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ABSTRACT 
Acute leukemia is a severe hematologic malignancy that affects both adults 
and children. Although prognosis has improved over recent decades, relapse 
remains one of the major challenges. A key reason for relapse is that small 
amounts of leukemic cells, in numbers well below the sensitivity of routine 
morphology, have survived treatment and remain in the bone marrow:  
measurable residual disease (MRD). Presence of MRD after initial treatment 
is one of the strongest predictors of relapse, and sensitive MRD analysis is 
crucial for identifying patients at risk of relapse. MRD is routinely assessed at 
treatment of acute leukemia, using various methods depending on the specific 
leukemia subtype. However, none of the current techniques is fully optimal; 
many require further evaluation, and for some patients, no applicable method 
is available. This thesis aims to improve MRD diagnostics in acute leukemia 
by evaluating existing methods and developing novel techniques, with the goal 
of contributing to improved clinical management and, ultimately, a better 
prognosis for patients with acute leukemia. The main method used for MRD 
analysis in this thesis was deep sequencing, a highly sensitive next-generation 
sequencing-based technique that quantifies mutations present in leukemic cells 
at diagnosis. Other molecular methods, including reverse transcription 
quantitative polymerase chain reaction (RT-qPCR), were also applied, as well 
as flow cytometry for comparison and complementary MRD assessment. The 
material consisted of blood and bone marrow samples analyzed at diagnosis 
and during and after treatment, from adult and pediatric patients with acute 
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myeloid leukemia (AML), and from pediatric patients with precursor B-cell 
acute lymphoblastic leukemia (pre-B ALL). Paper I shows that RT-qPCR of 
ETV6::RUNX1 fusion transcript can be used as an alternative and valuable 
complementary MRD method to flow cytometry in children with pre-B ALL. 
Paper II shows that there is a strong correlation between RNA- and DNA-based 
methods for MRD analysis of NPM1 mutations in adults with AML, and that 
DNA-based methods can complement, or replace, RT-qPCR. Paper III shows 
that deep sequencing of mutated NPM1 during and after treatment predicts 
relapse and poorer survival in adult AML. Paper IV shows that deep 
sequencing of FLT3-ITD is a highly sensitive method for MRD detection in 
pediatric AML, enabling monitoring of treatment response and early relapse 
detection. In conclusion, this thesis contributes new knowledge about MRD 
analysis in acute leukemia, highlighting the clinical value of deep sequencing. 
The implementation of these findings in clinical practice could support more 
precise risk stratification, guide treatment decisions, and may contribute to 
improved prognosis for patients with acute leukemia.   
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Leukemia, Measurable Residual Disease, Deep Sequencing, ETV6::RUNX1, 
NPM1, FLT3-ITD 
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SAMMANFATTNING PÅ SVENSKA 
Leukemi, blodcancer, är samlingsnamn för cancersjukdomar som drabbar 
blodbildande celler i benmärgen. Sjukdomen delas in i två huvudgrupper: akut 
och kronisk leukemi, som båda delas in i myeloisk och lymfatisk leukemi 
beroende på vilken cellinje som är drabbad. Trots att prognosen för akut 
leukemi har förbättrats under de senaste decennierna, är återfall fortfarande en 
av de största utmaningarna. En orsak till återfall är att små mängder 
leukemiceller har överlevt behandlingen och finns kvar i benmärgen – s.k. 
measurable residual disease (MRD). Dessa kvarvarande leukemiceller kan ge 
upphov till sjukdom på nytt, och risken för återfall har visats vara högre vid 
påvisad MRD. För att förbättra prognosen är det därför viktigt att man lyckas 
identifiera patienter med kvarvarande leukemiceller efter behandling. Analys 
av MRD utförs rutinmässigt vid behandling av akut leukemi, och förekomst av 
MRD har visats vara en av de starkaste prognosfaktorerna. Flera olika metoder 
finns tillgängliga för detektion och kvantifiering av MRD, och valet av metod 
beror på vilken typ av leukemi patienten har. Ingen av metoderna är dock 
optimal, flera behöver utvärderas ytterligare, och hos vissa patienter kan ingen 
av metoderna användas.  

