell lines. In order to investigate the response of a cell line to a certain
chemotherapeutic or targeted drug, dose response curves are generated. The read-
out to generate these curves can be confluence or cell viability among others. Cell
viability can be measured with various assays, such as the CellTiter Blue (CTB)
viability assay, and is not limited by the growth behavior of different cell lines. To
determine the confluence, the percentage of area covered by cells is measured. This
is an accurate readout for cell lines that grow in a single layer in culture. To de-
termine whether this is a valid and comparable measurement for all of the selected
cell lines, the morphology and growth behavior of the cells was assessed, Figure 14.
Many of the cell lines grew in a single layer, where cells grew separated from one
another (e.g. NB-1, LAN-1 or SH-SY5Y) or in a dense cell layer (e.g. CLB-BAR,
KP-N-YN or SK-N-BE(2C)). A few of the cell lines (LAN-5, SMS-KCNR, NBL-S
and NMB) however showed a three-dimensional (3D) growth behavior. These cells
grew in multiple layers or formed tumor spheroids adhering to the surface of tissue
culture plates. Due to the large difference in growth behavior, cell viability, mea-
sured with the CTB assay, was used in this study to determine the response of cell

lines to chemotherapeutics and targeted drugs.

3.3.1 Comparison of the two ALK inhibitors lorlatinib and
NVP-TAE684

In order to determine the sensitivity of NB cell lines to the two ALK inhibitors NVP-
TAE684 (TAE) and lorlatinib (LOR), the CTB viability assay was performed on a
subset of the model cell lines (LAN-5, CLB-GA, KELLY, SH-SY5Y, SK-N-BE(2C)
and SK-N-FT). For this purpose, cells were incubated with different concentrations of
the two inhibitors for five days and cell viability was determined with the CTB assay,
Figure 15. In general, all cell lines showed a higher sensitivity to the first generation
ALK inhibitor TAE compared to the third generation ALK inhibitor LOR. Here,
a cell viability of less than 10% could be reached for all cell lines but KELLY and
SK-N-FI. In contrast, LOR reduced cell viability in the ALK mutated cell lines
LAN-5, CLB-GA and SH-SY5Y by approximately 50% only. ALK wild-type cells
SK-N-FI and SK-N-BE(2C) as well as the F1174L mutated cell line KELLY did
not reach the 50% level of inhibition. Considering this, EC50 concentrations were
determined for both inhibitors using GraphPad Prism, Table 14. Hereby, EC50
values represent the drug concentration, at which 50% of the maximal effect is

reached. This was calculated as 50% between baseline and maximum of the dose
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response curve. Generally, EC50 values of TAE were smaller compared to those of
LOR, with the exception of CLB-GA. Overall, a larger reduction in cell viability
at TAE treatment was observed. The sensitivity of the two ALK wild-type cell
lines SK-N-BE(2C) and SK-N-FI, which express very low levels of ALK protein, to
TAE suggested that this inhibitor is not ALK specific. Therefore, all subsequent

experiments in this study were performed with LOR.
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Figure 15: NB cell lines respond differently to NVP-TAE684 and lorlatinib.
Six NB cell lines (LAN-5, CLB-GA, KELLY, SH-SY5Y, SK-N-BE(2C) and SK-N-FI) were
treated with different concentrations of TAE and LOR and cell viability was measured
after five days with the CTB viability assay. GraphPad Prism was used to generate dose
response curves and to calculate EC50 concentrations. Gray - TAE, orange - LOR. MNA -
MYCN non-amplified, MYCN amp - MYCN amplified. wt - wild-type. Mean 4+ SD. n=3.

Table 14: EC50 concentrations of NVP-TAE684 and lorlatinib

Cell line TAE (nM) LOR (nM)
CLB-GA 18 4.5

LAN-5 9 10
SH-SY5Y 43 210

KELLY 794 > 5000
SK-N-BE(2C) 77 ~ 5000

SK-N-FI 221 > 5000
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3.3.2 Lorlatinib sensitivity depends on ALK protein levels and

activation status

Following the comparison between the two ALK inhibitors, LOR sensitivity was
determined for the remaining cell lines of the selected 15 cell line panel, Figure 16,
and EC50 values were calculated, Table 15.
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Figure 16: Response to lorlatinib varies between model cell lines. The 15 model
cell lines were treated with different concentrations of LOR and cell viability was mea-
sured after five days with the CTB viability assay. GraphPad Prism was used to generate
dose response curves and to calculate EC50 concentrations. Orange - sensitive, blue -
intermediate sensitive, gray - resistant cell lines. wt - wild-type. Mean 4+ SD. n=3.
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Table 15: EC50 concentration, area under the curve (AUC) and sensitivity of the model
cell lines to lorlatinib

Cell line EC50 (nM) AUC (%) Sensitivity

NB-1 2.5 14.52 sensitive

CLB-GA 5 27.95 sensitive

LAN-5 10 51.88 sensitive

CLB-BAR 10 29.40 sensitive

SMS-KCNR 12.5 38.90 sensitive

SH-SY5Y 210 57.71 intermediate sensitive
LAN-1 936 35.06 intermediate sensitive
KELLY > 5000 82.38 resistant

NBL-S > 5000 90.67 resistant

NMB > 5000 81.58 resistant

IMR-32 > 5000 95.74 resistant

KP-N-YN > 5000 94.75 resistant

SK-N-AS > 5000 84.52 resistant
SK-N-BE(2C) > 5000 85.71 resistant

SK-N-FI > 5000 96.32 resistant

Both ALK amplified cell lines NB-1 and CLB-BAR as well as the F1174L mutated
cell line LAN-1 were affected most by LOR with a reduction in cell viability to 14%,
28% and 24%, respectively. However, LAN-1 response was observed at much higher
concentrations (EC50: 936 nM) compared to NB-1 and CLB-BAR (EC50: 2.5 nM
and 10 nM). For CLB-GA, LAN-5 and SMS-KCNR cells, a reduction in viability to
approximately 50% was observed with EC50 values of 5 nM, 10 nM and 12.5 nM.
For KELLY cells and all wild-type cell lines an effect was observed only at LOR

concentrations > 5 pM.

In addition to EC50 values, the area under the curve (AUC) was calculated to also
account for remaining viability at high LOR concentration, e.g. seen for LAN-5.
For this purpose, dose response curves were generated with the 'drc’ package in R
by fitting a four-parameter log-logistic function, Figure 17. Then, the area under
the fit was calculated and normalized by the total area, Table 15. The total area
was calculated as the area of the rectangular enclosing the fit. This includes a
concentration range of 102 to 10* nM and the maximal fitted viability for each cell
line. EC50 and AUC values were positive correlated throughout the cell line panel,
Figure 18. The cell lines LAN-1 and LAN-5 were exceptions with a small AUC
(35.06%) and a high EC50 (936 nM) and a high AUC (51.88%) and a low EC50 (10
nM), respectively.According to EC50 and AUC values, cell lines were grouped into
LOR sensitive (low EC50 and AUC: NB-1, CLB-BAR, LAN-5, CLB-GA and SMS-
KCNR), intermediate sensitive (intermediate EC50 and low or intermediate AUC:
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LAN-1 and SH-SY5Y) and resistant cell lines (high EC50 and AUC: KELLY, NBL-S,
NMB, IMR-32, KP-N-YN, SK-N-AS, SK-N-BE(2C) and SK-N-FI), Table 15,
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Figure 17: Area under the curve at lorlatinib treatment. Dose response from data
shown in Figure 16 was fitted to a four-parameter log-logistic function and the area under

the curve was calculated as percentage of the total area, represented by the rectangular.
Orange - sensitive, blue - intermediate sensitive, gray - resistant cell lines.

Notably, EC50 values in the range of 10 nM could be activated in clinical applica-
tion. Therefore, all cell lines in this range were assigned as sensitive. While ALK
amplified and R1275Q mutated cell lines were sensitive and wild-type cells were
resistant, F1174L mutated cell lines showed different levels of sensitivity to LOR.
SMS-KCNR were sensitive, LAN-1 and SH-SY5Y were intermediate sensitive and
KELLY cells were resistant to the treatment. Interestingly, LAN-1 and KELLY
cells have a similar genetic background - same ALK mutation and expression level,
MYCN amplification and a TP53 mutation - but showed a different response to
the treatment. LAN-1 was sensitive while KELLY was not effected by LOR even at

high concentrations.
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Figure 18: EC50 and AUC values are positively correlated. EC50 values and
normalized AUC values were correlated for the tested cell line panel. A positive correlation
was observed, with LAN-1 and LAN-5 being outliers. LAN-1 had high EC50 and little
residual viability at high LOR concentrations, while LAN-5 behaved in the opposite way.

Additionally, EC50 values were correlated with RNAseq ALK expression levels, Fig-
ure 19. CLB-BAR cells were excluded from this analysis, as there were no RNAseq
data available at the time of this study. In general, cell lines with high ALK ex-
pression levels had EC50 values in the low nanomolar range. However, this applied
only for ALK amplified or mutant cell lines. Wild-type cell lines with intermedi-
ate high ALK mRNA and protein expression levels, such as KP-N-YN, NBL-S or
IMR-32, had high EC50 values. Thus, a high ALK protein level and activation by

amplification or mutation is necessary for a high LOR sensitivity.

v
- o
1 \\

0.75

EC50 (uM)

0.5+

0.25+

T T

0 2 4 6 8 10 12
ALK expression (log, TMM)

Figure 19: Lorlatinib response depends on ALK expression. EC50 concentrations
were correlated with normalized ALK expression levels.
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3.3.3 Lorlatinib causes dephosphorylation of ALK targets

The response of the model cell lines to the ALK inhibitor LOR was used to classify

cells into sensitive, intermediate sensitive and resistant. Sensitive cell lines NB-1,
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Figure 20: Lorlatinib causes dephosphorylation of ALK targets of LOR-
sensitive cell lines. Protein expression of ERK1/2 and AKT in LOR treated cells. LOR-
sensitive cell lines were treated with different concentrations of LOR and a corresponding
DMSO control for 6h. Total and phosphorylated protein was measured by western blot.
p-ERK1/2 Tyr202/Tyr204. p-AKT Serd73. n=2. A representative experiment is shown.
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CLB-BAR, LAN-5, CLB-GA and SMS-KCNR were further used to investigate the
effect of LOR on the ALK downstream targets ERK1/2 and AKT. For this purpose,
cells were treated with different doses of LOR for 6h, harvested and protein levels
measured by western blot. Expression levels of total ERK1/2 and AKT as well as the
phosphorylated proteins at residues tyrosine 202/204 and serine 473, respectively,
were determined, Figure 20. In general, LOR treatment caused a reduction in
phosphorylation of both proteins with a stronger effect on ERK1/2. NB-1 cells had
a small reduction in phosphorylation for 1 nM and a stronger reduction for 10 nM

for both proteins. Proteins were almost completely dephosphorlyated at a treatment
with 100 nM and 1000 nM LOR.

CLB-BAR and CLB-GA cells had a similar decrease in phosphorylation of ERK1 /2
to the NB-1 cell line. However, the overall effect was weaker in these two cell lines.
No gradual dephosphorylation of ERK1/2 was seen in LAN-5 and SMS-KCNR cells.
However, a slight decrease in phosphorylation of the treated samples compared to the
control samples was observed. Concerning AKT, CLB-BAR, LAN-5 and CLB-GA
cells had a slight decrease in phosphorylation compared to the control. In SMS-
KCNR cells, LOR treatment did not effect the phosphorylation of AKT.

Taken together, LOR inhibited ALK signaling which resulted in a partial dephos-
phorylation of the ALK targets ERK1/2 and AKT. The effect of LOR on NB-1 cells
was stronger compared to the rest of the cell lines, which was in accordance with

the response in cell viability observed previously, section 3.3.2.

