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ABSTRACT 
Circulating tumor DNA (ctDNA) analysis has emerged as a powerful 
technique for precision medicine in pediatric oncology. ctDNA refers to 
small fragments of tumor-derived genetic material that are released into 
the bloodstream. ctDNA analysis can enable sensitive monitoring of 
treatment response, early detection of relapse, and detection of minimal 
residual disease. Previous studies have used generic cancer gene panels 
for ctDNA analysis in children which has proven to be challenging in 
pediatric patients who differ in genotype from adult cancers.  
 
In paper I, five patients with relapsed or refractory ALK-driven 
neuroblastoma were treated with lorlatinib. All patients showed a good 
response and four were alive three to five years after lorlatinib was 
started. To investigate if ctDNA analysis could provide a more sensitive 
method for monitoring residual disease we designed an ALK sequencing 
panel for sensitive detection of the ALK mutations found in this patient 
group as well as those mediating resistance to tyrosine kinase inhibitors. 
ctDNA levels showed a stepwise decline and became negative during 
lorlatinib treatment in all patients. For two patients with relapsed 
disease, an increase in ctDNA levels could be seen three and nine 
months before the clinical relapses, respectively.  
 
In paper II and III, we developed personalized sequencing panels for 
patients diagnosed with neuroblastoma and rhabdomyosarcoma, 
respectively. We used an ultrasensitive sequencing technique for 
retrospective longitudinal ctDNA analysis to evaluate the use of ctDNA 



as a tumor marker. In both studies, ctDNA analysis of patient plasma 
showed that ctDNA levels at diagnosis correlated with risk group and 
disease burden. For patients with good response to treatment, ctDNA 
levels gradually decreased. Follow-up samples from patients who were 
free from disease were all ctDNA negative. Levels of ctDNA were 
elevated in all cases of relapse or disease progression. In paper II, one 
case showed detectable ctDNA 78 days before the clinical relapse. In 
paper III one patient showed elevated ctDNA levels in several samples 
five months prior to clinical relapse.  
 
In summary, we show that we can accurately and sensitively monitor 
disease burden using our ALK panel in patients with ALK-driven 
neuroblastoma and lorlatinib monotherapy shows long-lasting results in 
this patient cohort. We show that personalized ctDNA analysis is a 
sensitive and accurate method for longitudinally monitoring of disease 
burden and detection of relapse in pediatric neuroblastoma and 
rhabdomyosarcoma, regardless of tumor genetics. ctDNA analysis 
showed higher sensitivity for relapse detection and treatment monitoring 
than two serum markers and three urine markers currently used in the 
clinic for neuroblastoma. As there are no biomarkers in use for 
rhabdomyosarcoma and the disease is often highly genetically 
heterogenous showing poor prognosis in metastasized disease, 
personalized ctDNA analysis could prove a useful complement in 
disease monitoring and relapse detection also for these patients. 
 
Keywords: neuroblastoma, rhabdomyosarcoma, ALK, liquid biopsies, 
ctDNA, biomarker, personalized medicine 
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SAMMANFATTNING PÅ SVENSKA 
Varje år drabbas cirka 350 barn i Sverige av cancer. De vanligaste 
diagnoserna hos barn är blodcancer (leukemi), cancer i lymfsystemet 
(lymfom), och hjärntumörer. Medan en ackumulering av mutationer 
med stigande ålder i kombination med livsstilsfaktorer ligger bakom 
cancer hos vuxna, finns det i få fall av barncancer en uppenbar orsak. 
Även om medfödda genetiska syndrom kan öka risken för att ett barn 
ska utveckla cancer, är det vanligare att orsaken är spontana 
förändringar i arvsmassan eller fel som uppstår under utvecklingsstadiet. 
Idag har forskare mycket kunskap om vad som orsakar cancer i stort 
men hos barn är orsaken fortfarande ofta okänd. 

Med dagens utvecklade cancervård överlever cirka 85 % av de barn som 
drabbas av cancer, men behandlingen är ofta intensiv och kan orsaka 
långvariga besvär och komplikationer i en växande kropp. Det är därför 
av stor vikt att undvika över- eller underbehandling. För att förbättra 
prognosen för barn med cancer behövs utveckling av nya läkemedel, 
men också förbättrade metoder för att utvärdera hur sjukdomen svarar 
på behandlingen och för att noga övervaka om cancern är på väg 
tillbaka. Utöver traditionella vävnadsbiopsier har vätskebiopsier börjat 
användas inom cancervård. Vätskebiopsier innebär provtagning av 
kroppsvätskor såsom blod, urin, och ryggmärgsvätska, vilket möjliggör 
en mindre invasiv analys av diverse molekyler som härstammar från 
cancertumörer. I blodet finns små fragment av DNA från tumörceller, 
vilka kallas cirkulerande tumör-DNA (ctDNA). Analys av ctDNA hos 
barn med cancer är en lovande metod för att kunna anpassa 
behandlingen för varje patient. Via ett enkelt blodprov kan denna metod 
användas för att övervaka sjukdomens progression, barnets 
behandlingsrespons, och upptäcka tidiga tecken på återfall.  

Målet med detta doktorandprojekt var att följa sjukdomsutvecklingen 
över tid hos barn med neuroblastom och rhabdomyosarkom. Detta 
gjorde vi genom att fastställa vilka mutationer som fanns i 
primärtumören hos varje barn och använde dessa som markörer för 
ctDNA. I den första studien följde vi fem neuroblastompatienter som 



behandlats med ALK-hämmaren lorlatinib, där det fastställts att 
tumören haft mutationer i ALK-genen. Genom att skapa en 
sekvenseringspanel över kända ALK- mutationer har vi analyserat 
plasmaprover tagna regelbundet under och efter behandlingen. 
Resultaten visar att ctDNA-nivåerna minskar successivt under 
behandlingen och förblir negativa då barnet är symptomfritt. I två 
patienter med återfall kunde ctDNA-nivåer ses öka tre respektive nio 
månader innan återfallet sågs i kliniken.  

I den andra och tredje studien har vi analyserat plasmaprover som tagits 
vid diagnos, samt under och efter cancerbehandling hos barn som 
diagnostiserats med neuroblastom respektive rhabdomyosarcom. Våra 
resultat visar en korrelation mellan ctDNA-nivåer vid diagnos och 
riskgrupp, samt att ctDNA sjunker till en nivå under 
detektionsgränsenhos de barn som svarar positivt på behandlingarna och 
förblir symptomfria. Vi visar att ctDNA-nivån ökar i samband återfall 
och i två fall kunde positiva ctDNA-nivåer ses redan några månader 
innan återfallet upptäcktes i kliniken. Det var inte möjligt att upptäcka 
återfallen i neuroblastom med de kliniska markörer som idag används 
för monitorering av sjukdomen. 