Det övergripande syftet med denna avhandling är att förbättra diagnostiken vid 
akut leukemi genom att utvärdera befintliga metoder samt utveckla nya 
metoder för detektion av kvarvarande leukemiceller. Detta för att i 
förlängningen kunna bidra till bättre behandlingsresultat med ökad 
långtidsöverlevnad.  

I delarbete I visar vi att MRD-analys med den molekylära metoden RT-qPCR 
av fusionstranskriptet ETV6::RUNX1 kan användas som ett alternativ, och 
värdefullt komplement, till standardmetoden flödescytometri hos barn med 
akut lymfatisk leukemi. I delarbete II visar vi att det finns en stark korrelation 
mellan RT-qPCR och DNA-baserade metoder för MRD-analys av NPM1-
mutation, den vanligaste genetiska avvikelsen vid akut myeloisk leukemi 
(AML) hos vuxna, och att DNA-baserade metoder kan användas som ett 
komplement, eller alternativ, till RT-qPCR. I delarbete III visar vi att MRD-
analys av NPM1-mutation med djupsekvensering under och efter 
konsolideringsbehandling är starkt prediktivt för återfall och förkortad 
överlevnad. Metoden kan användas på alla patienter med NPM1-mutation, 
oavsett mutationssubtyp. I delarbete IV visar vi att djupsekvensering är en 
högkänslig metod för MRD-analys av FLT3-ITD-mutation hos barn med 
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AML, och att metoden kan användas både för att utvärdera behandlingssvar 
och för att upptäcka återfall på ett tidigt stadium.  

Sammanfattningsvis bidrar denna avhandling med ny kunskap om MRD-
analyser vid akut leukemi och belyser det kliniska värdet av djupsekvensering. 
Användningen av denna information inom sjukvården kan komma att vägleda 
behandlingsbeslut samt bidra till förbättrad prognos för patienter med akut 
leukemi.  
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1 INTRODUCTION 
Leukemia is a group of malignant hematologic neoplasms classified into acute 
and chronic forms. While chronic leukemia typically progresses more slowly 
and involve more differentiated blood cells, acute leukemia is characterized by 
the uncontrolled proliferation of immature blood cells, blasts, in the bone 
marrow, which disrupts the normal hematopoiesis. Acute leukemia is further 
classified based on the lineage of the affected progenitor cells:  

• Acute myeloid leukemia (AML) originates from myeloid progenitors, 
which give rise to granulocytes, erythrocytes and thrombocytes. 

• Acute lymphoblastic leukemia (ALL) originates from lymphoid 
progenitors, primarily B- and T-lymphocytes.  