3.3.4 The highly LOR-sensitive cell line NB-1 gains resistance

after continuous treatment with lorlatinib

The ALK "addicted" cell line NB-1 was highly susceptible to LOR, which can be
seen by the large effect on cell viability and the dephosphorylation of ALK down-
stream targets upon LOR treatment. To see how these cells respond to a continuous
treatment with LOR, cells were cultured in 1 nM, 2.5 nM or 5 nM LOR for four
weeks. From now on, these cells will be named NB-1-R. For each concentration
three independent NB-1-R cell lines were generated, NB-1-R #1,#2,#3. At the
end of this long-term treatment, the overall morphology of NB-1-R cells was similar
to DMSO treated NB-1 cells that were cultured in parallel, Figure 21. For both
untreated and treated cell lines, cells grew mainly as single cells but formed cell
contacts with others cells. However, the general vitality of NB-1-R cells was weaker

compared to NB-1 cells, especially for the two higher concentrations 2.5 nM and
5 nM.
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2.5nM LOR 1 nM LOR
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Figure 21: Long-term treatment with lorlatinib does not change morphology of
NB-1 cells. NB-1 cells were treated with 1 nM, 2.5 nM or 5 nM LOR for four weeks and
medium was changed every three days. Images were acquired after the long-term culture
in LOR. Scale bar: 100 um.

In order to investigate whether the long term treatment has an effect on the re-
sponse to LOR, both NB-1 and NB-1-R cells were treated with 2.5 nM LOR, the
EC50 of LOR for NB-1 cells, for five days. Cell viability was measured with the
CTB assay and cell confluence was determined with Giemsa staining. Viability and

confluence were calculated as percentage of DMSO treated control samples, Figure
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22,23. 2.5 nM and 5 nM treated NB-1-R cells had significantly higher cell viability
and confluence after LOR treatment compared to normal NB-1 cells. This indicates
that NB-1 cells gained resistance after long-term exposure to LOR, despite a good

initial response.
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Figure 22: Lorlatinib reduces cell confluence less in NB-1-R cells compared to
NB-1 cells. NB-1 and NB-1-R cells were treated with 2.5 nM LOR for five days and
stained with Giemsa to determine cell confluence. A One representative Giemsa staining.
B Normalized confluence. Gray - parental NB-1 cells, orange - LOR-resistant NB-1-R cells,
that were treated with 1 nM, 2.5 nM or 5 nM LOR for four weeks, respectively. Mean +
SD. n—3. Statistical analysis was performed with an unpaired t-test, ns: p > 0.05, *: p <
0.05, **: p < 0.01, ***: p < 0.001.
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Figure 23: Lorlatinib reduces cell viability less in NB-1-R cells compared to
NB-1 cells. NB-1 and NB-1-R cells were treated with 2.5 nM LOR for five days and cell
viability was measured with the CTB assay. Gray - parental NB-1 cells, orange - LOR-
resistant NB-1-R cells, that were treated with 1 nM, 2.5 nM or 5 nM LOR for four weeks,
respectively. Mean £ SD. n=3. Statistical analysis was performed with an unpaired t-test,
ns: p > 0.05, *: p < 0.05, **: p < 0.01, ***: p < 0.001.

3.4 ALK-addicted cells benefit from combination

treatment of lorlatinib with chemotherapeutics

3.4.1 Chemotherapeutics cause phase-specific cell cycle arrest

ALK inhibitors are currently in clinical use as monotherapies. However, to date it is
unclear how to include these drugs in the first-line care of NB patients. Therefore,
this study aimed at evaluating the combination of lorlatinib with vincristine (VCR)
and cisplatin (CDDP), two chemotherapeutics used in the induction chemotherapy
of NB treatment (Pinto et al. 2015). These two chemotherapeutics were chosen due
to their different mode of action. CDDP is a DNA intercalating agent resulting in
DNA damage and thus the inhibition of transcription and replication. In contrast,
VCR is a spindle toxin which blocks mitosis by interfering with microtuble dynamics.
Treatment of the NB cell line SH-EP TET21IN with CDDP caused a predominant
cell cycle arrest in G1 phase, while VCR treatment lead to a predominant G2 arrest,
Figure 24. ALK inhibitors are currently in clinical use as monotherapies. However,
to date it is unclear how to include these drugs in the first-line care of NB patients.
Therefore, this study aimed at evaluating the combination of lorlatinib with vin-
cristine (VCR) and cisplatin (CDDP), two chemotherapeutics used in the induction
chemotherapy of NB treatment (Pinto et al. 2015). These two chemotherapeutics

were chosen due to their different mode of action. CDDP is a DNA intercalating
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agent resulting in DNA damage and thus the inhibition of transcription and repli-
cation. In contrast, VCR is a spindle toxin which blocks mitosis by interfering with
microtuble dynamics. Treatment of the NB cell line SH-EP TET2IN with CDDP
caused a predominant cell cycle arrest in G1 phase, while VCR treatment lead to a

predominant G2 arrest, Figure 24.
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Figure 24: Chemotherapeutics cause phase-specific cell cycle arrest. SH-EP
TET21IN cells were treated with different concentrations of cisplatin (CDDP) and vin-
cristine (VCR) for 24h and cell cycle progression was determined by flow cytometry. DNA
content determined by DAPI vs. DNA synthesis (S-Phase) determined by EdU incorpora-
tion. n=3. A representative experiment is shown.
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3.4.2 Combination treatment is effective only in
ALK-addicted cell lines

Following the analysis of single agent treatment with LOR on cell lines with a differ-
ent ALK status, the combination of LOR with the two chemotherapeutics CDDP
and VCR was investigated. For this purpose, all cell lines with an ALK mutation or
amplification as well as the two wild-type cell lines SK-N-FI and SK-N-BE(2C) were
studied. Cells were treated with different concentrations of the chemotherapeutics
as a single agent and in combination with the cell line specific EC50 concentration of
LOR. Resistant cell lines were treated with 1 M LOR. Cell viability was measured
with the CTB viability assay after five days of treatment. Dose response curves
were determined with GraphPad Prism, Figure 25,26, and used to calculate EC50
concentrations, Table 16,17. For both chemotherapeutics, a combinatorial effect
was detected only for LOR sensitive and LOR intermediate sensitive cell lines. For
KELLY cells and both wild-type cell lines, dose response curves for both mono- and
combination treatment were highly similar. Concerning the remaining cell lines, a
reduction in cell viability was seen for low chemotherapeutic concentrations. This
reduction represented the effect of the specific EC50 concentrations of LOR on the
different cell lines. EC50 concentrations of LOR in the ALK amplified cell lines
NB-1 and CLB-BAR, as well as the two F1174L mutated cell lines SMS-KCNR and
LAN-1 caused a larger reduction in viability than observed in the other ALK mu-
tated cell lines. This resulted in a larger difference between the dose response curves
of mono- and combination treatment. With increasing concentrations curves of the
mono- and combination treatment overlapped, which indicated that the LOR effect

was overtaken by the cytotoxic effect of the chemotherapeutics.
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Figure 25: ALK sensitive and intermediate sensitive cell lines respond differ-
ently to combination treatment with lorlatinib and cisplatin. A selection of the
15 cell line panel was treated with different concentrations of CDDP alone or in combina-
tion with EC50 concentrations of LOR for five days and cell viability was determined with
the CTB assay. GraphPad Prism was used to determine dose response curves and EC50
values. Gray - CDDP alone, orange - CDDP + EC50 LOR. Mean £+ SD. n=3.

Table 16: EC50 concentrations of cisplatin for LOR-sensitive cell lines at mono- and com-
bination treatment.

Cell line CDDP (M) CDDP + LOR (uM)
NB-1 2.05 1.18
CLB-BAR 0.48 0.48
LAN-5 0.85 0.68
CLB-GA 0.33 0.33

SMS-KCNR 0.64 0.61
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Figure 26: ALK sensitive and intermediate sensitive cell lines respond differ-
ently to combination treatment with vincristine. A selection of the 15 cell line panel
was treated with different concentrations of VCR alone or in combination with EC50 con-
centrations of LOR for five days and cell viability was determined with the CTBassay.
Graphpad Prism was used to determine dose response curves and EC50 values. Gray -

VCR alone, orange - VCR + EC50 LOR. Mean + SD. n=3.

Table 17: EC50 concentrations of vincristine for LOR-sensitive cell lines at mono- and

combination treatment.

Cell line VCR (nM) VCR + LOR (nM)
NB-1 0.67 0.53
CLB-BAR 2.23 2.32
LAN-5 0.44 0.58
CLB-GA 1.29 1.15
SMS-KCNR 0.62 0.62
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Next, LOR-sensitive cell lines were treated with EC50 concentrations of the three
drugs as monotherapy and combination treatments with LOR and VCR or CDDP,
respectively, Figure 27. A significant combination effect for both VCR and CDDP
was seen in the ALK amplified cell line NB-1. Here, the viability was reduced from
approximately 50% to less than 25%. The cell lines LAN-5 and CLB-GA had a
significant reduction in viability with the combination of LOR and VCR or CDDP,
respectively. In both CLB-BAR and SMS-KCNR cells, the combination did not have
any significant effect. Interestingly, the combination of LOR and CDDP seemed to
be less effective than the monotherapy in LAN-5 cells. Altogether, the combination
of chemotherapy with the targeted inhibitor LOR was effective especially in the
ALK-addicted cell line NB-1.
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Figure 27: ALK-addicted cells benefit from combination treatment. LOR-
sensitive cell lines were treated with their cell line specific EC50 concentrations of LOR,
VCR and CDDP in a mono- and combination therapy. Cell viability was measured with
the CTB assay after five days of treatment. Gray - monotherapy, orange - combination
treatment. Mean + SD. n=3. Statistical analysis was performed with an unpaired t-test,
ns: p > 0.05, *: p < 0.05, **: p < 0.01, ***: p < 0.001.
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3.5 Validation of combination therapy in NB-1

spheroids

Preclinical testing of potential chemotherapeutics and targeted drugs are important
in drug development. Drug candidates are initially analyzed in a two-dimensional
(2D) in wvitro setting before subsequent three-dimensional (3D) studies in vitro and
in vivo. In order to test inhibitors in a more biological surrounding, much effort has
been made to develop more advanced 3D in vitro tissue cultures, such as multicellular
tumor spheroids or organoids, which mimic their corresponding in vivo organ. In

the present study, tumor spheroids were chosen as 3D tissue culture system.

3.5.1 Establishment of neuroblastoma spheroid tissue culture

There are several approaches to grow tumor spheroids in tissue culture. In the nor-
mal monolayer culture, cells attach to the polystrene bottom of tissue culture plates.
In multicellular spheroid culture however, cells are prevented from attaching. For
this purpose, cells can be grown either in a scaffold /matrix or in a scaffold-free cel-
lular suspension. Concerning the scaffold /matrix technique, cells are either seeded
onto a matrix or dispersed into a liquid matrix which becomes solid by polymeriza-
tion. Scaffold-free methods include liquid overlay, hanging drop or agitation based

techniques. Here, the liquid overlay technique was used, Figure 28.

Liquid overlay Ultra-low attachment
agarose coated round bottom

Medium ————

Spheroid ——|

1% Agarose

Figure 28: Tow techniques to culture multicellular spheroids. Two commonly
used techniques to culture multicellular spheroids are liquid overlay (left) and the use of
ultra-low attachment (ULA) plates (right). In the liquid overlay technique, the well is
covered with a 1% agarose solution to form a non-adhesive round bottom comparable to
the round bottom of ULA plates.