Sammanfattningsvis tyder dessa studier på att ctDNA-analys utförd med 
specialdesignade panelerbaserade på genetiska avvikelser hos varje 
enskild patient kan användas för känslig monitorering av 
sjukdomsbörda hos barn med neuroblastom och rhabdomyosarkom. 
Alla sjukdomsåterfall detekterades med hjälp av vår metod, vilket inte 
var fallet för de tumörmarkörer i blod och urin som idag används kliniskt 
hos barn med neuroblastom. Vår metod skulle i framtiden kunna 
användas för att möjliggöra en mer individanpassad vård av barn med 
dessa typer av elakartade tumörer. 
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1 INTRODUCTION 

1.1 CANCER 
A common definition of cancer is that of the National Cancer Institute, 
“Cancer is a disease in which some of the body’s cells grow 
uncontrollably and spread to other parts of the body” [1]. While this 
definition is correct, there are many more aspects dictating cancer 
development and clinical manifestation. A healthy cell can turn into a 
cancerous cell due to changes in the deoxyribonucleic acid (DNA). 
Genetic mutations in otherwise healthy cells can confer traits that 
change processes such as cell-cell interactions, cell growth and the cell 
cycle. While cancers are often considered a diverse group of diseases, 
they share the defining characteristics of cancer cells, enabling them to 
evade the body’s defense mechanisms and ultimately forming malignant 
tumors. Our growing understanding of the complexities of 
tumorigenesis has led to the classification of over 200 cancer types, out 
of which many can be divided into multiple subtypes [2]. 

1.1.1 THE HUMAN GENOME  
The double helix is a molecule comprising two strands of DNA that are 
paired together. DNA is made up of four types of nucleotide bases, 
guanine, cytosine, adenine, and thymine. These bases bind to each other 
forming a long polynucleotide strand. The double helix forms when two 
complementary strands of DNA form hydrogen bonds between the bases 
G-C and A-T [3]. Cells in the body contain roughly three billion bases 
and the order of these bases determines what information is encoded [4]. 
This alphabet of four bases is organized into genes. Genes often refer to 
a stretch of DNA that has the information to encode for a certain protein 
or sometimes several proteins. Humans have approximately 22,000 
genes encoding proteins, which are the building blocks of our body and 
make up our organs and tissues. DNA that transcribes these genes is 
called coding DNA, whereas “non-coding” DNA transcribes functional 
ribonucleic acid (RNA) which can act as control mechanisms, regulate 
embryonic development, play part in metabolism and cell signaling, and 
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be involved in transcribing and translating proteins from genetic 
information. RNA and protein control the fate of each cell, determine 
cell functions and whenthe cell grow, divide, or die [5]. Genes are 
organized into structures called chromosomes located in the cell’s 
nucleus. Humans have 23 chromosome pairs, and the entirety of our 
DNA is referred to as our genome. Human DNA differ from one another 
due to billions of variations in the genome. Genetic variation is 
important for a species as lower genetic variation can cause populations’ 
fitness to decrease and lower the adaptation potential [6]. As we age, we 
gain genetic variants in the cells of our body, most of which are not 
damaging. Variants gained throughout life are called somatic variants 
and can appear in all somatic cells in the body. These variants are not 
passed on to offspring, as opposed to germline variants which are 
variants in gametes. Genetic variants are classified according to their 
clinical significance as either having strong, possible or unknown 
clinical significance, or as being benign or likely benign [7].  

1.1.2 CANCER DEVELOPMENT 
According to the Hallmarks of Cancer, “acquired capabilities for 
sustaining proliferative signaling, evading growth suppressors, resisting 
cell death, enabling replicative immortality, inducing/accessing 
vasculature, activating invasion and metastasis, reprogramming cellular 
metabolism, and avoiding immune destruction” are part of the 
complexity of cancer as a disease [8]. Genetic variants, even though vital 
for evolution, can be of a deleterious nature, disrupting the cells’ normal 
function [9]. Genetic variants can be sporadic, resulting from errors 
during DNA replication, DNA damage repair and mitosis [10]. They can 
also arise from exposure to mutagens due to lifestyle and environmental 
factors such as smoking, unhealthy diet, radiation, chemicals and sun 
exposure [9, 11-16]. One example of genetic variants are mutations in 
proto-oncogenes, i.e., genes that promote cell growth and division 
and/or limit cell differentiation and apoptosis. Activating mutations in 
proto-oncogenes cause them to transform into oncogenes and contribute 
to malignant transformation. Other examples are inactivating mutations 
in tumor suppressor genes, causing them to lose their normal function 
of limiting cell growth and division [17]. In year 2000, Hanahan and his 
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colleagues published the first out of three iconic review articles 
describing the hallmarks of cancer, thereby contributing to our 
understanding of these essential qualities shared by cancer cells. In the 
first paper, six hallmarks were described, including self-sufficiency in 
growth signals, insensitivity to antigrowth signals, evasion of 
programmed cell death, limitless replicative potential, sustained 
angiogenesis, and tissue invasion and metastasis. Normal cells can only 
proliferate when growth signals (GS) are present, ensuring the 
homeostasis of the cell. Cancerous cells acquire the capability to 
modulate this system in several ways to create their own GS, thus 
bypassing the dependency on other cells or other stimulation [18]. 
Normal cells are also subject to antigrowth signals, another mechanism 
to ensure homeostasis in the cell and tissues. Cancer cells have gained 
the ability to evade these signals by downregulation of receptors needed 
in the pRb pathway [19]. Programmed cell death, or apoptosis, is crucial 
in maintaining cellular homeostasis in our bodies. Cancer cells have 
gained the ability to inactivate this tightly regulated process [20]. 
Normal human cells are only capable of doubling a certain number of 
times due to the shortening of the chromosome’s telomeres. Cancer cells 
can maintain the telomeres indefinitely and are thus able to divide an 
unlimited number of times [21]. As tissues grow, so does the need for 
blood vessels to deliver nutrients and oxygen to the cells. This is 
normally a tightly regulated process involving both inducers and 
inhibitors of the process. Tumors have the ability to alter gene 
transcription creating an imbalance of this process [22]. Metastases 
appear when cancer cells migrate from the primary tumor site to other 
sites in the body and develop into new tumors. This requires an 
additional capability involving the cells connection to the 
microenvironment and activation of extracellular compounds [23]. The 
second paper published in 2011, added two possible hallmarks to the 
original six [24]. These include the cancer’s ability to evade the body’s 
immune system and the ability to reprogram cells metabolism. Our 
immune system is constantly recognizing and destroying developing 
cancer cells. Many cancers have exhibited the ability to evade these 
systems and can secrete immunosuppressive factors [25]. The increased 
fuel requirement due to the high tumor growth rate, leads to altered cell 
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metabolism enabeling both aerobic and anaerobic energy production, 
referred to as the glycolic switch [26]. The most recent update to the 
Hallmarks of cancer elucidates several new concepts explaining the 
complex nature of cancer development and the molecular and cellular 
changes occurring during cancer pathogenesis [8]. 

1.2 PEDIATRIC CANCER 

1.2.1 EPIDEMIOLOGY 
Childhood cancer is rare, accounting for ~1% of cancer cases globally, 
which equals to 400,000 new cases per year [27, 28]. In Sweden, 
approximately 350 children are diagnosed with cancer annually [29] and 
according to the WHO, cancer is the leading cause of death in children 
[30]. In the middle of the 20th century very few pediatric cancer patients 
survived [31]. In the following decades, treatments such as radiotherapy 
and chemotherapy were developed, improving the survival rates. Since 
the 1970s survival rates have gradually continued to increase, and today 
more than 85% of children treated for cancer in Sweden become long-
term survivors [32]. This improvement of outcome for children with 
cancer is limited to developed countries, still only 15-45% of children 
diagnosed with cancer in low- and middle-income countries survive 
[33].  