Although the prognosis for acute leukemia has improved, relapses still carry a 
high risk of treatment failure and inferior outcomes. In recent years, it has 
become clear that a patient’s response to treatment, particularly the presence 
of measurable residual disease (MRD), is one of the strongest prognostic 
factors for identifying patients at risk of relapse. Today, there are several 
different MRD analysis methods available, although their use in clinical 
practice remains a challenge. This thesis focuses on improving MRD analysis 
methods for patients with acute leukemia, specifically AML in both adults and 
children, and precursor B-cell ALL (pre-B ALL) in children.   
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1.1 HISTORICAL PERSPECTIVE  
The understanding of leukemia has evolved over centuries. Although the 
earliest documented report of cancer can be traced back to c. 1500 BC in the 
Ebers Papyrus (1), the medical literature up to c. 500 AD contains no 
descriptions of blood malignancies. Examination of the blood became possible 
with advances in microscopy by Robert Hooke (1635-1703) and Antonie van 
Leeuwenhoek (1632-1723), the latter of whom first described the red blood 
cells in 1674. The white blood cells were first described by the French 
physician Joseph Lieutaud (1703–1780) in 1749, laying the foundation for a 
more detailed study of the blood. Two decades later, the first description of 
lymphocytes and the lymphatic system was published by William Hewson 
(1739-1774) (2). Early in the 19th century, a few cases of patients with unusual 
blood abnormalities were published, where the blood was described as “milky” 
or “pus-like”. There is no definitive agreement on who first identified 
leukemia, but several individuals contributed to understanding the disease. In 
1811, the British surgeon Peter Cullen (1769-unknown) noted white, milk-like 
serum in a patient with splenomegaly, and in 1827, the French surgeon Alfred 
Velpeau (1795-1867) documented a case with fever and swollen abdomen and 
linked the symptoms to an increased number of white blood cells. In 1842,  the 
French physician Alfred Donné (1801-1878) described a third component of 
the blood, which later turned out to be thrombocytes (3). Around this time, the 
German pathologist Rudolf Virchow (1821-1902) studied patients with 
increased leukocytes and suggested that the cells originated from the spleen 
and the bone marrow. In 1847, he coined the term “leukemia”, meaning white 
blood in Greek, for this newly discovered disease, and has since been called 
the father of leukemia research. In 1852, the Scottish pathologist John Bennett 
(1812-1875) published a detailed report on 35 cases of abnormal blood 
compositions, describing the presence of mysterious white corpuscles and 
suggesting that the patients suffered from leukemia. Both Virchow and Bennett 
are credited with contributing to the identification of leukemia. The distinction 
between acute and chronic leukemia was introduced in 1857 by German 
pathologist Nikolaus Friedreich (1825-1882). A major breakthrough came in 
1872 when Ernst Neumann (1834-1918) identified the bone marrow as the 
place where leukemia starts, which was in contrast to the general perception at 
that time where many believed that bone was an impenetrable mass. In 1877, 
Paul Ehrlich (1854-1915) introduced histochemical staining, which enabled 
detailed study of blood cell differentiation. The myeloblast was identified in 
1900 by the Swiss hematologist Otto Naegeli (1871-1938), who also showed 
that the lymphoblast is the precursor of lymphocytes. By the early 20th 
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century, leukemia was increasingly classified as acute or chronic, and further 
subdivided into lymphoid and myeloid based on the affected progenitor cells 
– a system that laid the foundation for the modern leukemia classification. 

1.2 HEMATOPOIESIS AND 
LEUKEMOGENESIS 

1.2.1 NORMAL HEMATOPOIESIS 
Hematopoiesis is the tightly controlled process in which all blood cells are 
formed from hematopoietic stem cells (HSCs) in the bone marrow. In early 
embryonic development, hematopoiesis starts in the yolk sac and, as 
development progresses, HSCs emerge from the dorsal aorta.  After a few 
weeks, the fetal liver takes over as the main site of hematopoiesis, with the 
spleen also contributing. Around 20 weeks of gestation, the bone marrow 
gradually takes over this role and remains the primary site of hematopoiesis 
throughout life. In children, blood cells are made in the red marrow of almost 
all bones, both long and flat bones. In adults, this process occurs mostly in the 
flat bones such as the pelvis, sternum, and ribs, as well as in the vertebrae and 
the proximal ends of the femur and humerus. With aging, red marrow is 
gradually replaced by yellow (adipose) marrow, leading to decreased 
hematopoietic capacity.   

HSCs make up a larger proportion of bone marrow cells in newborns than in 
adults, with an estimated frequency of 1 in 1,000 marrow cells in newborns, 
compared to 1 in 10,000 in adults. The total number of HSCs in an adult is 
estimated to be between 50,000 and 200,000, but only a small fraction of these 
cells is actively producing blood cells at any given time. HSCs have the unique 
ability to give rise to all types of blood cells. They can also self-renew, meaning 
that when they differentiate, some of their daughter cells remain as HSCs to 
preserve the stem cell pool.  In a healthy adult, around 1010–1011 new blood 
cells are produced every day to maintain hematopoietic homeostasis. 

HSCs follow two main developmental pathways: the myeloid and the 
lymphoid lineages. The myeloid lineage gives rise to erythrocytes, 
thrombocytes, granulocytes (neutrophils, eosinophils, and basophils), 
monocytes, and some types of dendritic cells. The lymphoid lineage gives rise 
to B cells, T cells, natural killer cells, and some dendritic cells, such as 
plasmacytoid dendritic cells. The entire hematopoietic process is controlled by 
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a complex system of growth factors, cytokines, and transcription factors. 
Disruptions in this process can lead to hematologic disorders, including 
leukemia. 