3 Results 60

This method forces the growth of tumor spheroids in suspension by adding a non-
adhesive coating to the surface of the tissue culture plate. This can be achieved by
manually coating the plates with a 1% agarose solution, to which the cells cannot at-
tach. Similar, cells can be grown in ultra-low attachment (ULA) plates. These plates
are coated with an ultra hydrophilic polymer that enables spontaneous spheroid for-
mation. The techniques are similar, but have different advantages. Ultra-low attach-
ment plates are very comparable within the wells of a plate and between different
plates, while the agarose coating can be quite diverse already within one plate. On

the other hand, the agarose coating is less expensive.

To test whether NB cell lines form spheroids spontaneously, the liquid overlay
technique was tested on four different cell lines: IMR-5/75, KELLY, NBL-S and
SK-N-DZ. For this purpose, flat bottom 96-well plates were coated with a 1%
agarose solution to form a U-shaped non-adhesive well bottom. Cell suspension
with 500 or 5000 cells, respectively, was applied to each well and plates were kept in
the incubator overnight without movement to allow spheroid formation. Spheroids
were cultured in normal growth medium which was changed every three days. Im-
ages of the spheroids were taken on day one, three, five, six, and nine after seeding

and the area, width and height were determined with ImageJ.

For both 500 and 5000 cells, all four cell lines formed multicellular tumor spheroids
spontaneously, Figure 29.30. At normal growth conditions, loose cell aggregates
started to form after one day of incubation and became more dense throughout the
course of the experiment. This was in accordance with the measured area, width
and height of spheroids, Figure 31. KELLY and NBL-S spheroids had a decrease
in area from day one to three, while the area of IMR-5/75 and SK-N-DZ spheroids
slightly increased between the first two time points. From day three on, the spheroid
area of all four cell lines increased. A similar observation was made for width and
height of the spheroids. Although all cell lines were seeded at the same density, the
area of spheroids differed between the cell lines. This was due to different sizes of

the cells themselves.

Interestingly only three of the four cell lines (SK-N-DZ, IMR-5/75 and NBL-S) grew
in spheres. KELLY cells did not grow in round spheroids, but rather as cell aggre-
gates with multiple edges. This was the case for both 500 and 5000 cell spheroids. A
similar observation was made in other NB cell lines, such as SK-N-FI and SH-SY5Y,
see appendix Figure 60.
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Figure 29: Normal growth of 500-cell spheroids and the effect of chemotherapy
on their 3D structure. 500 cells of the respective cell lines were seeded into agarose
coated 96-well plates and treated with 0.1 pg/pl DOX (KELLY, NBL-S, SK-N-DZ) or 0.05
pg/pl DOX (IMR-5/75) after 48h. Images were acquired on day one, three (24h DOX),
five (72h DOX), six (96h DOX) and nine (168h DOX) after seeding. DOX - doxorubicin.
Scale bar: pm. n=3.
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Figure 30: Normal growth of 5000-cell spheroids and the effect of chemotherapy
on their 3D structure. 5000 cells of the respective cell lines were seeded into agarose
coated 96-well plates and treated with 0.1 pug/pul DOX (KELLY, NBL-S, SK-N-DZ) or 0.05
pg/pl DOX (IMR-5/75) after 48h. Images were acquired on day one, three (24h DOX),
five (72h DOX), six (96h DOX) and nine (168h DOX) after seeding. Scale bar: pm. n=3.
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Figure 31: Growth behavior of NB-1 spheroids. Area, width and height of A 500-
cell spheroids and B 5000-cell spheroids grown at control conditions (Figure 29,30) were
determined with ImageJ. n=3.
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One feature of multicellular tumor spheroids is the division into three different zones:
an outer proliferation layer and a necrotic core in the center with a quiescent viable
cell layer in between. These different layers are mainly observed in larger spheroids.
Due to their larger diameter there are varying levels of diffusion in the different
zones, which lead to a lack of oxygen and nutrients in the center, while CO, and
waste accumulates. In the tested cell lines, a necrotic core was observed only in the
larger 5000-cell spheroids. Especially in NBL-S spheres, the necrotic core was visible
already at day five and represented a large part of the spheroid after nine days of
incubation, Figure 32. For IMR-5/75 and SK-N-DZ, a necrotic core was observed,

too. However, relative to the total sphere, the area of the necrotic core was smaller.

In KELLY spheroids, no necrotic core was visible.

NBL-S
5000 cells

necrotic
core

250

Figure 32: Exemplary NBL-S spheroid with a necrotic core. 5000-cell spheroid of
NBL-S cells with visible necrotic core after nine days of incubation. Scale bar: um.

To examine the response of spheroids to chemotherapy, spheroids were treated with
the first-line chemotherapeutic doxorubicin (DOX) at a concentration of 0.1 ug/ul
(KELLY, NBL-S, SK-N-DZ) or 0.05 ug/ul (IMR-5/75), respectively. DOX was
applied after 48h of spheroid formation and images acquired on day three (24h DOX),
day five (72h DOX), day six (96h DOX) and day nine (168h DOX) of the experiment,
Figure 29,31. In general, DOX treatment prevented growth of spheroids, which can
be seen in a decrease in size during the course of the treatment. The spheres were not
only smaller than the spheroids grown in normal growth medium, but also decreased
in size compared to the initial condition at day one. Interestingly, especially the
larger 5000-cell spheroids tended to loosen their dense structure, releasing an outer
layer of dead cells. This was mainly observed for SK-N-DZ, NBL-S and IMR5-/75
cells. In contrast, the cells in the KELLY spheroids stayed dense in the spheroid.
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3.5.2 NB-1 cells are equally sensitive to lorlatinib in 2D and

3D tissue culture

NB-1 cells were highly sensitive to treatment with the ALK inhibitor lorlatinib in
the classical 2D tissue culture. To see, whether these cells respond differently in a
3D tissue culture setting, both NB-1 spheroids and a normal monolayer culture were
treated with different concentrations of LOR and images were acquired every 24h
for five days, starting at the time of drug application. The area of spheroids was

determined with ImageJ.

A first treatment effect was observed after 24h, at which spheroids treated with
concentrations > 5 nM decreased in size compared to those treated with lower
concentrations, Figure 33A. Throughout the course of the treatment, the size of
these spheroids remained constant, while the other spheroids continued growing.
Dying cells stayed attached to the spheroid, similar to what was observed in the
DOX treatment of KELLY cells before, section 3.5.1.

Next, growth of spheroids at each concentration was compared to the monolayer
culture. For this purpose, the percentage of covered area by a spheroid in an image
was compared to the 2D cell confluence, Figure 34. With approximately 20% cov-
ered area in both 2D and 3D settings, the initial condition was similar between both
techniques. In normal growth medium and the appropriate DMSO control, cells in
the monolayer culture grew much faster compared to spheroids. While 2D growing
cells reached approximately 75% confluence after five days, spheroids increase the
percentage of covered area only to slightly more than 25% . A similar observation
was made for LOR concentrations < 5 nM, while no difference was observed at con-
centrations < 5 nM. This difference between 2D and 3D cultures may be caused by
the multi-dimensional growth of spheroids which cannot be captured completely in
a 2D image. Additionally, tumor spheroids have a slower growing speed compared
to monolayer cultures, as mainly cells in the outer layer proliferate. For this reason,
the treatment was normalized by the DMSO control and dose response curves were
generated, Figure 33B. Interestingly, there is a high similarity between the curves of
the spheroid and monolayer culture. EC50 concentrations calculated from dose re-
sponse curves shown in Figure 33B were highly similar throughout the course of the
treatment for both techniques and varied only slightly between spheroids and mono-
layer culture, Figure 33D. In addition to cell confluence, cell viability was measured
with the CTB assay after five days of LOR treatment and dose response curves were
generated, Figure 33C. The reduction in viability with increasing concentrations of

LOR was highly similar for both tissue culture techniques.
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Figure 33: NB-1 cells are equally sensitive to lorlatinib in monolayer and
spheroid tissue culture. 5000 NB-1 cells were seeded into ULA and normal 96-well
plates and treated with different concentrations of LOR for five days. A Spheroid images
on day zero to five of LOR treatment. B Confluence of monolayer culture and area of
spheroids were measured and dose response curves generated with Graphpad Prism. C
Cell viability was measured with the CTB viability assay on day five of treatment. D
EC50 values of dose response curves shown in B. Mean 4+ SD. n=3.
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Figure 34: NB-1 cells show similar growth behavior at lorlatinib treatment
in monolayer and spheroid tissue culture. Comparison of monolayer and spheroid
growth at LOR treatment. 5000 NB-1 cells were seeded into ULA and normal 96-well
plates and treated with different concentrations of LOR for five days. Confluence and area

of spheroids were determined from data shown in Figure 33. Mean + SD. n=3.

Taken together, this data illustrates that NB-1 cells respond similar in the classical

monolayer and the more advanced multicellular tumor spheroid tissue culture.
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3.5.3 NB-1 spheroids respond well to treatment with

cisplatin but are more resistant to vincristine

After analyzing the effect of lorlatinib on NB-1 spheroids, the same treatment was

performed with the two chemotherapeutics cisplatin and vincristine.

In comparison to LOR, the treatment effect of CDDP was weaker, especially on
the first day after drug application. There was no specific concentration at which
a clear separation between strong and weak response was seen, Figure 35A. Only
at 2.5 uM and 5 uM CDDP the area of the spheroids decreased, while spheroids
treated with lower concentrations increased in size throughout the course of the
treatment. Spheroids treated with 10 M had no change of size throughout the
treatment and microscopic evaluation indicated that these spheroids consisted dead
cells only. Therefore, this concentration was excluded from the dose response anal-
ysis, Figure 35B. With each additional day of treatment, reduction of confluence
began at lower concentrations for both 2D and 3D cell culture. Furthermore, there
was a decrease in EC50 concentrations over time, Figure 35D. In comparison to
this, EC50 concentration of LOR hardly changed, while the overall effect increased
during the course of the treatment, Figure 33B,D. Similar to LOR, the 2D effect
is larger compared to 3D, which may be due to a faster growth in the monolayer
culture. However, a comparison of cell viability showed no difference between 2D
and 3D cultures, Figure 35C. This data suggests that NB-1 cells are equally sensitive

to cisplatin in a monolayer and spheroid setting.

Interestingly, NB-1 spheroids responded differently to treatment with the spindle
toxin VCR. Only spheroids treated with the highest concentration (100 nM) showed
a clear cytotoxic effect while spheroids treated with all other concentrations contin-
ued growing normally, Figure 36A. In the monolayer setting, a large reduction in
confluence was obtained additionally for 5 nM and 10 nM LOR. When comparing
the dose response of 2D and 3D cultures, this difference was clearly visible, Figure
36B. Similar to the observation made at LOR treatment, the effect size of the dose
response changed during the course of the experiment rather than EC50 concentra-
tions, Figure 36D. Similar to the confluence, a reduction in cell viability occurred
only at 100 nM VCR in spheroids, while a strong effect was also seen for 5 nM and
10 nM in the 2D culture, Figure 36C.