1.2.2 GENETICS 
Childhood cancer and adult cancers differ in several ways including 
tumor origin, genomic landscape, and the mutational processes of the 
tumor. Large scale next generation sequencing (NGS) has enabled 
researchers to understand more about the genetic landscape of childhood 
cancers. One striking difference is the lower mutational burden of 
pediatric cancers, which has been reported to be less than one-fourteenth 
of that in adult cancers [34-38]. While most adult cancers are carcinomas 
(originating from epithelial cells), cancers seen in the pediatric 
population include sarcomas, hematological cancers, and brain tumors. 
Adult malignancies are often a result of an accumulation of genetic 
mutations that together eventually result in cancer. Childhood cancers 
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on the other hand are generally a result of sporadic genetic changes 
during the developmental process, which include chromosomal 
rearrangements, copy number variations, and point mutations. Cancer 
predisposition syndromes are caused by germline mutations and are 
found in ~10% of children with cancer. Examples of cancer 
predisposition syndrome include Li-Fraumeni syndrome, associated 
with a germline mutation in the tumor suppressor gene TP53. One in 
five children with Li Fraumeni syndrome are reported to develop cancer 
within their first five years of life [39, 40]. Germline variants affecting 
transcription factors essential to hematopoietic regulation also increase 
the risk for acute lymphoblastic leukemia [41]. DICER1 syndrome 
affecting the expression of a wide range of genes, can increase the risk 
of rhabdomyosarcoma (RMS) and germline mutations in ALK increase 
the risk of neuroblastoma (NB)[42, 43]. It is essential that researchers 
focus on the genetic landscape of pediatric cancers to enable 
development of more specific personalized treatments as well as 
lessening the treatment side effects through more accurate risk 
stratification. Considering that a large study of a genomic dataset 
including almost 675 pediatric tumors found potential drug targets in 
over 53% of the cases, a personalized approach to pediatric cancer 
treatment is warranted [35]. 

Figure 1 Childhood cancer diagnoses. Distribution of childhood cancers in Sweden 
according to the Swedish Childhood Cancer Registry diagnosed from 2012-2021. Age at 
diagnosis 0-15 years. Modified, data from SBCR. 
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1.2.3 TREATMENT, PROGNOSTIC FACTORS AND 
MONITORING 

The treatment of children with cancer varies with diagnosis and can 
include surgery, chemotherapy, radiotherapy, stem cell transplantation, 
immunotherapy and targeted therapy [44]. Although the survival rate for 
children diagnosed with cancer is at least 80% in developed countries 
[45], many patients who survive experience long-term side effects 
fromtreatment including neurological issues, fertility problems, 
cardiovascular disease, and secondary malignancies [46-52]. According 
to a study in the Netherlands by Erik Loeffen et. al., it was estimated 
that ³20% of children diagnosed with cancer who passed away, died not 
as a result of disease progression, but due to intense cancer treatment. 
This study also reported that in the case of hematological malignancies, 
over 50% of deaths were caused by treatment, likely due to aggressive 
chemotherapy leaving the children vulnerable to infection. Children 
under one year of age diagnosed with leukemia were especially 
vulnerable to treatment-related mortality, possibly due to the more 
aggressive treatment linked to the poorer prognosis of this group [53]. 
New methods for better stratification of patients are needed, as 
treatment-related mortality and side effects can be devastating for 
patients and their families.  

Prognostic factors for children with cancer vary depending on the 
diagnosis and can include clinical, genetic and biological features. 
Common prognostic factors include age, tumor location, point 
mutations in relevant genes, chromosomal rearrangements, presence of 
metastases and disease spread to lymph nodes or bone marrow. Studies 
have also shown that socioeconomic status can impact survival in 
pediatric cancer, although the reason for this association is largely 
unknown [54, 55].  

Today’s imaging techniques such as magnetic resonance imaging (MRI) 
and computed tomography (CT) may potentially increase long-term side 
effects in children with cancer. MRI is an imaging technique that uses 
radio waves and magnetic fields to produce internal views of the body.  
CT is based on x-rays exposing the child to radiation which adds to the 
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harmful effects of oncologic treatment [56]. MRI often require general 
anesthesia, as they are lengthy procedures requiring the patient to remain 
still. Exposure to general anesthesia has been linked to developmental 
delay in young children [57].  Both MRI and/or CT are often used 
repeatedly during and after oncologic treatment and are invaluable in 
giving visual information about the tumor. Still, a contribution can be 
made by blood-based biopsies, adding genetic and molecular tumor 
information well as offering more feasible longitudinal disease 
monitoring.  

1.3 LIQUID BIOPSIES 
Cancer is most commonly diagnosed via tissue biopsies evaluated using 
microscopy, flow cytometry, and genetic testing [58]. During a tissue 
biopsy, tumor tissue is removed allowing pathologists to examine the 
histology and molecular characteristics of the tumor. Information about 
the tumor’s structure and genetics is vital for precise diagnosis, to gain 
insight about the tumor’s specific mutation, and assist in selection of the 
appropriate treatment course for the patient. There are some limitations 
to tissue biopsies; they are invasive, time consuming and may not always 
be possible due to the tumor location. Furthermore, a tissue biopsy can 
only give information contained in the tissue removed, thus it will not 
capture tumor heterogeneity or be able to monitor changes during 
treatment [59]. Liquid biopsies, on the other hand, consist of body fluids 
such as blood, urine or cerebral spinal fluid which can be analyzed for 
various materials originating from the tumor, including DNA, RNA, 
microRNA, exosomes, and cancer cells [60-62]. This technique has 
been proven to be useful in cancer treatment, both in children and adults 
[63, 64]. Many of the limitations of tissue biopsies can be addressed 
using liquid biopsies. Being less invasive and enabling longitudinal 
sampling, liquid biopsies have the potential to provide clinicians with 
additional information about tumor heterogeneity and the ability for 
longitudinal disease monitoring. Collection of samples over time allows 
for real-time monitoring of treatment response as well as potential 
detection of relapse and tumor progression at an earlier stage than 
possible using other methods [65, 66]. As such, tissue biopsies and 
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liquid biopsies can act as a complement to one another, serving to 
advance cancer treatment. 

1.3.1 CELL-FREE DNA  
Cell-free DNA (cfDNA) consists of fragments of nucleic acids leaking 
into body fluids due to apoptosis, necrosis, or active secretion [67, 68]. 
cfDNA can be detected in fluids such as blood, urine, and cerebrospinal 
fluid and can be of different origin including the body’s own cells, cells 
from a fetus, viruses, bacteria and tumor cells [69]. cfDNA is most often 
found in the form of double stranded DNA (dsDNA) in fragment sizes 
between 100 and 200 base pairs (bp), with a median of 167bp [70, 71]. 
Concentrations of plasma cfDNA in healthy individuals range from 
0-100 ng/ml and this level can be influenced by various factors such as 
age, sex, body weight, exercise, time of the day, infections and other 
diseases [72-74]. The half-life of cfDNA within the bloodstream is 
estimated to be between 16 minutes and two hours. The mechanisms of 
cfDNA clearance include the Kupffer cells in the liver and macrophages 
in the spleen, as well as nucleosome digestion. A small part is also 
filtered out by the kidneys [75-78]. 

cfDNA was discovered by Mandel and Metais in the late 1940s [79]. 
More than two decades later researchers hypothesized that cfDNA could 
be involved in metastasized cancer and continued research eventually 
showed that patients experiencing metastatic disease had higher levels 
of cfDNA than the healthy controls [80]. Analysis of cfDNA has shown 
great promise in areas such as prenatal care, oncology, autoimmune 
diseases, forensics science, organ transplantation and even veterinary 
medicine [81-86]. 