1.2.2 LEUKEMOGENESIS  
Leukemogenesis is a multistep process initiated by genetic and epigenetic 
alterations in HSCs, leading to the formation of preleukemic stem cells. These 
cells typically maintain self-renewal capacity but lack full malignant potential. 
Additional events, such as mutations affecting cell proliferation, 
differentiation, or survival, are necessary for transformation into fully 
malignant leukemic stem cells. These cells then drive the  progression to overt 
leukemia (4).  

Genetic alterations are the main cause of acute leukemia and can be divided 
into chromosomal abnormalities and gene mutations. Chromosomal 
abnormalities are categorized as either numerical or structural. Numerical 
abnormalities involve gains or losses of whole chromosomes, known as 
aneuploidy, including hyperdiploidy (increased chromosome number) and 
hypodiploidy (decreased chromosome number). Structural abnormalities 
involve alterations in chromosome structure, including translocations, 
deletions, inversions, and duplications. Gene mutations refer to smaller 
changes in DNA, such as point mutations, deletions, or insertions, and can be 
either acquired (somatic) or inherited (germline). Somatic mutations are 
further divided into driver mutations, which give the malignant cells a selective 
growth advantage and contribute to leukemia development, and passenger 
mutations, which are genetic alterations found in malignant cells but that do 
not contribute to disease progression and may have originated in a precursor 
cell during earlier divisions. 

A two-hit theory has been proposed to explain the development of AML, 
suggesting that two classes of mutations, Class I and Class II, must cooperate 
to induce leukemia: 

• Class I mutations give hematopoietic cells a proliferative advantage 
by affecting cell signaling pathways, leading to increased proliferation 
and/or reduced apoptosis. These mutations include driver mutations 
and are typically point mutations, deletions, or insertions, for example 
in genes such as FLT3, NRAS, KRAS, or c-KIT.  

• Class II mutations have limited effect on proliferation but instead 
disrupt transcription factors and other proteins needed for normal 
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blood cell development. They typically involve chromosomal 
translocations or other structural alterations, such as 
t(8;21)(q22;q22)/RUNX1::RUNX1T1, 
inv(16)(p13q22)/t(16;16)(p13;q22)/CBFB::MYH11, and KMT2A 
(11q23) rearrangements.  

Together, Class I and Class II mutations create the conditions for AML by 
driving proliferation and impairing differentiation (5). 

A distinct two-hit hypothesis has also been proposed for childhood pre-B ALL, 
based on a different biological mechanism. It suggests that leukemogenesis 
starts with a genetic mutation, followed by a postnatal trigger such as an 
infection later in life. The first mutation occurs in utero and leads to the 
formation of a preleukemic clone, seen in about 5% of newborns. However, 
only 1% of these children later develop the disease. Early-life infections may 
help train the immune system to eliminate such clones, but in rare cases, later 
infections may trigger additional mutations and lead to disease onset (6). 
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1.3 ETIOLOGY 
For the majority of AML patients, the disease arises without an identifiable 
cause, referred to as de novo AML. In around one-fourth of cases, AML 
develops secondary to a pre-existing hematologic disorder, such as 
myelodysplastic syndrome (MDS) or a myeloproliferative neoplasm, or 
following prior chemo- or radiotherapy for another malignancy. These cases 
are referred to as secondary AML and generally carry a worse prognosis (7, 
8). Known external risk factors for AML include high-dose exposure to 
ionizing radiation and certain chemicals, such as long-term exposure to 
benzene.  

In children, approximately 95% of all acute leukemia cases have no known 
cause, but an increasing number of hereditary forms have been described in 
recent years, particularly among younger patients. Several congenital 
conditions predispose individuals to develop leukemia, for example Fanconi 
anemia, Li-Fraumeni syndrome, GATA2-related disorders, and telomerase-
related diseases (8). Children with Down syndrome have a 10- to 20-fold 
increased risk of developing acute leukemia, primarily AML (9).  