Taken together, the response of NB-1 spheroids to single agent treatment varied
between the different drugs. While LOR and CDDP had the same effect on spheroids

compared to the monolayer culture, VCR was less effective in spheroids.
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Figure 35: NB-1 cells have similar growth behavior at cisplatin treatment in
monolayer and spheroid tissue culture. 5000 NB-1 cells were seeded into ULA and
normal 96-well plates and treated with different concentrations of CDDP for five days.
A Spheroid images on day zero to five of CDDP treatment. B Confluence of monolayer
culture and area of spheroids were measured and dose response curves calculated with
Graphpad Prism. C Cell viability was measured with the CTB viability assay on day five
of treatment. D EC50 values of dose response curves shown in B. Mean £ SD. n=3.
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Figure 36: NB-1 cells are more sensitive to vincristine in monolayer tissue
culture than spheroid culture. 5000 NB-1 cells were seeded into ULA and normal
96-well plates and treated with different concentrations of VCR for five days. A Spheroid
images on day zero to five of VCR treatment. B Confluence of monolayer culture and area
of spheroids were measured and dose response curves calculated with Graphpad Prism.
C Cell viability was measured with the CTB viability assay on day five of treatment. D
EC50 values of dose response curves shown in B. Mean + SD. n=3.
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3.5.4 Combination treatment is more effective than

chemotherapy alone

The combination of LOR with both chemotherapeutics was investigated in NB-1
spheroids. For this purpose, cells received the same treatment of CDDP and VCR
as described in section 3.5.3. However, in addition to the chemotherapeutics, the
EC50 concentration of LOR (2.5 nM) was applied.

For both combinations a first effect was seen already after 24h, which resulted in a
reduction of the spheroid area compared to the control spheroids, Figure 37A,38A.
The reduction was similar throughout all concentrations, indicating that this was
an effect caused by LOR treatment. Throughout the course of the treatment, the
relative size of the spheres changed similar to the single agent treatment observed

previously in section 3.5.3.

In order to generate dose response curves, the area of spheroids and the confluence
of 2D tissue culture was normalized by the DMSO control. This control did not
include the additional 2.5 nM LOR. For both chemotherapeutics the relative area
and confluence decreased already at low concentration, reaching approximately 50-
60% after the five days treatment, Figure 37B,38B. In the single agent treatment,
these concentrations, did not cause any reduction in confluence and viability. This
suggests that this effect reflects the single agent treatment with 2.5 nM LOR. From
day three on 2.5 nM and 5 nM CDDP caused a slightly larger decrease in area of
spheroids compared to concentrations < 1 nM. Concerning VCR, the change of area

was equal for all concentrations throughout the course of the treatment.

In a next step, cell viability was measured with the C'TB assay. Similar to the single
agent treatment with chemotherapeutics, CDDP monolayer and spheroid culture
had very similar dose response curves for the combination treatment, Figure 37C.
Concerning VCR combination, a reduction in viability was observed only for the
100 nM concentration in spheroids, while 5 nM and 10 nM caused a reduction in
viability to approximately 20% in the monolayer setting, 38C. This illustrates the
different sensitivity of NB-1 cells to VCR dependent on the culture system.
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Figure 37: Combination treatment with loraltinib and cisplatin is similar effec-
tive in monolayer and spheroid culture. 5000 NB-1 cells were seeded into ULA and
normal 96-well plates and treated with different concentrations of CDDP in combination
with the EC50 concentration of for five days. A Spheroid images on day zero to five of
treatment. B Confluence of monolayer culture and area of spheroids were measured and
dose response curves calculated with Graphpad Prism. C Cell viability was measured with
the CTB viability assay on day five of treatment. D EC50 values of dose response curves
shown in B. Mean £ SD. n=3.
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Figure 38: Combination treatment with lorlatinib and vincristine is more ef-
fective in monolayer culture than in spheroid culture. 5000 NB-1 cells were seeded
into ULA and normal 96-well plates and treated with different concentrations of VCR in
combination with the EC50 concentration of LOR for five days. A Spheroid images on
days zero to five of treatment. B Confluence of monolayer culture and area of spheroids
were measured and dose response curves calculated with Graphpad Prism. C Cell viability
was measured with the CTB viability assay on day five of treatment. D EC50 values of
dose response curves shown in B. Mean 4+ SD. n=3.
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A comparison of mono- and combination therapy with CDDP between 2D and 3D
tissue culture showed that the response of NB-1 cells was similar in both culture
systems, Figure 39A. In contrast, NB-1 cells were less sensitive to VCR in spheroids
in both mono- and combination treatment, Figure 39B. However, the overall pattern
of response was similar in both 2D and 3D cultures. The main difference was that
higher concentrations of VCR were needed to achieve a similar response obtained in

2D tissue culture.
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Figure 39: Combination treatment with lorlatinib and cisplatin is more effective
than the combination with lorlatinib and vincristine. Dose response curves of
monotherapy and combination therapy of LOR with A CDDP and B VCR in monolayer
(left) and spheroid (right) tissue culture. Mean £+ SD. n=3.
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3.6 Whole transcriptome analysis to gain insights

into the response to lorlatinib

Previous results of the single agent treatment with LOR showed that ALK altered
cell lines had a different sensitivity to this ALK inhibitor. Altogether, NB-1 cells
had a much higher sensitivity to LOR compared to all other ALK-positive cell lines,
even to the second ALK amplified cell line CLB-BAR. Interestingly, there was a
broad range of response among the F1174L mutated cell lines, which ranged from
sensitive (SMS-KCNR) to intermediate sensitive (SH-SY5Y, LAN-1) and resistant
(KELLY). These observations led to multiple questions.

e Are there differences in the transcriptome of the cell lines that can explain

variations in treatment response?

e [s it possible to predict the response only by the basal gene expression?

This is of special interest, as some patients with an altered ALK status do not

respond to the therapy with an ALK inhibitor while other patients do.

e What makes a responder cell line a responder?

e What is the resistance mechanism of KELLY cells and what causes the high
sensitivity of NB-1 cells?

e [s it possible to identify new targets for a novel targeted combination therapy?

This is of particular interest as the combination treatment with classical first-line

chemotherapy was not effective in the majority of ALK-positive cell lines.

In order to answer these questions, whole transcriptome analysis was performed on
the selected cell line panel. Here, the basic gene expression was taken into account.
The cell line CLB-BAR was excluded from all analyses as there was no RNAseq data
available. Furthermore, the effect of lorlatinib on the transcriptome was investigated

in the responder cell line NB-1 and in the non-responder cell line KELLY.
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3.6.1 A published ALK gene signature cannot fully explain

the difference in sensitivity

A study in 2015 proposed an ALK gene signature consisting of 77 genes (Lambertz et
al. 2015). These genes were differentially expressed at the treatment with the ALK
inhibitor TAE. In order to determine whether these genes can discriminate the model
cell lines according to their treatment response already at a basal gene expression
level, a principle component analysis (PCA) was performed, Figure 40. The PCA
including the whole cell line panel did not result in a clear clustering according
to LOR sensitivity, Figure 40A. There were two smaller clusters consisting of the
ALK altered cell lines CLB-GA and SH-SY5Y as well as SMS-KCNR and LAN-
5, respectively, which did not reflect their response to LOR. Interestingly, the two
clusters included cell lines with different ALK mutations but the same MY CNstatus,
MYCN non-amplified or MYCN amplified, respectively. Next, ALK wild-type cell
lines were excluded from the analysis, Figure 40B. Here, SMS-KCNR, LAN-5 and
CLB-GA cells formed a cluster, which was in accordance with their similar response
to LOR in the viability assay performed previously, section 3.3.2. Intermediate
sensitive cell lines SH-SYHY and LAN-1 did not cluster together. However, KELLY
and LAN-1 cells were separated from the rest of the cell lines by principle component
1 (PC1). Thus, the published ALK gene signature can discriminate between different
responses to some extent.
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Figure 40: Cell lines do not form clusters of sensitivity based on ALK signature
genes. PCA with ALK signature genes on A the selected cell line panel and B ALK altered
cell lines.

In order to relate this signature to patient data, the ALK gene signature was used to

investigate the basal gene expression of the two patient cohorts described in section
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3.1, Figure 41. For both patient cohorts, the gene signature did not discriminate
between ALK wild-type patients and patients with an altered ALK status such as
amplification or mutation, Figure 41A,C. Additionally, there were no clear clusters
in the PCA of ALK altered patients only, Figure 41B,D. Unfortunately, there was
no information on which patients were treated with an ALK inhibitor and how
they responded to the therapy. However, there were no clear clusters visible which
indicates that no prediction of treatment response can be made based on the basal

gene expression of these signature genes.
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Figure 41: The ALK gene signature does not discriminate patients according
to their ALK status. PCA with ALK signature genes on A the whole primary enriched
tumor cohort, B ALK altered patients of the primary enriched tumor cohort, C the whole
relapsed tumor cohort and D ALK altered patients of the relapsed tumor cohort.
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3.6.2 Effect of lorlatinib on the transcriptome of a responder

and a non-responder cell line

The published ALK gene signature could not fully capture the response to LOR.
Thus, this study was aiming at determining an alternative ALK signature at LOR
treatment. For this purpose, RNAseq at LOR treatment was performed for the
responder cell line NB-1 and for non-responder KELLY cells.

3.6.2.1 Optimization and experimental design of the RNAseq experiment

To determine optimal conditions for the RNAseq experiment, NB-1 and KELLY cells
were treated with 10 nM and 25 nM LOR for 8h, 24h, and 48h and mRNA levels of
six genes from the published ALK gene signature were determined with qRT-PCR,
Figure 42. While mRNA levels of all six genes changed for both concentrations and
time points in NB-1 cells, only the two cell cycle genes CCNE2 and CCNG2 as well
as the gene encoding the programmed cell death protein 4 (PDCDJ) were affected in
KELLY cells. For most of the genes, a response to both LOR concentrations could
be observed already after 8h with a few additional changes after 24h but no further
differences at 48h. Concerning the concentrations, effects were seen at both 10 nM
and 25 nM. Although 25 nM LOR caused stronger changes in the gene expression,
10 nM is not only more similar to the EC50 concentration of NB-1 cells (EC50: 2.5

nM) but also represents a clinically relevant dose.

To see whether the 10 nM concentration is sufficient to inhibit ALK, phosphorylation
at the tyrosine residue 1604 was investigated by western blot, Figure 43. For both
cell lines, a reduction of the phosphorylated protein was seen for 10 nM LOR after
6h treatment, indicating that LOR downregulates the activity of ALK in both cell

lines.

For these reasons, the RNAseq experiment was performed with a concentration of
10 nM LOR which was applied for 8h and 24h, Figure 44. The experiment was

performed in two biological replicates.
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Figure 42: Optimization of concentration and time points for RNA sequencing
of lorlatinib treated cell lines. NB-1 and KELLY cells were treated with 10 nM and
25 nM LOR for 8h, 24h and 48h and the expression of six ALK signature genes (CCNEZ2,
CCNG2, KLF7, PDCD/, PIK3D2A and PTPRE) was determined by qRT-PCR. Mean +
SD of six technical replicates. n=1.
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Figure 43: Lorlatinib reduces phosphorylation of ALK. ALK protein expression
in NB-1 and KELLY cells at LOR treatment. Cells were treated with indicated LOR
concentrations and harvested after 6h. Total protein and phosphorylated protein were
analyzed by western blot. n=3. A representative experiment is shown.
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Figure 44: Experimental design of the RNAseq experiment. NB-1 and KELLY
cells were treated with 10 nM LOR or a respective DMSO, collected after 8h and 24h and

prepared for sequencing. n=2.
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3.6.2.2 The transcriptome discriminates primarily between cell lines

In order to get a general understanding of the sequenced samples, hierarchical clus-
tering based on euclidean distance and a PCA on the 5000 most variable genes were
performed on all samples, Figure 45,46. Both analyses revealed a clear separation
of the two cell lines, which can be seen in the two main cell line clusters of the hier-
archical clustering. Furthermore, principle component 1 of the PCA, which divided
the samples by cell line, contained 95% of the explained variance between the sam-
ples. While all KELLY samples formed one main cluster, NB-1 cells divided into one
control and two treatment clusters. These treatment clusters were explained only
by 2.5% of the total variance across all samples. Furthermore, these clusters were
separated by the different treatment duration, indicating time dependent differences
in the response of NB-1 cells to LOR.
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Figure 45: Hierarchical clustering of RNAseq samples. Hierarchical clustering
separates the samples into two distinct cell line clusters. Within the NB-1 cluster, one
treatment and two control cluster can be discriminated.
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Figure 46: Principle component analysis of RNAseq samples. PCA on the 5000
most variable genes results in a clear separation of the two cell lines NB-1 and KELLY by
PC1 and the treatment by PC2.