1.3.2 CIRCULATING TUMOR DNA  
In the late1980s researchers discovered that the elevated cfDNA levels 
seen in cancer patients more than a decade earlier consisted mainly of 
circulating tumor DNA (ctDNA) [87]. ctDNA is present in cancer 
patients as the fraction of the total cfDNA originating from tumor cells. 
ctDNA can be analyzed in liquid biopsy samples and serve several 
applications in cancer care. The minimally invasive procedure of 
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obtaining a liquid biopsy can be a complement to traditional tissue 
biopsies and allows for real-time monitoring of the disease. Levels of 
ctDNA can act as a proxy of tumor burden and give an insight into 
treatment efficacy and possible resistance. Genetic analysis of ctDNA 
provide information about tumor genetics, evolution over time and the 
effectiveness of treatment. Serum contains a higher proportion of larger 
DNA fragments from non-tumor sources as compared to plasma. 
Therefore, plasma is the preferred material for ctDNA analysis [88]. 
Studies have shown that ctDNA levels correlate with tumor burden and 
are also higher in metastasized compared to localized disease [89-91]. 
Therapy induced cell death, hypoxia, immune function, and differences 
in cfDNA clearance are all factors that can contribute to augmented 
ctDNA levels. ctDNA levels can depend on characteristics of the tumor, 
e.g., highly vascularized tumors shed more ctDNA due to easy access to 
the bloodstream [92]. Studies have even shown that subclones harboring 
driver mutations are more likely to shed ctDNA into the bloodstream 
than clones without driver mutations [93]. Driver mutations are 
mutations that result in advantages for the cancer cell and drive 
oncogenesis [94]. 

 

Figure 2 Circulating DNA in the bloodstream. Most DNA fragment shed into the blood 
stream originate from leukocytes but a fraction of cell free DNA consists of circulating tumor 
DNA.  (Created in BioRender) 
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1.3.3 ctDNA ANALYSIS 
Several studies have investigated the potential of ctDNA analysis for 
disease monitoring in cancer patients, including both adults and children 
[85, 95, 96]. These studies have used commercially available 
sequencing panels or developed panels including a set number of 
oncogenic mutations that are biologically relevant for the disease. As 
pediatric cancers often lack recurrent variants, children have frequently 
been excluded from these studies. Since ctDNA analysis can be 
challenging due to DNA fragmentation and low concentration, various 
methods have been utilized, including highly sensitive polymerase chain 
reaction (PCR) based techniques and NGS approaches. PCR based 
techniques such as digital PCR are highly sensitive but can only be used 
to detect a few mutations at a time. In contrast, NGS has the benefit of 
being able to detect several (both known and unknown) mutations at a 
time. The following section will focus on the main NGS method used in 
the studies included in this thesis. 

1.3.3.1 NEXT GENERATION SEQUENCING  
Ever since Watson and Crick discovered the 3D structure of DNA in 
1953 [97], researchers have worked tirelessly to develop methods for 
DNA sequencing. Over a decade later researchers managed to sequence 
the first nucleic acids from yeast and shortly after came the first 
complete sequence of a protein coding gene from the bacteriophage 
MS2 [98-100]. For sequencing of the first whole genome, now often 
used as a control in laboratories and referred to as PhiX, several earlier 
developed techniques were combined [101]. DNA sequencing was 
traditionally performed using the sanger technique developed by 
Frederick Sanger and colleagues in the 1970s [102]. Although this 
method is still used, there was a need for sequencing whole genomes at 
a faster rate and therefore, NGS was developed to solve this problem 
[103].  

NGS technologies have revolutionized the field of genetics by 
sequencing many DNA fragments at once, and have enabled detection 
of structural variations, single nucleotide variants (SNVs), and CNVs. 
NGS can be used for targeted sequencing of specific regions of interest 
or whole genome sequencing (WGS) and whole exome sequencing 
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(WES) which can show novel variants contained in the whole genome. 
NGS involves a series of five main steps including: extraction of DNA, 
library preparation, cluster generation, sequencing and data analysis. In 
short, first nucleic acids are extracted from the samples of interest. 
Second, the library preparation of the DNA sample is performed 
depending on the platform being used. In this step, adapters are also 
added to the DNA molecules, these are specific short sequences 
enabling targeted fragments of DNA to be recognized by the platform 
of choice. Third, during cluster generation, each fragment will bind to 
the adapters’ complementary sequence on a flow cell in the sequencing 
machine and the fragments will be amplified into a cluster of clonal 
sequences. Fourth, during the cycles of sequencing, incorporation of 
fluorescently labeled nucleotides will create a digital image resulting in 
an output file. And fifth, data analysis includes aligning the sequenced 
reads to a reference genome followed by variant calling.  

An obstacle when sequencing ctDNA is its low abundance, i.e., tumor 
variants are present at low allele frequencies. While traditional NGS 
methods can detect variants at allele frequencies as low as 1-5%, they 
are not sensitive enough for detection of variants in ctDNA which can 
be present at allele frequencies lower than 1%. This is often due to 
technical issues such as sequencing and polymerase errors during PCR 
amplification [104]. Various modifications have been made to NGS 
sequencing to improve sensitivity, including the introduction of unique 
molecular identifiers (UMIs) [105]. UMIs are short random nucleotide 
sequences added to DNA or RNA molecules during the library 
construction step. Incorporation of UMIs allow for error reduction, by 
enabling identification of true variants via exclusion of errors introduced 
by PCR, sequencing or base calling. UMIs also help to overcome 
problems of duplication in the amplification process and enable 
counting of the number of original molecules in the sample [106, 107]. 
We have used the sequencing method SiMSen-seq, a PCR based library 
construction protocol for sensitive mutation detection developed by 
Anders Ståhlberg: A simple multiplexed PCR based barcoding of DNA 
for ultrasensitive mutation detection by next generation sequencing 
(SiMSen-seq) [108]. This method further develops the use of UMIs and 
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allows for high sensitivity, i.e., detecting mutations at a low frequencies. 
While UMIs allow for counting of individual molecules and vastly 
improve error correction, the short nucleotide sequences have one 
drawback; they result in unspecific binding and produce non-specific 
products. To solve this problem, SiMSen-seq utilizes barcoded primers 
with a stem and loop structure to protect the barcode during the first 
cycle of PCR. In the following PCR cycles, the temperature is elevated 
to allow primers to interact with sequence adapters. Through error 
correction and improved specificity, this approach enables detection of 
variant alleles at <0.1% [108, 109]. 

1.4 NEUROBLASTOMA 

1.4.1 CLINICAL ASPECTS 
Neuroblastoma (NB) mainly affects children younger than five years of 
age. It accounts for approximately 8-10% of pediatric cancers and is the 
most common extracranial tumor in children. NB has an incidence rate 
of 25-50 cases per million, with peak incidence at one year of age [110, 
111].  

NB originates during the development of the sympathetic nervous 
system. Although commonly found in the adrenal glands NB can be 
found in other parts of the abdomen such as the genitourinary tract and 
in any location where bundles of nerves are located, including the head, 

Figure 3. Incorporation of UMIs. The use of UMIs allow for downstream correction for 
errors arising during the library preparation and sequencing steps. (Created in BioRender) 
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neck and spine. Diagnosis and monitoring of the disease can be based 
on imaging techniques, biopsies, and bone marrow aspirations. Other 
non-invasive biomarkers such as chromogranin A and neuron specific 
enolase (NSE) in plasma, and the urine markers vanillylmandelic acid 
(VMA), homovanillic acid (HVA) and dopamine are also used as a 
complement [112-116].  