1.4 EPIDEMIOLOGY 
AML is the most common type of acute leukemia, affecting approximately 350 
adults in Sweden every year, corresponding to 3–4 cases per 100,000 (10). The 
disease is rare in children, with around 15-20 reported cases annually. The 
incidence of AML increases with age, peaking at 84 years (11), and the median 
age at diagnosis in adults is 72 years (12). In children, the median age at 
diagnosis is approximately 6 years (13). The gender distribution is balanced up 
to the age of 70, after which a male predominance is seen (14).  

ALL is the most common cancer in children, accounting for around 25% of all 
pediatric malignancies in high-income countries, whereas the disease is rare in 
adults. The global incidence varies, with higher rates reported in Western 
countries and parts of East Asia (15). In Sweden, ALL affects around 100 
children and 50 adults every year. The median age at diagnosis is 
approximately 5 years in children and 50 years in adults (16-18). 
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1.5 CLINICAL MANIFESTATIONS 
Symptoms of acute leukemia arise due to the proliferation of leukemic blasts 
in the bone marrow (Figure 1), which suppresses normal hematopoiesis and 
leads to anemia, thrombocytopenia, and abnormal leukocyte counts. Patients 
with acute leukemia may present with leukocytosis and a high proportion of 
blasts in peripheral blood, while others have a normal or low white blood cell 
count, often with an abnormal differential count. Symptoms can be either 
subtle and develop over weeks to months, or present with an acute onset. The 
most common symptoms are nonspecific, such as fatigue and malaise, often 
with persistent fever. Symptoms related to anemia include pallor, palpitations, 
and shortness of breath, while symptoms related to thrombocytopenia include 
petechiae, easy bruising, and bleeding. Leukopenia increases susceptibility to 
infections. Bone pain is a relatively common symptom, particularly in younger 
patients, caused by the expanding bone marrow. Additionally, leukemic cells 
can infiltrate various organs, leading to hepatomegaly, splenomegaly, skin 
involvement, and gingival swelling. Organomegaly and lymphadenopathy 
occur in up to half of AML patients and are even more common in ALL (19).  

 

Figure 1. Light microscopy image of a bone marrow smear showing increased number of 
leukemic blasts in a patient with acute myeloid leukemia. Image by Animalculist, Wikimedia 
Commons, licensed under CC BY-SA 4.0.  
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1.6 PROGNOSIS 
AML is a heterogeneous disease with different subtypes, each associated with 
different prognostic outcomes. In general, the prognosis of AML is strongly 
age dependent, with survival rates decreasing with increasing age. Younger 
adults (under 50 years of age) have a significantly better prognosis than older 
patients, with 5-year overall survival (OS) rates often exceeding 50%. Among 
patients aged 50 to 70 years, the 5-year OS is approximately 30–40%. A major 
challenge in AML is the high relapse rate, where nearly half of younger 
patients and the majority of older patients experience relapse within 1–3 years 
from diagnosis (20). The prognosis following relapse is generally poor but 
varies depending on factors such as the timing of relapse and the patient’s 
eligibility for allogeneic stem cell transplantation (alloSCT) (21). The 
prognosis for children with AML has improved significantly, with cure rates 
now close to 80% (22). However, about one-third of pediatric patients 
experience relapse, which significantly worsens the prognosis, with only 30–
40% achieving cure after relapse (23). 

The prognosis for childhood ALL has improved dramatically over the past 
decades, with a 5-year OS increasing from approximately 10% in the 1960s to 
around 90% today (18). The relapse rate is lower than in AML, approximately 
15–20%, with a subsequent OS of 40-70% (24). In adults, the OS is comparable 
to that of AML and declines with increasing age.  
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1.7 DIAGNOSIS AND CLASSIFICATION 
The most important examination for establishing a diagnosis of acute leukemia 
is a bone marrow aspiration, typically obtained from the posterior superior iliac 
crest. While the distribution of cell populations is generally consistent across 
sampling sites, minor variations may occur  with age (25). If the aspiration 
yields insufficient material, commonly due to fibrosis or a highly packed bone 
marrow, a bone marrow trephine biopsy is performed. A lumbar puncture is 
used to assess central nervous system involvement, but it is not routinely 
performed in adults with AML unless there is suspicion of neurological 
involvement.  