3.6.2.3 Lorlatinib affects the transcriptome of the responder cell line NB-1
but not of the non-responder KELLY

In order to gain insights into the cellular response to LOR, differential gene expres-
sion analysis was performed on both cell lines individually. Treatment of NB-1 cells
led to an upregulation of 1042 genes and a downregulation of 1119 genes in total,
Figure 47A. While some of these genes were differentially expressed at a specific
treatment duration only, approximately a third of all genes were up- or downregu-
lated at both treatment time points. In contrast, LOR treatment of KELLY cells led
to a downregulation of four genes only. These four genes were ET'V5 (8h), SPRY/,
(8h and 24h), DKK1 and ETV1 (24h), which were also downregulated in NB-1
cells. No upregulated gene was detected, Figure 47B. Despite the partial dephos-
phorylation of ALK at LOR treatment in KELLY cells, this treatment caused these

minor changes in the transcriptome of the cells only.
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Figure 47: Only NB-1 cells have differentially expressed genes at lorlatinib
treatment. Differential gene expression analysis of A NB-1 and B KELLY cells. Genes
with log2 fold change > 1 and adjusted p-value < 0.05 were considered differentially ex-
pressed.

3.6.2.4 Lorlatinib causes cell cycle arrest but not cell death of NB-1 cells

More than 2200 genes were differentially expressed upon LOR treatment in NB-1
cells. To better understand which pathways and biological processes were involved
in the response to LOR, gene ontology (GO) enrichment terms were determined,
Figure 48. For this purpose, up- and downregulated genes were used for both in-
dividual time points and enriched pathways were determined, Figure 48A. For the
early 8h time point, MAPK and PISK-AKT signaling were found among the path-
ways, confirming the inhibition of these pathways by dephosphorylation of ERK1/2
and AKT observed previously in section 3.3.3. After 24h, LOR caused changes in
the expression of genes involved in cell cycle and DNA replication. The 20 most
significant biological processes enriched upon treatment included cell division, DNA
replication initiation, G1/S transition and Go/M transition of mitotic cells, Figure
48B.
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Figure 48: Lorlatinib inhibits cell cycle and ALK downstream pathways in NB-1
cells. Gene ontology enrichment terms of A pathways and B the 20 most significant
biological processes in LOR treated NB-1 cells.

The main effect of LOR treatment was seen in the regulation of genes involved
in G1/S transition and DNA replication initiation, Figure 49A. The expression of
both G;/S transcriptional regulators E2F1 and E2F2 and the cyclin dependent ki-
nase 2 (CDK2) together with its binding partners cyclin E1 and E2 (CCNE! and
CCNE2) were downregulated. Furthermore, the activator and inhibitor of the cy-
clin E - CDK2 complex, cdc25a (CDC25A) and p57 (CDKN1C), were down- or
upregulated, respectively. Similar, the Go/M transition regulators cyclin dependent
kinase 1 (CDK1) and its binding partners cyclin Bl and A2 (CCNB1, CCNA2)
were downregulated. Furthermore, the gene expression of both checkpoint kinases
Chkl and Chk2 (CHEK1 and CHEK?2) decreased. Several other genes involved in
cell cycle regulation as well as DNA replication initiation, such as CDC' 6, 7 and
45, MCM 2-7, OCR1 and DBF/, were downregulated, see appendix Figure 61. Cell
cycle arrest suggested by the transcriptome was confirmed by flow cytometry, Figure
49B. The S-Phase population of LOR-treated NB-1 cells completely vanished after
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24h, followed by the G2 population after 48h. Both populations slowly started to
recover after 96h of LOR treatment. In contrast to NB-1, no effect on the different
cell cycle phases was seen in KELLY cells.
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Figure 49: Lorlatinib inhibits cell cycle of NB-1 cells. A RNAseq expression of
selected cell cycle regulator genes at 24h LOR treatment. Mean £ SD. n=2. B Cell cycle
of NB-1 and KELLY cells treated with 10 nM LOR at different time points measured
by flow cytometry. Arrows indicate loss of S-phase population (black) and G2/M-phase
population (blue) as well as the recovery of both populations (red). n=3. A representative
experiment is shown.
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Following the investigation of the cell cycle, the effect of LOR on apoptosis was
analyzed. Differential gene expression analysis of NB-1 cells treated with 10 nM
LOR for 24h revealed a downregulated of four genes involved in apoptosis, Figure
50A. This includes the executioner caspase 3 (CASP3) but not the executioner
caspase 7 (CASP7), Figure 50B. This suggests that LOR does not induce apoptosis

mediated by caspase 3 and caspase 7.
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Figure 50: Lorlatinib does not cause cell death mediated by caspase 3 and
caspase 7. A Differentially expressed genes of the apoptotic pathway of NB-1 cells treated
with 10 nM LOR for 24h. B RNAseq expression of CASP3 and CASP7. Mean £ SD.
n=2. C Flow cytometry analysis of NB-1 cells treated with 10 nM LOR for 72h and 120h.
Viable, apoptotic and necrotic cells were determined with a caspase 3/7 staining. n=3.
A representative experiment is shown. D Fraction of viable, apoptotic and necrotic cells.
Mean + SD. n=3. Statistical analysis was performed with an unpaired t-test, ns: p >
0.05, *: p < 0.05, **: p < 0.01, ***: p < 0.001. FC = fold change.
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In order to validate this finding during the course of the LOR treatment, NB-1
cells were treated with 10 nM LOR for 72h and 120h and the fraction of apoptotic
and necrotic cells were determined by flow cytometry, Figure 50C,D. There was no
significant increase of apoptotic or necrotic cells at LOR treatment for both time

points, confirming the RNAseq results.

To further investigate both cell cycle arrest and cell death on the single cell level,
live-cell imaging was performed on NB-1 cells. For this purpose, cells were treated
with different concentrations of LOR for five days and images were acquired every

20min, Figure 51.
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Figure 51: Lorlatinib causes cell cycle arrest. Live cell imaging of NB-1 cells treated
with different concentrations of LOR for five days. A Time of mitotic entry. B Cell cycle
length. C Time of death. Images were acquired every 20min.
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At control conditions, NB-1 cells had a cell cycle length of approximately 48h and
divided two to three times within the course of the experiment. There were also
a few cells that did not divide within these five days. Cells treated with 1 nM
LOR showed a similar behavior, which is in line with the low reduction in viability
observed in section 3.3.2. 2.5 nM and 10 nM LOR caused an increased in cell cycle
length resulting in a maximum of two divisions during the course of treatment.
Furthermore, some cells did not divide at all.The two highest concentrations 50
nM and 100 nM led to an increase in cell cycle length. The high number of cells
with a cell cycle length of 120h, the duration of the total treatment, indicates a cell
cycle arrest upon a large fraction of the cells. Cell divisions occurred mainly within
the first 24h of the treatment and no second divisions were observed. In addition
to the cell cycle arrest, these two concentrations caused cell death, Figure 51C. In
general, the single cell data confirmed the cell cycle arrest detected in the RNAseq

experiment and the cell cycle analysis by flow cytometry.

3.6.2.5 An alternative ALK gene signature determined by lorlatinib
treatment

Differential gene expression analysis revealed changes in the transcriptome of the
responder cell line NB-1 only. Therefore, control and treated samples of NB-1 cells
were used to determine the 100 most variable genes across all NB-1 samples, Figure
52. Similar to what was seen in the PCA on all samples, the samples separated
into a treatment and a control cluster. While the treatment cluster was split into
two separate clusters by time points, all four control samples were highly similar.
Among these 100 genes, there were several genes that belonged to an early response
at 8h and genes that were up- or downregulated after 24h. There was an overlap of
22 genes with the published ALK gene signature. These 100 genes were then used
as a new gene signature to investigate whether these genes can better discriminate
between the treatment response of cell lines. Similar to the published ALK gene
signature, there was no clustering of cell lines by their LOR sensitivity in the PCA
on the whole cell line panel, Figure 53A. When wild-type cell lines were excluded
from the analysis, the three cell lines SMS-KCNR, LAN-5 and CLB-GA formed
a cluster, which was observed in the analysis with the published signature as well.
Additionally, LAN-1 and KELLY cells clustered together, which was also seen before,
Figure 53B. In a next step, a PCA was performed on both patient cohorts, Figure
54. Same as seen with the published signature, there was no clustering based on
the ALK status for both tumor cohorts when wild-type patients were included,
Figure 54A,C, as well as excluded from the analysis, Figure 54B,C. In summary,
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these results suggest that the basal gene expression cannot be used to predict the

response of cell lines or patients to the treatment with an ALK inhibitor.
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Figure 52: Lorlatinib causes early and late transcript responses in NB-1 cells.
Heatmap showing the 100 most variable genes across all NB-1 samples. Genes marked in
red overlap with the published ALK signature.
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Figure 54: The 100 most variable genes from lorlatinib treatment do not dis-
criminate patients according to their ALK status. PCA with the 100 most variable
genes at LOR treatment on A the primary enriched tumor cohort, B ALK altered patients
of the primary enriched tumor cohort, C the relapsed tumor cohort and D ALK altered

patients of the relapsed tumor cohort.
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3.6.3 Examination of a possible target gene for ALK

combination therapy

Whole transcriptome analysis of LOR treated NB-1 and KELLY cells showed that

only NB-1 cells responded to the treatment, suggesting a resistance mechanism of
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Components of the PISK-AKT signaling pathway are differentially
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between NB-1 and KELLY cells at control conditions. B Gene ontology enrichment terms
determined with genes from A. The 500 genes with the largest absolute logs fold change
(FC) were selected. C Logs FC of genes of the PI3BK-AKT signaling pathway. Cutoff:
adjusted p-value < 0.05.
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KELLY cells. In order to investigate this, basal gene expression of both cell lines
were compared by performing a differential gene expression analysis on the control
samples, Figure 55A. In total, more than 4000 genes were up- or downregulated
in NB-1 cells compared to KELLY cells at normal cell culture conditions. To gain
insights into these differences, GO enrichment analysis was performed on the 500
most differentially expressed genes considering changes in the absolute logy FC,
Figure 55B. Interestingly, PISK-AKT signaling, an ALK downstream pathway, was
among the enriched pathways. This pathway has several upstream membrane re-
ceptors that can cause an activation, such as the tyrosine-protein kinase MET, also
known as hepatocyte growth factor receptor (HGFR). Expression of MET and its
ligand HGF' were upregulated in the non-responder cell line KELLY, Figure 55C.
The expression of both genes were not effected by LOR treatment in both NB-1
and KELLY cells, Figure 56A,B top. A comparison with the rest of the model cell
lines revealed a high expression of MET also in the intermediate sensitive cell lines
LAN-1 and SH-SY5Y as well as sensitive CLB-GA cells, Figure 56A bottom. Sim-
ilar, HGF expression was also higher in SH-SY5Y cells but lower in CLB-GA and
LAN-1 cells, Figure 56B bottom. This suggests that signaling via MET could be a
bypass mechanism in KELLY cells to decrease their sensitivity to LOR by activating

ALK downstream signaling by other membrane receptors.
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Figure 56: MET and HGF expression in model cell lines. RNAseq expression of
A MET and B HGF of LOR- or DMSO-treated NB-1 and KELLY cells (top) and the
model cell line panel (bottom).
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In order to test whether inhibition of MET can increase the sensitivity to LOR in
resistant KELLY and intermediate sensitive SH-SY5Y and LAN-1 cells, the selective
MET inhibitor tepotinib (TEP) was applied as single agent and in combination with
LOR. ALK altered and F1174L mutated SH-EP cells were treated with different
concentrations of TEP alone or with the cell line specific EC50 of LOR for five
days, viability was measured with the CTB assay and dose response curves were
generated, Figure 57. SH-EP and KELLY cells were treated with 1 uM LOR.
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Figure 57: NB cell lines do not respond to the selective MET inhibitor tepo-
tinib. ALK amplified and mutated cell lines were treated with different concentrations
of TEP alone or together with cell line specific concentrations of LOR for five days and
cell viability was measured with the CTB viability assay. GraphPad Prism was used to
generate dose response curves. Gray - TEP alone, orange - TEP + EC50 LOR (normalized
by ctrl), blue - TEP + EC50 LOR (normalized by EC50 LOR). Mean + SD. n=3.