NB is a clinically and genetically diverse disease. Clinically, NB can 
range from benign tumors spontaneously regressing, to aggressive and 
highly metastasized tumors. Tumor heterogeneity is associated with 
both relapsed disease and treatment resistance [117-119] and can 
explain variations in NB manifestation and the challenges in diagnosing 
and treating the disease [120]. NB can be either localized or 
metastasized at diagnosis, and the classification depends on several 
factors such as histological aspects, stage, driving molecular changes, 
location and age [121]. The disease is mainly driven by CNVs, including 
chromosome arm-level losses of chromosomes 1p, 3p, 11q and gains of 
2p and 17q [122]. Amplification of the MYCN gene can be found in 
approximately 25% of neuroblastomas and is associated with worse 
prognosis [123]. Oncogenic point mutations in the anaplastic lymphoma 
kinase (ALK) gene occur in 8-10% of primary tumors and are present in 
up to 40% of relapsed or refractory cases [124-127]. Several studies 
have shown that relapsed neuroblastoma exhibit a significantly 
increased mutational burden as compared to the primary tumor [119, 
128, 129].  

Neuroblastoma is staged according to the International Neuroblastoma 
Risk Group staging system and is based on tumor location, age, 
metastasis, and image defined risk factors (evaluated on CT, MRI and 
metaiodobenzylgaunidine whole body scintigraphy (MIBG)). NB is 
categorized into high-risk (HR), intermediate risk (IR) or low-risk (LR) 
according to INRG stage, age, tumor size and location, presence of 
metastases, bone marrow or lymph node involvement, resection status, 
and MYCN status [116, 130-132]. LR and IR patients undergo milder 
treatment with chemotherapy with or without surgery and have a 5-year 
overall survival rate of up to 98% [133]. HR patients require more 
intense treatment involving neoadjuvant chemotherapy, surgery, high-
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dose chemotherapy with autologous stem cell rescue, radiotherapy, and 
immune therapy [134]. Despite this multimodal treatment, HR patients 
have a 5-year overall survival rate of only 40% [131]. HR NB presents 
with significant clinical challenges in diagnosis, disease monitoring, and 
treatment. Development of clinically relevant biomarkers and new 
therapeutic methods are necessary to improve neuroblastoma treatment.  

1.4.1.1 ALK-DRIVEN NEUROBLASTOMA 
Activating mutations in the ALK gene are the most common point 
mutations seen in NB and have been established as a molecular target. 
These can be either germline mutations causing familial NB in 1-2% of 
all cases, or sporadic somatic mutations [43, 135-137]. It is estimated 
that somatic ALK mutations occur in around 10% of NB cases, where 
85% include the single nucleotide changes at the loci R1275, F1174, or 
F1245 [124, 129, 138].  

ALK is a tyrosine kinase receptor, which is involved in cellular 
proliferation and differentiation. The ALK gene is important for 
development and function of the nervous system and is expressed during 
embryogenesis. The mutations most frequently seen in NB lead to cell 
proliferation, migration and tumor growth [139, 140]. Several inhibitory 
drugs have been developed to target the tyrosine kinase enzyme and are 
used in treatment of several diagnoses including non-small cell lung 
cancer and melanoma. The novel ALK inhibitor lorlatinib, approved by 
the FDA in 2018, has shown to repress most ALK resistance mutations 
associated with previous drugs and has in several studies proved 
effective in treatment of neuroblastoma [141, 142].  

1.5 RHABDOMYOSARCOMA 

1.5.1 CLINICAL ASPECTS 
Rhabdomyosarcoma (RMS) is the most common pediatric soft tissue 
sarcoma accounting for approximately 3% of all childhood cancers with 
a yearly incidence of 4.6 cases per million. RMS is thought to be of 
mesenchymal origin where embryonic cells do not fully differentiate 
into skeletal muscle cells. RMS tumors can arise anywhere in the body 
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but are typically found in regions such as the head and neck, 
genitourinary, and the extremities/trunk [143-145]. According to the 
latest WHO classification, RMS can be divided into four subtypes 
including embryonal rhabdomyosarcoma, pleomorphic 
rhabdomyosarcoma, spindle cell/sclerosing rhabdomyosarcoma, and the 
more aggressive alveolar rhabdomyosarcoma (ARMS) [146].  

There are several factors that affect the prognosis for a child with RMS. 
Examples of prognostic risk factors are tumor size and location, patient 
age, RMS subtype, tumor genetics and whether the tumor is localized, 
metastasized or has lymph node involvement [147-151]. Eighty percent 
of ARMS have a FOX01 fusion which has shown to be an important 
prognostic factor. According to a 2021 report from the Soft Tissue 
Sarcoma Committee of the Childrens Oncology Group, the RMS 4-year 
event free survival was 53% and the overall survival was 63% [152-
154]. Moreover, MYOD1 and TP53 mutations have shown to be a 
negative prognostic biomarker in RMS [155, 156]. 

Risk stratification of patients is based on on the tumor node metastasis 
(TNM) stage, clinical group (CG), and whether the tumor cells are 
positive for the PAX::FOX01 fusion gene. TNM staging is based on a 
combination of the tumor’s size and location, presence or absence of 
lymph node involvement and distant metastasis. The CG is based on the 
disease extent (localized/local or distant spread) and whether the tumor 
was completely resected during surgery or not [157]. The risk group 
assessment is performed according to an amendment to the European 
Pediatric Soft Tissue Sarcoma Study Group (EpSSG) RMS2005 trial 
[158]. 

RMS survival rates have increased over the past decades due to 
improvements in diagnostic and multimodal treatment protocols with a 
combination of surgery, radiotherapy and chemotherapy [159]. Despite 
this, the overall five-year survival rate of metastatic and HR pediatric 
RMS has not changed significantly and children with HR disease have 
five-year survival rates of less than 30%. Patients with relapsed RMS 
have even worse prognosis with a five-year overall survival of only 17% 
[160-162]. Apart from the relatively poor prognosis, long-term side 
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effects from RMS treatment are also a concern. Finding methods to 
monitor treatment and response and thereby minimize lasting 
detrimental effects is crucial for childhood cancer patients [163].  
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2 AIMS 
The overall research aim of these projects was to investigate 
personalized ctDNA analysis as a non-invasive tumor marker for 
monitoring of treatment response, tumor burden, and early signs of 
relapse in childhood tumors. 

Specific aims: 

Paper I  

• To develop an ALK panel specifically for sensitive detection of 
known ALK mutations in patients with relapsed or refractory 
ALK driven neuroblastoma treated with the ALK inhibitor 
lorlatinib. 

• To use the panel for targeted ctDNA analysis and use results as 
a potential tool for guiding treatment decisions in these patients. 

Paper II 

• To develop a method of ctDNA analysis applicable to all 
neuroblastoma patients regardless of genotype.  

• To assess whether personalized ctDNA analysis can serve as a 
clinically relevant marker of tumor burden in neuroblastoma, 
and to compare its usefulness to standard tumor markers that are 
currently in use. 

Paper III 

• To develop a method of ctDNA analysis applicable to all 
rhabdomyosarcoma patients regardless of genotype.  

• To assess the feasibility of using personalized ctDNA analysis 
to monitor treatment response, tumor burden and detect possible 
relapse in rhabdomyosarcoma. 
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3 PATIENTS AND METHODS 

3.1 STUDY COHORT 
Paper I: Five patients diagnosed with relapsed or refractory ALK driven 
neuroblastoma were included in the study with a median age of nine 
years at time of diagnosis (range, two months to 18 years) 

Paper II: Thirteen patients with neuroblastoma were included in the 
study. Ten patients were classified as HR and three as LR. The median 
age at diagnosis was two years (range, four months to 15 years).  

Paper III: 12 children diagnosed with rhabdomyosarcoma were included 
in the study. Six patients were diagnosed with embryonal 
rhabdomyosarcoma, four with alveolar rhabdomyosarcoma, and two 
with spindle cell/sclerosing rhabdomyosarcoma. The median age at 
diagnosis was eight years and six months (range, one to 15 years).  

3.2 METHODS 

3.2.1 WHOLE EXOME AND WHOLE GENOME 
SEQUENCING  

Paper I and II 
For each patient, tumor DNA from frozen diagnostic tumor tissue and 
germline DNA from the cell fraction of the diagnostic blood sample 
were extracted using the DNeasy blood and tissue kit (Qiagen). WGS 
was performed at a sequencing depth of 90x and 30x respectively.  

Paper I 
Libraries were prepared using Truseq (Illumina), sequenced on a 
Novaseq platform (Illumina) and Sentieon bioinformatic tools 
(Sentieon) were used for variant calling. Sanger sequencing was used to 
confirm patients harboring activating ALK mutations found through 
WGS and were validated using patient tumor DNA [164].  
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Paper II 
SureSelectQXT (Agilent) was used for library preparation and 
sequencing was performed using the Nextseq 500 platform (Illumina). 
Results were analyzed using SAREK, an open-source bioinformatics 
pipeline detecting somatic or germline variants, using three variant 
callers: Strelka, Mutect2 and Freebayes [165]. Variants were grouped 
and annotated to include Cosmic census genes, a database of human 
cancer mutations [166]. 

Paper III 
For each patient, tumor DNA was extracted from formalin-fixed 
paraffin-embedded (FFPE) tumor tissue from diagnostic tumor material 
using GeneRead FFPE DNA Tissue Kit (Qiagen). Normal germline 
DNA was extracted from the cell fraction of a blood sample using 
DNeasy blood and tissue kit (Qiagen). WES was performed on the 
Nextseq 500 platform (Illumina), and results were analyzed using 
SAREK [165]. Variants were grouped and annotated including Cosmic 
census genes [166]. 

3.2.2 DEVELOPMENT OF PATIENT SPECIFIC ASSAYS 

Paper I  
Seven assays covering 20 known mutations previously described, either 
associated with the diagnosis of NB or related to tyrosine kinase 
inhibitor resistance were included in the ALK panel for monitoring of 
ctDNA in ALK driven relapsed or refractory NB patients [139, 167, 
168] Primer BLAST [169] was used for primer design and primers were 
ordered from Integrated DNA Technologies. Primers were designed for 
annealing temperatures of 60-63°C with an amplicon size of 75-105 
bp. Primer quality control included quantitative real-time PCR using 
Roche Human Genomic DNA (Sigma-Aldrich) as well as a SYBR 
Green I melt curve analysis.  

Paper II and III 
The output from SAREK gave information about tumor mutations or 
single nucleotide variants (SNVs) found in each patient. Based on 
WGS/WES of tumor and germline DNA, ten SNVs were included in 
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patient-specific sequencing panels. SNVs were in most cases prioritized 
based on variant allele frequency (VAF). In certain cases (4/120 SNVs 
in paper III), mutations in genes with possible pathological relevance 
were included despite a lower VAF. Primers for the genomic regions of 
interest were designed using Primer BLAST (paper II) or PanelplexTM 
(paper III) [169] with the settings described above. Primer quality 
control included testing with Roche Human Genomic DNA (Sigma-
Aldrich) in both PCR steps using the previously described SiMSen-seq 
method as well as quantitative real-time PCR including a SYBR Green 
I melt curve analysis [108].  

3.2.3 BLOOD SAMPLING AND cfDNA EXTRACTION  
Blood sampling and cfDNA extraction were performed in the same way 
for all three studies. In short, ~ 8.5 ml of blood was collected in cell free 
DNA/RNA preservative tubes from Norgen (Norgen Biotech). The 
samples were collected at diagnosis, during the course of treatment, and 
during follow-up. Plasma was separated using the Heraeus 8R (Thermo 
Fisher Scientific) and stored at -80°C. cfDNA was extracted from 4 ml 
of plasma using QIAamp Circulating Nucleic Acid Kit (Qiagen). DNA 
quantification was performed using Qubit dsDNA HS Assay 
(ThermoFisher Scientific). In paper I, TapeStation (Agilent) was also 
used to assess DNA quality. DNA was concentrated using Vivacon 500 
columns (Sartorius) to a minimum volume of 10µL depending on initial 
DNA concentration. Extracted cfDNA samples were stored at -80°C 
until further use.  

3.2.4 LIBRARY PREPERATION AND SEQUENCING 
Libraries were constructed using the SiMSen-seq method in two PCR 
steps, barcoding PCR and adapter PCR[108].  
 
Barcoding PCR 
The barcoding PCR was performed in a reacton volume of 15 µl, 
containing 1x Platinum SuperFi buffer, 0.2 Units Platinum SuperFi 
DNA polymerase (Thermo Fisher Scientific), 0.2 mM dNTP (Sigma-
Aldrich), 40 nM of both primers and 0.5 M L-carnitine inner salt 
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(Sigma-Aldrich), and up to 20 ng of cfDNA per replicate (in up to three 
replicates). 
 
Temperature profile: 
98 °C for 3 minutes, amplification (98°C for 10 seconds, 60 °C for 6 
minutes and 72 °C for 30 seconds). 65 °C for 15 minutes and 95°C for 
15 minutes. At the start of the 65 °C step, 45 ng of protease 
(Streptomyces griseus, Sigma Aldrich) in 30 µl TE buffer pH 8.0 
(Ambion, Thermo Fisher Scientific) was added to deactivate the DNA 
polymerase.  
 
Adapter PCR 
The adapter PCR was performed in a total reaction volume of 60 µl, 
containing 400 nM of both the universal forward and reverse adapter 
primers (Integrated DNA Technologies), 1×Q5 Hot Start High-Fidelity 
Master Mix (New England Biolabs), and 15 µl of barcoding PCR 
product from the previous step. Each sample is tagged with a unique 
index to be able to identify each sample in downstream analysis. 
 
Temperature profile: 
98 °C for three minutes followed by 27 amplification cycles (98 °C for 
10 seconds, ramping from 80 °C for one second down to 72 °C for 30 
seconds and up 76, 0.2 °C/second, 76 °C for 30 seconds).  
 
Libraries were assessed using a HS NGS Fragment Kit (Agilent 
Technologies) on a 5200 Fragment Analyzer (Agilent Technologies). A 
pool of multiple libraries was prepared and purified using Pippin Prep 
(Sage Science) using the target range of 205–300 bp. The library pool 
was sequenced at concentration 1.2–1.8 pM. Platforms used were either 
the MiniSeq or NextSeq 1000 system (Illumina), containing 10-20% 
PhiX positive control (Illumina) to correct for homogenous libraries, 
and using single-end reads with a 150 bp mode.  

3.2.5 BIOINFORMATICS  
Whole genome and whole exome sequencing of patient tumor and 
normal DNA were analyzed using SAREK, an open-source 
bioinformatics pipeline designed for detecting germline and somatic 
variants as well as quality control and annotation. The preprocessing of 
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sequence data follows GATK2 best practices and several programs for 
variant calling are supported [165].  