In general, TEP caused a reduction in viability at concentrations > 5 uM for each
cell line (gray curve). The addition of LOR caused a reduction in viability at TEP
concentrations < 5 uM (orange curve). However, this effect corresponded to LOR
single agent treatment of the cells. This could be illustrated by normalizing to

treatment with LOR only instead of the DMSO control (blue curve). In this case,
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both dose response curves completely overlapped for all cell lines. In general, LOR
reduced EC50 values of TEP by several hundred nanomolar, Table 18. Altogether,
the selective MET inhibitor TEP was not effective in NB cell lines in clinically

relevant doses.

Table 18: EC50 concentrations of tepotinib in mono- and combination therapy with lor-
latinib in ALK altered cell lines.

Cell line TEP (uM) TEP + LOR (uM)  TEP + LOR (uM)
(normalized by DMSO)  (normalized by LOR)

NB-1 20.51 17.08 16.91
CLB-BAR 7.21 7.22 7.22
LAN-5 7.99 8.07 8.07
CLB-GA 5.55 5.70 5.68
SMS-KCNR  8.78 8.91 8.88
LAN-1 7.56 7.40 7.40
SH-SYHY 7.98 7.46 7.45
KELLY 6.44 6.10 6.10
SH-EP 7.7 7.32 7.31

In order to determine whether MET has an impact on the general vitality of cells,
MET was knocked down in the two ALK F1174L mutated cell lines KELLY and
SH-EP. SH-EP cells were chosen due to their high MET expression and their ALK
mutation status, Figure 58 A,.B. MET was knocked down with three different siRNAs
for 120h as a single treatment and in combination with 10 nM LOR. In SH-EP
cells, all three siRNAs could fully abolish MET protein expression, Figure 58C.
In comparison, in KELLY cells that express much lower levels of MET protein,
only siRNA #3 could completely knock down MFET, Figure 58C. After assessment
of protein knock-down, cell viability and cell confluence were determined with the
CTB assay and Giemsa staining, respectively, Figure 58D ,E. For both cell lines,
siRNA knock-down alone could not reduced cell viability or confluence compared
to the two non-targeting siRNAs. Next, cell viability and confluence after MET
knock-down alone and in combination with LOR treatment were analyzed. While
the combination with LOR could significantly reduce both viability and confluence in

KELLY cells compared to the siRNA knock-down alone, no difference was observed
in SH-EP cells.
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Figure 58: MET knock-down does not effect cell viability and confluence. A
RNAseq expression and B protein expression of MET in SH-EP and KELLY cells. MET
was knocked down in both cell lines with three different siRNAs and compared to two non-
targeting scrambled siRNAs (scrl/2). In addition to MET knock-down, cells were treated
with 10 nM LOR for 120h. C MET protein expression upon knock-down was determined
by western blot. D Cell viability was measured with the CTB assay and Giemsa staining
was performed to determine cell confluence. Mean + SD. n=3. E Giemsa staining of one

exemplary experiment.



4 Discussion

Neuroblastoma is a highly heterogeneous childhood cancer both from a clinical and
biological point of view. There is a large biological diversity of patients which
is accompanied by a varying clinical treatment outcome. Therapy with classical
chemotherapeutics and radiotherapy cannot eradicate tumors in about half of the
high-risk cases, thus novel treatment strategies need to be established. Therefore, the
main focus of clinical and pharmaceutical research in the past years has been on the
development of small molecule inhibitors that can be used against specific targets
that are altered in cancer cells. Unlike cytotoxic chemotherapeutic agents, these
drugs target primarily the cancer cells. In the case of neuroblastoma, only a limited
number of tractable targets have been determined. ALK is the most recurrently
mutated gene in NB and as a kinase ALK is also druggable in clinical therapy. To
date, several small molecule inhibitors targeting ALK have been developed, some
of which are currently used in the care of NB patients and also other ALKomas.
However, patients often acquire secondary mutations that cause resistance against
the ALK inhibitor used. Thus, these patients often relapse after an initial treatment
success, suggesting that the application of ALK inhibitors alone are insufficient.
While some patients initially respond well but gain resistance, others do not respond
to the treatment at all. Therefore, this study examined a combinatorial therapy
approach. In addition, gene expression profiles of patients were analyzed in order to

determine whether they can predict the response to ALK inhibition.

4.1 ALK in neuroblastoma patients

ALK is the most recurrently mutated gene in NB with alterations in 6-8% of all NB
patients. Approximately 85% of these mutations occur in the three hotspots R1275
(43-49%), F1174 (30-35%) and F1245 (6-12%) (Bresler et al. 2011, De Brouwer et al.
2010). In the present study, RNAseq data of two patient cohorts were analyzed, the
primary enriched tumor cohort and the relapsed tumor cohort. While the primary
enriched tumor cohort consisted predominantly of primary NBs, the relapsed tumor

cohort included only relapse cases. Interestingly, in comparison to published data,
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both cohorts had a higher percentage of ALK altered patients with 15% and 26%,
respectively. The 182 patients of the primary enriched tumor cohort belonged to
larger patient cohorts. However, the ALK status could only be determined for
this subset, due to the lack of accessible data. Therefore, this difference could be
explained by subsampling of the patient cohort. Concerning the relapsed tumors,
especially the F1174L, as well as further mutations other than R1275Q), increased in
this cohort. This could be explained by the high frequency of co-occurrence of the
F1174L mutations and MYCN amplification causing an unfavorable clinical outcome
and thus a relapse disease as well as the gain of secondary resistance mutations (De
Brouwer et al. 2010).

4.2 ALK in neuroblastoma cell lines

Besides the analysis of RNAseq data from patients, the main focus of this study
was the investigation of novel combination therapies including ALK inhibitors and
standard chemotherapeutics or other targeted drugs, respectively. For this purpose,
model cell lines with varying genetic background were selected. To date, more than
30 different ALK mutations have been reported, making a reasonable comparison
difficult when using too many different alterations (Janoueix-Lerosey et al. 2008,
Hallberg and Palmer 2013). Thus, the analysis in this work was restricted to the two
main hotspot mutations F1174L and R1275Q. Cell lines with these mutations were
compared to ALK amplified and wild-type cell lines, which were used as treatment
controls. It was found that ALK alterations occur at similar frequencies in favorable
(INSS 1, 2 and 4S) and unfavorable (INSS 3 and 4) NB (De Brouwer et al. 2010)
and one key difference between low-, intermediate- and high-risk NBs is the MYCN
status (Cohn et al. 2009). To include cell lines that represent the different risk
stages, MYCN amplified and non-amplified cell lines were chosen for each ALK
alteration. ALK amplification was an exception as there was no ALK amplified
cell line that was MYCN non-amplified. Besides ALK and MYCN status, the gene
expression level of cell lines were determined from RNAseq data and compared to
ALK expression levels of the two patient cohorts. Expression levels of the different
ALK subgroups were comparable and thus, cell lines with a broad expression level
were included in the analysis. This is especially the case for wild-type cell lines, for
which cells with intermediate and low gene expression levels were chosen. Overall,
the selected cell lines were a good representation of the total NB cell line panel
as they had no specific gene expression profiles compared to the non-selected cell

lines.
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4.3 Therapeutic targeting of ALK

A total of 15 cell lines were chosen to investigate treatment with ALK inhibitors
in NB. In order to find a tissue culture assay that determines the response to ALK
inhibitors in a comparable way between the cells, growth behavior of all cell lines was
investigated. Overall, NB cell lines were highly heterogeneous in their morphology
and growth behavior. While some cells grew in a single layer, other cell lines had
the tendency to grow three-dimensional already in the classical 2D tissue culture
system. Measuring cell confluence after treatment is a common approach used for
drug testing, as it indicates the number of surviving cells. This works particularly
well when cells grow in a single layer because the covered area relates to the cell
number. In the case of the 15 cell line panel however, this was not possible for all
cell lines. Therefore, this method was not suitable for the analysis in the present
study. Thus, a cell viability assay was chosen to determine the effect of all agents
used. However, this assay does not reflect the actual number of cells surviving the
treatment but represents the metabolic activity. First steps were made at a more
detailed characterization of all fates during treatment using time-lapse microscopy,

see section 3.6.2.4, which may srve as a starting point for future work.

In recent years, several in vitro and in vivo studies with different ALK inhibitors
were performed to reveal their effect on ALK-positive cancer cells (Schonherr et al.
2011, Guan et al. 2016 , Infarinato et al. 2016, Cervantes-Madrid et al. 2019). A par-
ticular focus was on the effect on viability, survival and how ALK inhibition affects
ALK signaling. Especially the two first generation inhibitors crizotinib and NVP-
TAE684 (TAE) were extensively studied to determine changes in transcriptome and
phosphoproteome upon ALK inhibition (Lambertz et al. 2015, Emdal et al. 2018,
Eynden et al. 2018). After studies on these first generation inhibitors, second and
third generation ALK inhibitors that were primarily developed for other ALKomas
were extensively studied in neuroblastoma in recent years. Here, a first generation
ALK inhibitor NVP-TAEG684 and a third generation inhibitor lorlatinib (LOR) were
tested in six of the 15 selected cell lines. In general, all cell lines were more sensitive
to TAE than LOR, also the ALK wild-type cell lines SK-N-BE(2C) and SK-N-FI.
This is in accordance with previous studies that revealed a high overall toxicity of
TAE, which led to the development of the less toxic derivate ceritinib (Schonherr
et al. 2011). Thus, in comparison to the selective ALK inhibitor LOR, TAE had
strong off-target effects and was therefore excluded from the present study. Cell
viability analysis of LOR treatment revealed different sensitivities of cell lines de-
pending on the ALK status. The variation in viability reduction was large, ranging

from approximately 25% to 85%. This was also reflected in large differences in AUC
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values. The combination of both EC50 and AUC showed that cells were sensitive
to LOR in clinically relevant doses, but could not be completely eradicated by the
treatment. In general, these findings were in accordance with previous studies from
other groups (Infarinato et al. 2016, Wang et al. 2017). However, the effect on
some cell lines such as KELLY, SH-SY5Y and LAN-5 were stronger in the study
performed by Infarinato et al. compared to Wang et al. and the present study. One
reason for this difference could be alternative cell numbers in the seeding process.
In the former study, all cell lines were seeded in 3000 cells while in the present
study, cell numbers were adjusted by the doubling time of cell lines to reach similar
confluence at the end of the treatment. Furthermore, KELLY cells had a reduction
of viability by only 5-10% in the latter studies, while the study by Infarinato et al.
had a reduction by more than 50%. In this case however, seeding numbers were
the same. One explanation for the different response of KELLY cells could be the
long-term culture of cell lines in different laboratories. This could lead to variations
in newly acquired mutations that may cause a resistance to the treatment, due to

cultivation over decades.