Targeted sequencing data was analyzed using the bioinformatics 
pipeline UMIErrorcorrect, utilizing Python for analyzing libraries 
containing UMIs. Using fastq files from sequencing, the pipeline aligns 
the reads with the chosen human genome build, performs clustering 
according to UMIs, and implements error correction and variant calling 
[170]. The UMIs are used to overcome the problem of polymerase 
induced errors or uneven amplification during PCR or sequencing. Each 
target DNA molecule is tagged with a specific UMI attached during 
library construction which allows sequenced reads to be traced back to 
the original molecule. Reads are first clustered according to their 
position and then according to their UMIs, grouping them into UMI 
families. The reads can then be collapsed, generating one consensus read 
for each UMI family.    

 

  

Figure 4. Overview of study design including assay development and clinical evaluation. 
Tumor and normal DNA from each child is extracted and sequenced. Ten tumor specific 
mutations are chosen and developed into a personalized assay. DNA is extracted from plasma 
samples in step 1 and library construction using the personalized assay is performed in step 2. 
In step 3 sequencing of the targeted mutations is performed and in step 4 data is evaluated and 
interpretated. (Created in BioRender).  
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3.3 ETHICS  
When working with clinical samples and patient information several 
ethical aspects have to be considered, including how samples, sensitive 
information, and results are handled and stored. In a study where patient 
DNA is sequenced care must be taken that not only data is analyzed and 
interpreted correctly, but also that data is stored in a way that will not 
compromise the patient, during or after the study takes place.  

For the studies included in this thesis, informed consent was not always 
applicable due to the age of the child. Informed consent was instead 
given by parents/legal guardians. Age-appropriate oral and written 
information (different documents for children seven-twelve and 13-18 
years of age) were also presented to the children.  

We also tailored the studies to be as comfortable to the participants as 
possible. As the majority of the included patients had a central venous 
catheter installed during treatment, the collection of blood samples for 
these studies most often did not require an extra venous puncture.  

Good Research Practice has been followed and all research results are 
protected under the Patient Data Act. Ethical applications and 
amendments have been approved by the Regional Ethical Review Board 
in Gothenburg with amendment approved by the Swedish Ethical 
Review Authority. 
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4 RESULTS AND DISCUSSION 
4.1.1 PAPER I  
In this study five patients with ALK driven relapsed or refractory NB 
were treated with lorlatinib as monotherapy and longitudinal blood 
samples were monitored for ctDNA with our ALK panel. All five 
patients responded well to lorlatinib therapy, and three exhibited a 
complete response.  

Patient 1 had a metastatic relapse two years after the initial diagnosis of 
NB. After two cycles of relapse treatment the patient was assigned to 
lorlatinib monotherapy which resulted in a rapid response. ctDNA levels 
gradually decreased during the first year and were negative during the 
remaining treatment, which lasted for over three years. During follow-
up, all except one of the plasma samples analyzed were negative for the 
ALK p.R1275Q mutation. The clinical marker chromogranin A showed 
normal levels two weeks after the start of lorlatinib treatment. It 
remained normal through the rest of the treatment and during follow-up. 

Patient 2 was diagnosed with ALK-driven HR NB with a poor response 
to initial treatment and was therefore removed from the standard 
protocol to begin lorlatinib treatment. A complete response followed for 
over two and a half years of lorlatinib treatment. Ten months after 
ending treatment with lorlatinib the patient had a relapse. When plasma 
samples were analyzed retrospectively, increasing levels of ctDNA were 
found nine months before the relapse was detected in the clinic. This 
patient’s relapse tumor harbored the ALK p.R1275Q mutation. The 
clinically used biomarker NSE did not increase until onset of clinical 
relapse. This shows that the ALK-NB panel could detect the relapse 
when conventional tumor markers could not. The time frame between 
the rise of ctDNA and the clinical relapse could potentially be important 
for early intervention. During the following six months of continued 
lorlatinib treatment, ctDNA levels decreased although the ALK 
mutations was still detected. After receiving a combination of lorlatinib 
and chemoimmunotherapy, the last four follow-up samples in this 
patient were ALK mutation negative. 
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Patient 3 was diagnosed with metastasized HR neuroblastoma. 
Lorlatinib monotherapy was started since the response to the first line 
treatment was poor and a germline ALK p.1275Q mutation was 
identified. A complete response was seen during nearly three years of 
treatment and two years after end of treatment. Due to the mutation 
being germline, this patient was not included in the ctDNA analysis with 
the ALK panel.  

Patient 4 was diagnosed with neuroblastoma with an ALK p.1275Q 
mutation but was taken off standard treatment as the disease showed 
progression and was switched to lorlatinib. Sites of metastasis and 
primary tumor showed complete and partial response to lorlatinib 
treatment, respectively. ctDNA levels decreased during first line 
treatment and dropped further after surgery. Low levels of ctDNA could 
still be detected at start of lorlatinib, showing that the ALK panel could 
detect a stepwise reduction in ctDNA. The patient was ctDNA-negative 
during the almost three years of lorlatinib treatment. 

Patient 5 was diagnosed with metastasized neuroblastoma and 
experienced two relapses. After the first relapse the patient was switched 
to lorlatinib only. The primary tumor harbored both an ALK p.F1174L 
mutation and a MYCN amplification. The second relapse was found to 
have an HRAS p.Q61L mutation, known to convey resistance to 
lorlatinib163. Retrospective analysis on plasma samples were done with 
both the ALK panel and a specially made HRAS assay. Levels of HRAS 
increased two and a half months prior to the clinical relapse and ctDNA 
levels analyzed with the ALK panel increased three months prior to the 
clinical relapse. Results suggest that the cells resistant to lorlatinib 
harbored both HRAS p.Q61L and ALK p.F1174L. Clinically used 
markers NSE, chromogranin A, VMA and HVA did not detect the 
relapse in this patient.  

The progression-free survival and overall survival in this cohort was 
higher than that of previous reports [171, 172]. Lorlatinib used as 
monotherapy in patients with relapsed or refractory show a long-lasting 
response. ctDNA analysis using the ALK panel allowed for sensitive 
assessment of tumor burden and can be used longitudinally during the 
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course of the patient’s treatment to monitor treatment response and 
disease relapse. Similar studies have used NGS panels covering a high 
number of cancer related genes to analyze ctDNA in patients with 
relapsed neuroblastoma. This allows for detection of treatment 
resistance and other tumor genetics but lack the ability to closely 
monitor tumor burden in real-time. Personalized ctDNA analysis in 
combination with lorlatinib monotherapy can be valuable for patients 
not responding well to first line treatment.  

4.1.2 PAPER II  
In this study, 13 children diagnosed with NB (ten HR patients and three 
non-HR patients) were monitored longitudinally using personalized 
ctDNA panels. The panels were designed to detect ten tumor-specific 
SNVs for each individual patient. The chosen SNVs were based on 
whole genome sequencing data of the respective patient’s tumor and 
normal DNA. Using the SiMSen-seq method described above, libraries 
were constructed for targeted NGS. 

We detected higher concentrations of both cfDNA and ctDNA at 
diagnosis in the ten HR patients as compared to the three non-HR 
patients included in the cohort. This could be seen for both HR patients 
with both localized and metastasized disease as well as for one patient 
with metastasized but IR disease. These finding may indicate that 
ctDNA levels at time of diagnosis are determined by the biology of the 
tumor rather than disease stage.  

Longitudinal samples analyzed from both HR and non-HR NB patients 
showed a stepwise reduction in ctDNA levels during induction 
treatment. All samples collected during maintenance treatment and 
follow-up for the nine patients who were alive and relapse-free were 
ctDNA negative. Considering that five of these patients had residual 
tumors our data show that personalized ctDNA analysis can serve as a 
complement to traditional image-based monitoring. 

As per clinical standard the serum markers NSE and chromogranin A, 
and urine markers dopamine, HVA and VMA were analyzed during and 
after treatment. All markers showed similar levels at diagnosis in both 



Personalized analysis of circulating tumor DNA in childhood malignancies 

HR and non-HR patient groups. ctDNA levels however, showed a wider 
range between high and low ctDNA concentrations. This allowed for 
more sensitive interpretation of changes during treatment phases. In 
support of this, high levels of ctDNA could be detected at the time of all 
four relapses, while most clinical markers were not elevated and thus 
did not detect the relapses. In the last eight consecutive follow-up 
samples from the patients without relapse, one or more clinical markers 
showed elevated levels long after treatment success, whereas ctDNA 
levels were negative. The elevated clinical biomarkers led clinicians to 
schedule extra MRI and MIBG exams for some of these patients, which 
did not show signs of malignant disease. The ctDNA levels for the 
patients in this study correlated well with patients’ clinical information. 
Taken together, this suggests that personalized ctDNA analysis allows 
for greater sensitivity than the clinically used markers and can be used 
as a relevant biomarker in NB. 

Our approach of using personalized sequencing panels for detection of 
10 SNVs per patient may potentially improve the sensitivity and 
specificity of the ctDNA analysis. Previous studies often use one or a 
few generally defined genetic alterations which excludes patients not 
harboring these specific variants[173-175]. We prioritized SNVs to be 
included in personalized panels based on their WGS or WES tumor 
allele frequency and not based on oncogenic driver mutations associated 
with disease alone. We expected to be able to include most patients with 
this method. Choosing SNVs at a high allele frequency found in the 
primary tumor was based on the assumption that even non-driver 
variants at high allele frequency will remain in the tumor over time. Our 
panels detected ctDNA also at low tumor burden which shows that non-
driver variants can be useful markers of ctDNA. Using several tumor 
specific variants in the personalized panel together with ultra-sensitive 
sequencing may also enable monitoring of ctDNA in low plasma 
volumes, which is of value when treating small children and 
infants[176]. Previous studies made use of generalized panels covering 
recurrent variants found in 73-82% of HR neuroblastoma patients only 
detected one or a few of these variants in each patients[175, 177]. In 
another study by Berko et al. monitoring of patients with ALK mutated 
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NB was performed using the FDA approved FoundationOne Liquid 
CDx platform[178]. This generalized panel has a limit of detection 
(LOD) of ~0.3-0.5% VAF for SNVs[179]. Our LOD was ~0.018%, 
approximately 20 times lower than that of FoundationOne Liquid CDx. 
Furthermore, 22 of 66 ctDNA positive samples analyzed in our cohort 
showed levels below the LOD of FoundationOne Liquid CDx. 

4.1.3 PAPER III  
Twelve patients diagnosed with RMS were included in the study, out of 
which ten had localized tumors and two had metastatic disease at 
diagnosis. Personalized panels covering 10 SNVs were designed for 
each patient. The selection of the targeted SNVs was based on WES of 
the respective patient’s tumor and normal DNA. Three of these SNVs 
(in two patients) were deemed germline and thus excluded from 
analysis. Using the SiMSen-seq method mentioned previously, libraries 
were constructed for targeted NGS.  

Patients with metastasized RMS at diagnosis showed increased cfDNA 
levels in the pre-treatment samples compared to patients with localized 
disease. This suggests that the high levels of cfDNA were most likely 
due to high levels of ctDNA. Pre-treatment levels of both cfDNA and 
ctDNA showed a positive correlation with tumor volume possibly 
making both cfDNA and ctDNA a viable method for predicting tumor 
burden at this time-point.  

Out of the eight relapse-free patients, four showed a decrease in ctDNA 
levels and all had follow-up samples that were ctDNA negative. Two 
patients with small/localized tumors and two having tumor surgery 
before the first available plasma sample were ctDNA negative at all 
time-points. All samples taken after treatment in relapse-free patients 
were ctDNA negative, indicating high specificity of the analysis. Studies 
monitoring ctDNA in RMS have mainly used specific mutations known 
to RMS, excluding patients not harboring these mutations. Using tumor 
informed sequencing in panels individualized to each patient allows 
ctDNA analysis to be used in all patients regardless of oncogenic events. 
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Elevated ctDNA levels could be seen at all four relapse events. Three 
patients had four relapses in total. In the patient with two relapses, 
different sets (3 and 3) of the total ten SNVs in the panel were detected 
at each respective relapse although all ten included SNVs were detected 
during late disease progression. This could be due to biological or 
technical factors but strengthens the idea that including a higher number 
of tumor specific SNVs in the panel can increase the sensitivity and 
resolution of results. In one patient, ctDNA analysis showed elevated 
ctDNA over five months prior to the clinical relapse, highlighting the 
feasibility for early relapse detection in patients with RMS. The patient 
who experienced primary disease progression was ctDNA positive 
throughout treatment and follow-up. 
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5 CONCLUSION AND FURTHER 
PERSPECTIVES  

The studies included in this thesis show that personalized ctDNA 
analysis can be used as a specific and sensitive tumor marker for 
monitoring treatment response and detecting relapse in children with NB 
and RMS.  

In paper I the third-generation ALK inhibitor lorlatinib showed 
significant and lasting results when used as a monotherapy in patients 
with ALK-driven relapsed or refractory neuroblastoma. ctDNA analysis 
using our NB-ALK panel was useful for sensitive monitoring of tumor 
burden in these patients and may serve as a tool in helping clinicians 
make decisions about the treatment. If performed prospectively, tumor-
informed ctDNA analysis may contribute to improved prognosis for this 
patient group.  

In papers II and III, we developed a method for ctDNA analysis 
applicable to all NB and RMS patients regardless of genotype. ctDNA, 
analyzed using a personalized approach, proved to be a sensitive and 
specific tumor marker in NB and RMS patients regardless of genetic 
alterations.  

In NB, personalized ctDNA analysis showed higher sensitivity than the 
clinically used biomarkers. Monitoring of the disease with ctDNA 
analysis may act as a sensitive complement to current methods. In RMS 
there are no clinically used biomarkers to date. Personalized ctDNA 
monitoring of RMS patients using tumor informed targeted sequencing 
panels may aid in treatment decisions based on treatment response.  

Study II and III were retrospective studies, and thus did not affect the 
treatment decisions made for the patients. Applying an innovative 
method into clinical practice would have to be based on studies showing 
the effect on patient’s survival and long-term quality of life. For our 
method to be of use in the clinic, new studies are needed to assess the 
effect on treatment outcome. Large-scale sequencing of pediatric 
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patients’ tumors has become standard in Sweden through the Genomic 
Medicine Sweden (GMS) initiative. We aim to use GMS data to develop 
personalized panels and provide the clinicians with ctDNA information 
in real-time to help them monitor the disease and guide treatment. The 
development of personalized ctDNA panels faces many challenges that 
affect their potential for clinical implementation. The process needs to 
be efficient with concerns to the timely design of personalized 
sequencing panels, the costs must be realistic, and findings must be 
reported to clinicians in a clear way. If adopted into clinical practice, 
personalized ctDNA analysis may significantly impact children 
diagnosed with cancer. As research continues to move forward in multi-
omics analysis such as epigenomics, proteomics, and fragmentomics, 
these methods will hopefully become integrated into routine clinical 
management of cancer.
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