Based on EC50 and AUC values, five of the selected cell lines (NB-1, CLB-BAR,
LAN-5, CLB-GA and SMS-KCNR) were considered LOR-sensitive and had the low-
est EC50 and AUC values. For these cell lines, LOR caused a partial dephosphory-
lation of the ALK downstream targets ERK1/2 and AKT, which was observed by
other groups for LOR and other ALK inhibitors (Wang et al. 2017, Cervantes-Madrid
et al. 2019, Emdal et al. 2018, Eynden et al. 2018). Interestingly, the largest effect
was observed in the ALK amplified cell line NB-1. This may be due to much higher
expression levels of ALK protein in these cells compared to all other LOR-sensitive
cell lines suggesting that NB-1 cells are highly dependent on ALK signaling. One
explanation for the weaker response in the other cell lines could be the activation
of other upstream membrane receptors activating the Ras-MAPK and PI3K-AKT
signaling pathways. One example of an alternative pathway is MET signaling which

will be discussed in more detail in section 4.6.

NB-1 cells showed an exceptional response to LOR with a complete inhibition of
ALK signaling which had a large effect on the overall vitality of the cells. However,
patients are usually treated with such inhibitors over a longer period of time. In a
Phase I clinical trial conducted by the New Approaches to Neuroblastoma Therapy
Consortium (NCT03107988), patients with ALK-driven relapsed or refractory NBs
receive one dose of LOR daily continuously in 28-day cycles. To mimic this long-term
treatment with LOR on the super-responder cell line NB-1, cells were continuously
treated with low doses (1 nM, 2.5 nM and 5 nM) of LOR for four weeks. These
NB-1-R cells showed different responses to the normal five day treatment with 2.5
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nM LOR, the EC50 of parental NB-1 cells. Cells with a long-term treatment of
2.5 nM (EC50) or 5 nM LOR were effected significantly less by the normal five day
treatment with 2.5 nM LOR compared to cells with a long-term treatment of 1 nM
LOR. These data suggest that NB-1 cells become resistance to LOR when treated
for an extended period of time, as performed in the clinics. In order to determine
the mechanism responsible for the gain in drug resistance, whole transcriptome or
phosphoproteome approaches of NB-1-R cells could be taken into consideration for

future studies.

Altogether, the findings suggest that single agent treatment with this ALK inhibitor
may not be sufficient for the treatment of ALK altered NB patients, both due to
limited killing of tumor cells and development of resistance. Together with the data
on ALK mutated cell lines, these results emphasize the need to develop effective

combination therapies with ALK inhibitors.

4.4 ALK addicted cells benefit from combination

treatment of lorlatinib with chemotherapeutics

Crizotinib was the first ALK inhibitor introduced to the clinical care of adult patients
in 2011 and was only shortly thereafter investigated in a clinical trial including NB
patients (Mosse et al. 2013). Although patients initially respond well to therapy with
crizotinib, they often develop resistance mutations (Choi et al. 2010). In adults, this
secondary acquired resistance can be overcome by treatment with the second genera-
tion ALK inhibitor ceritinib (Friboulet et al. 2014, Shaw et al. 2014). In NB patients
however, the cytotoxic effect of ceritinib was too high in children which illustrated
the need to introduce a third generation ALK inhibitor to clinical therapy of NB
patients (Janoueix-Lerosey et al. 2018). Therefore, a phase I/II study that is still on-
going was initiated by the New Approaches to Neuroblastoma Therapy consortium
in 2015 (NCT03107988). Despite improvement of clinical therapy of NB patients
due to the introduction of ALK inhibitors, preclinical and clinical studies showed
that the single agent treatment with ALK inhibitors is often not sufficient and needs
to be further developed into combinatorial approaches. This observation was con-
firmed by the present study, as some of the ALK F1174L-mutated cell lines only had
a weak response to LOR (SH-SY5Y) or did not respond at all (KELLY). Further-
more, the overall response in ALK mutated cell lines was relatively weak and there-
fore provided a rationale for combination treatments. To date, several preclinical
studies as well as phase I clinical trials were conducted to test possible combinations

of ALK inhibitors with chemotherapeutics or other targeted drugs. These include
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the following combinations: crizotinib + topotecan/cyclophosphamide, crizotinib
+ temsirolismus, ceritinib + ribociclib, ceritinib + NVP-CGMO097 and lorlatinib +
topotecan/cyclophosphamide (Krytska et al. 2016, Berry et al. 2012, Moore et al.
2014, Wood et al. 2017, Wang et al. 2017, NCT01606878, NCT02559778, NTR5584,
NCT02780128, NCT03107988). The present study is the first approach of a com-
bination treatment with the third generation ALK inhibitor lorlatinib and the cy-
totoxic agents vincristine (VCR) and cisplatin (CDDP). Similar to topotecan and
cyclophosphamide, VCR and CDDP are part of the first-line therapy of NB patients
(Pinto et al. 2015). The two chemotherapeutics were chosen due to their different
mode of action especially on the cell cycle of cancer cells. As a spindle toxin, VCR
causes a predominant G2 arrest, while the DNA intercalating agent CDDP forces
G1 arrest upon treatment. Combination therapy was tested on all ALK altered cell
lines and the two ALK wild-type cell lines SK-N-BE(2C) and SK-N-FI both in a
dose dependent manner and in the combination of EC50 values only. Although a
general reduction in cell viability at combination therapy compared to single agent
treatment was observed, this was only significant in the super-responder cell line
NB-1 for both combinatorial approaches. This is in contrast to observations made
by other groups, who could show synergistic effects upon combination therapy also
in ALK mutated cell lines and patient derived xenografts (PDX) or mouse mod-
els (Krytska et al. 2016). However, in the present study, the focus was placed on
the combination of EC50 values. In future studies, the synergism of these drug
combinations could be determined by using a dose against dose viability assay. Fur-
thermore, the combination was evaluated in a simultaneous application regimen
only. An alternative approach could be a deferred application of the drugs, such as
pretreatment with LOR followed by therapy with a chemotherapeutic or vise versa.
Additionally, a pulsed treatment schedule could also be an option for further inves-
tigation. This was found to be more effective than a continuous drug application in
the treatment of SH-EP Tet21N cells with the cytostatic agent doxorubicine (DOX)
at low concentrations, see appendix Figure 59. Interestingly, the time interval be-
tween different treatments had an influence on the treatment efficacy. In contrast,
when using higher concentrations of DOX, a continuous treatment was more effec-
tive than a pulsed treatment regimen. Altogether, these data suggested that the
combination of LOR with the chemotherapeutic agents VCR and CDDP could be
beneficial for ALK altered cell lines or patients with high ALK protein expression
when the concentration and schedule is optimized individually. Nonetheless, the
data suggested that NB-1 cells profit from the combination with the tested schedule
and drug concentrations. For this reason, the combination treatment was validated

in NB-1 tumor spheroids, that more closely mimics a solid tissue.
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4.5 Validation of combination therapy in NB-1

spheroids

The first step in drug development is the evaluation of agents in a normal 2D tissue
culture setting with conventional cell lines. If the drug shows a promising cytotoxic
effect, the next step is to test this agent in appropriate in vivo models. However, due
to the lack of accessibility of these in vivo systems in some laboratories and other
limitations of cell and animal models, alternative systems have been developed in
the past years. These include 3D tissue culture systems such as multicellular tumor
spheroids or more advanced organoids, which can be grown from cell lines and
tumor tissue of patients. 3D cultures were first introduced in 1970 and only shortly
thereafter tumor spheroids were developed and used in NB research (Inch, McCredie,
and Sutherland 1970, Robert M. Sutherland 1971). These tissue culture systems
were not only used to study the potency of chemotherapeutic agents on cancer
cells and their resistance mechanisms but were also used to investigate the effect
of radiotherapy (Russell et al. 1989, Weichselbaum et al. 1984). Russell et al. for
example investigated the different treatment outcome of cisplatin and its analogues
carboplatin and iproplatin on NCSLC and NB spheroids generated from primary
tumor tissue. They found that cisplatin can delay the regrowth of spheroids at
a similar level compared to carboplatin and iproplatin but at a much lower dose
suggesting to use cisplatin in the clinical care of patients. However, not only single
agent treatment but also combination therapies were investigated in 3D culture
systems. One example is the combination of the reactive oxygen species (ROS)
inducing agent fentretinib (4HPR) with buthionine sulfoximine (BSO), an inhibitor
of gluthathione synthesis (Cuperus et al. 2011). Here, an astonishing reduction of
cell viability by 90% was reached in the combination therapy compared to control

spheroids, while the agents alone reduced cell viability only by 20%.

In the present study, mono - and combination therapies were investigated in a 3D
tissue culture system. Therefore, NB cell line spheroids were grown with the liquid-
overlay technique described by Metzger et al. or by using ULA tissue culture plates
(Metzger et al. 2011). While some cell lines grew in almost perfect spheres (NBL-S,
IMR5/75, SK-N-DZ) other cell lines formed cellular aggregates without a smooth
surface (KELLY, SH-SY5Y, SK-N-FI). To avoid this phenotype, matrigel can be
applied to the growth medium. However, the perfect sphere-like shape was not cru-
cial for the normal growth or therapy response and therefore spheroids were grown
in normal growth medium only. The established spheroid culture protocol was used
to test the single agent LOR, VCR and CDDP treatments as well as the combi-
nation of LOR with VCR or CDDP, respectively, in NB-1 spheroids. Interestingly,
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NB-1 spheroids responded similar to the 2D culture when treated with LOR and
CDDP. Concerning VCR, much higher concentrations compared to the 2D culture
had to be applied in order to induce the same cytotoxic effect on NB-1 spheroids.
This phenomenon was in accordance with observations of a study from 1980 (Wibe
1980). Wibe showed that the human cervix carcinoma cell line NHIK 3025 is less
sensitive to VCR in a 3D setting compared to a 2D culture, while no such difference
was observed at DOX treatment. One possible reason for this discrepancy could be
the division of spheroids in zones with different proliferative properties. These zones
include an outer proliferative layer, an inner necrotic core consisting of dying cells,
and a quiescent viable cell layer in between. As a spindle toxin, VCR affects dividing
cells in particular, while CDDP also affects quiescent cells by causing DNA dam-
age. Thus, a smaller fraction of cells is susceptible to VCR treatment, making the
spheroids more resistant to the treatment. Furthermore, differences in drug uptake,
metabolism of cells in a tissue, intracellular communication, insufficient penetration
to the inner core or resistance of hypoxic cells could be possible reasons for the vary-
ing response. Strikingly, 2D and 3D effects of the combination therapy with LOR
and CDDP were similar, suggesting further evaluation of this treatment in in vivo
models. The tendency for LOR and VCR was similar in spheroids, although one
has to keep in mind that spheroids need a higher concentration of VCR to produce
the same cytotoxic effect. In a next step, it could be tested whether other drug
concentrations or schedules would work better for this drug combination. However,
one disadvantage of the liquid overlay technique is that spheroids are not attached
to the plate but move freely in the growth medium. Thus, a complete washout of
therapeutic agents by medium change is not possible. Therefore, other 3D culture
systems would need to be taken into consideration, e.g. by embedding the spheroids

in a collagen matrix.

In the last decade, culture of NB organoids has been established and optimized by
several groups (Redden and Doolin 2011, Redden et al. 2014, Fusco et al. 2019).
Fusco et al. were the first to generate patient derived organoids (PDO) from stage
M high-risk NB patients exhibiting self-renewal properties. This approach is more
advanced than tumor spheroids because it mimics the actual tumor in greater de-
tail and more realistically than spheroids, while the techniques of cultivating both
3D systems are similar. In a time when personalized medicine becomes extremely
important in clinical therapy of cancer patients, PDOs could provide a huge advan-
tage over the classical treatment regimens. PDOs grown from tumor tissue of each
patient could be used to test different treatment options within a short period of
time. Combination therapies that could significantly reduce organoid growth may

be discussed in the tumor board as a possible treatment strategy for individual
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patients.

In summary, the combination therapy of LOR with the chemotherapeutics CDDP
and VCR was effective in ALK addicted NB-1 cells in both the classical monolayer
and the more advanced spheroid tissue culture systems. Although the prolifera-
tion of tumor cells could not be completely prohibited, a significant reduction in
cell viability and proliferation was observed. This suggests that the doses of these
chemotherapeutics may be reduced in the presence of LOR in the treatment of
ALK-positive NB patients.

4.6 Whole transcriptome analysis to gain insights

into the response to lorlatinib

The combination treatment performed in this work did not result in a favorable
response of the majority of ALK altered cell lines. Indeed, the combination therapy
was effective only in the ALK amplified cell line NB-1. To find other possible drug
targets for a targeted combination therapy, RNA sequencing was performed on LOR
treated NB-1 and KELLY cells. This provided the opportunity to compare changes

in the transcriptome of a responder and a non-responder cell line.

4.6.1 KELLY cells may be resistant to lorlatinib through

activation of bypass signaling pathways

The different response of NB-1 and KELLY cells to LOR treatment observed in the
viability assays was validated by the analysis of the transcriptome at LOR treat-
ment. A first indication of the resistance of KELLY cells to LOR was the formation
of a single KELLY cluster compared to different treatment clusters of NB-1 cells
at LOR treatment. This discrepancy on a global level was confirmed by differen-
tial gene expression analysis, where LOR treatment effected gene expression only in
NB-1 cells. Here, more than 2000 genes were up- or downregulated, while only four
genes were downregulated in KELLY cells. Interestingly, these four genes included
the transcription factor ETV5, which was reported to be a target of activated ALK
in NB (Lopez-Delisle et al. 2018, Mus et al. 2020). This suggests that the ERK-
ETV5-RET pathway is primarily activated by ALK in KELLY cells, rather than the
typical ALK pathways Ras-MAPK or PI3K-AKT. In order to confirm this, further
analyses on ETV5 and RET mRNA and protein expression need to be conducted.
Despite the partial dephosphorylation of ALK in KELLY cells, only four genes were



4 Discussion 105

differentially expressed. The downregulation of this neglectable number of genes
however, may also be generated by chance, rather than being an actual effect of
the treatment. Nonetheless, the absence of differentially expressed genes was in
line with the lack of reduction in cell viability at LOR treatment in KELLY cells.
the presented data suggest that KELLY cells have a bypass signaling pathway that
can compensate for the inhibition of ALK. One of these possible bypass pathways
includes the hepatocyte growth factor receptor MET, which was found to be differ-
entially expressed between NB-1 and KELLY cells already at basic growth condition.
In addition, RNAseq expression of MET was also upregulated in the intermediate
sensitive cell lines SH-SY5Y and LAN-1. Together, this data suggested that MET
inhibition in these cell lines could overcome the resistance or low sensitivity to LOR.
Interestingly, treatment with the dual ALK/MET inhibitor crizotinib was effective
also in NB cell lines that had a low sensitivity to LOR, indicating to act via both
ALK and MET (Shen et al. 2018, Bresler et al. 2014). In ALK-positive NSCLC,
inhibition of MET by metformin reduced HGF-induced resistance to alectinib treat-
ment (Chen et al. 2020). Altogether, this suggested to test a combination of LOR
with a MET inhibitor. Treatment with the selective MET inhibitor tepotinib (TEP)
caused reduction in cell viability only at concentrations in the low micromolar range.
This finding confirmed a previous study, in which similar EC50 values were reported
(Scorsone et al. 2014). Although TEP could cause a full reduction in cell viability,
the concentrations to achieve these results were not in a clinically relevant range. It
is therefore more likely that off-target effects caused by a MET-independent toxicity
were observed. In addition to MET inhibition by small molecule inhibitors, knock-
down experiments with siRNAs were performed on KELLY cells and SH-EP cells,
which express high levels of MET mRNA and protein. In both cases, knock-down of
MET did not have an effect on the general vitality of the cells. This indicates that
MET is not the bypass signaling pathway through which KELLY or SH-EP cells
gain resistance to LOR treatment. Furthermore, these results demonstrate that
gene expression may not be the right type of data to determine bypass signaling
pathways, as protein levels define the signaling intensity rather than mRNA levels.
Therefore, proteomics or phosphoproteomics approaches may be a better option to
find active bypass pathways. In general, the genetic background of NB patients and
cell lines is highly versatile, which makes it extremely difficult to find common by-
pass signaling pathways that are active in many different individuals. To overcome
this, one possible option could be the inhibition of ALK downstream targets such
as ERK1/2 or AKT directly, which may lead to a synergistic effect together with
LOR.
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4.6.2 Lorlatinib causes cell cycle arrest rather than cell death

Other than resistant KELLY cells, NB-1 cells responded extremely well to ALK
inhibition. This could be seen by a complete dephosphorylation of the main ALK
downstream targets ERK1/2 and AKT at LOR treatment which could not be de-
tected in any other tested cell line. This was confirmed by the deregulation of the
PIBK-AKT and Ras-MAPK signaling pathways determined by GO term analysis of
the RNAseq data. In general, these results were in accordance with many previous
studies on ALK inhibition by small molecule inhibitors (Wang et al. 2017, Cervantes-
Madrid et al. 2019, Emdal et al. 2018, Eynden et al. 2018). Additionally, GO term
analysis revealed deregulation of cell division, G;/S and G2/M transition as well as
DNA replication initiation. Indeed, downregulation of many cell cycle genes resulted
in a cell cycle arrest. The predominant Gy arrest at 24h treatment and loss of S
and Gy /M populations suggests that cells in S and Go/M phases can finish their cell
cycle still at LOR treatment and subsequently arrest in G; phase. The treatment
with this low doses of LOR could only cause cell cycle arrest but not cell death.
In the present study, caspase 3 and 7 mediated apoptosis was investigated. Besides
apoptosis, other forms of cell death such as ferroptosis, necroptosis or autophagy
could be activated, which will need further investigation in future studies. However,
a simple way to investigate whether LOR has the capability to induce cell death at
all, is the tracking of cells by time-lapse microscopy. This method gives the oppor-
tunity to follow individual cells for an extended period of time by taking images at
frequent intervals. Here, live-cell imaging revealed that the clinically relevant dose
of 10 nM LOR does not cause cell death. Only 50 nM and 100 nM LOR resulted
in cell death of a fraction of treated cells, for which the type of cell death has to
be determined in future studies. However, the vast majority of cells showed a cell
cycle arrest which could be seen in the dose response curve of NB-1, too. Here, no
complete reduction in viability to 0% was observed. The finding of LOR induced
cell cycle arrest but not cell death is in accordance with a study on the treatment
with the ALK inhibitor alectinib (Miyazaki et al. 2018). In this study, Miyazaki
et al. showed that alectinib single agent treatment as well as the combination with
the first-line chemotherapeutic CDDP of NB-1 cells caused cell cycle arrest but not
cell death. This study suggests that the combination of LOR with p53 activators
such as nutlin-2 may be an alternative to the combination with classical first-line
chemotherapeutics, which is currently tested in a clinical trial (NCT03107988).



4 Discussion 107

4.6.3 Response to the ALK inhibitor lorlatinib cannot be
predicted by the transcriptome

Insights into the genetic background of tumors increased in importance in the past
years, as the generation of omics data by whole genome or exome sequencing or RNA
sequencing became easily accessible and affordable. The availability of these datasets
gives the opportunity to analyze the tumor of each patient individually. This could
be used to develop a personalized treatment. On the other hand, available data sets
can be used to evaluate the response of patients to prior therapies. Here, RNAseq
data was used to relate the response of ALK inhibition by LOR to the basal gene
expression of the tested cell lines. Gene expression of both the published ALK
signature and the generated ALK signature in this study could not discriminate
the cell lines into response clusters. Unfortunately, there was no information on
ALK treatment and its outcome on the patient cohorts, but both signatures did
not discriminate patients according to their ALK status. Altogether, these findings
suggest that the transcriptome is not the appropriate data to predict clinical outcome
of patients treated with small molecule inhibitors. The transcriptome may be used
to detect possible bypass pathways that may lead to therapy resistance. However,
the analysis of the proteome or the phosphoproteome are necessary to assess whether

the determined pathways are also active on the protein level.

4.7 Conclusion and perspective

The use of ALK inhibitors in the clinical care of patients suffering from tumors with
ALK alterations increased tremendously over the past years. This study focused
on the third generation ALK inhibitor lorlatinib, its effect on the different ALK

alterations detected in NB patients and possible combination therapies.

In this study it was shown that LOR single agent treatment led to varying responses
in ALK altered NB cell lines. Notably, this finding applies to cell lines with the
same ALK alteration. This illustrates that ALK protein expression and activation
is the key factor of therapy response rather than the ALK alteration itself. In
particular, the weak response to ALK inhibition of some ALK altered cell lines
indicates that ALK may not be the driver of some tumors despite the presence of
an ALK alteration. Thus, the dependency of tumors on ALK signaling should be
included in the first examination of patients, together with the determination of the
ALK status. This could be done by targeted assays such as protein analysis by flow

cytometry or western blot for ALK expression and phosphorylation. More generally,
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proteomics or phosphoproteomics could also be useful to include for diagnosis. These
data may also provide insights into bypass signaling pathways that can compensate
the downregulation of ALK targets caused by ALK inhibition. In parallel, PDOs
could be used to test if an ALK inhibitor can successfully inhibit the growth of
tumor cells from a particular patient. This may provide the basis for a decision of
whether the respective ALK inhibitor should be included into the first-line therapy

of each patient individually or not.

Similar to the single agent treatment, combination therapy of LOR with CDDP
tested in 2D and 3D tissue culture systems was found to be effective only in the
ALK addicted cell line NB-1. This provides the basis for a novel combination therapy
approach with the ALK inhibitor LOR. However, the efficacy and optimal scheduling

of this combination needs further evaluation in PDOs, PDX or in vivo models.

Altogether, treatment of NB patients with ALK inhibitors may cause a favorable
clinical outcome for a selected group of patients. Our finding in cell lines that
high ALK expression is an indicator for combination therapy with ALK inhibitors

warrants future investigation.
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Figure 59: NB cell lines respond differently to varying treatment schedules of
doxorubicine. Tet21N, SK-N-FI and IMR-5/75 cells were treated with different treatment
regimens and concentrations of DOX. After additional two weeks of cultivation in normal
growth media, colony formation capacity was determined using the Giemsa assay. A
Treatment regimens. B Number of regrowing colonies two weeks post treatment. DOX -
doxorubicine. n=3.
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Figure 60: Normal growth of 5000-cell NB spheroids and the effect of
chemotherapy on the 3D structure. 500 or 5000 cells of the respective cell lines
were seeded into 1%-agarose coated 96-well plates and treated with 0.1 pg/ul DOX after
48h. Images were acquired on days 1, 3 (24h DOX), 5 (72h DOX), 6 (96h DOX) and 9
(168h DOX) after seeding. Scale bar is displayed in pm. n=3.
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Replication initiation
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Figure 61: Genes involved in replication initiation are downregulated in LOR
treated NB-1 cells. RNAseq expression of selected genes involved in replication initation
at 24h treatment with LOR. Mean £ SD. n=2.
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