The bone marrow sample is used for multiple diagnostic assessments. 
Morphological examination is performed to evaluate cell morphology and blast 
percentage. Immunophenotyping using multiparameter flow cytometry (MFC) 
is used to determine cell lineage of origin and to characterize the leukemic cells 
for upcoming MRD analysis. Genetic analyses serve several purposes, 
primarily for accurate disease classification. Certain genetic aberrations 
influence relapse risk and thus guide treatment intensity, while others enable 
treatment with targeted agents. Also, some genetic markers allow for 
monitoring of MRD during and after treatment. Cytogenetic analyses, 
including karyotyping and fluorescence in situ hybridization (FISH), are used 
to detect specific chromosomal rearrangements. In addition, molecular 
techniques such as reverse transcription quantitative polymerase reaction (RT-
qPCR) can identify fusion transcripts resulting from these rearrangements. In 
AML, FISH and karyotyping are used to detect t(8;21), inv(16), 
t(15;17)(q24;q21)/PML::RARA and KMT2A rearrangements, while PCR-based 
methods are used to detect mutations in genes such as NPM1, FLT3 and 
CEBPA. In pediatric ALL, FISH and RT-qPCR are primarily used to detect 
important fusion genes, including, among others, 
t(9;22)(q34;q11)/BCR::ABL1, t(12;21)(p13;q22)/ETV6::RUNX1, and KMT2A 
rearrangements. To complement these analyses, next-generation sequencing 
(NGS) is performed in both AML and ALL, using multigene panels covering 
the most frequently mutated genes. Whole genome sequencing (WGS) and 
whole transcriptome sequencing (WTS) are now part of standard diagnostic 
care for pediatric patients in Sweden, although this is not yet the case in many 
other countries.  

The diagnosis of acute leukemia is established based on the World Health 
Organization (WHO) classification (8), which has replaced the morphology-
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based French-American-British (FAB) classification (26). In the WHO system, 
the former FAB subtypes are now largely represented under the category 
“acute leukemias defined by differentiation”. Since 2022, the International 
Consensus Classification (ICC) is also used for classification in parallel with 
the most recent edition of the WHO classification (the fifth edition, 2022) (7).  

According to the WHO classification, the general diagnostic criterion for AML 
is the presence of ≥20% blasts among nucleated cells in the bone marrow or 
peripheral blood. In AML with defining genetic abnormalities, a diagnosis can 
be established regardless of the blast count for most subtypes. In contrast to 
the WHO classification, the ICC sets a myeloid blast threshold of 10% for 
AML with recurrent gene mutations. However, in both the WHO and ICC 
classifications, the 20% blast requirement still applies for AML with 
BCR::ABL1 and CEBPA mutations. Cases with 10-19% blasts are classified by 
the ICC as MDS/AML-overlap.  

The fifth edition of the WHO classification (pediatric volume) introduces for 
the first time a separate classification of childhood AML (27). As the pediatric 
volume covers tumors across various organ systems, the information of AML 
is somewhat limited, making the hematolymphoid classification a valuable 
complement. The classification of ALL is largely similar between the WHO 
and ICC systems. The WHO 2022 classifications of B-cell lineage ALL (B-
ALL) and AML are presented in Tables 1 and 2.  

Table 1. Diagnostic classification of B-cell lineage acute lymphoblastic leukemia (B-ALL) 
according to the World Health Organization 2022.  

B-ALL with defining genetic abnormalities 
B-ALL with high hyperdiploidy 
B-ALL with hypodiploidy 
B-ALL with iAMP21  
B-ALL with BCR::ABL1 fusion  
B-ALL with BCR::ABL1-like features 
B-ALL with KMT2A rearrangement 
B-ALL with ETV6::RUNX1 fusion  
B-ALL with ETV6::RUNX1-like features  
B-ALL with TCF3::PBX1 fusion  
B-ALL with IGH::IL3 fusion 
B-ALL with TCF3::HLF fusion 
B-ALL with other defined genetic alterationsa 

B-ALL, not otherwise specified 
a B-ALL with DUX4 rearrangement, B-ALL with MEF2D rearrangement, B-ALL with ZNF384 
rearrangement, B-ALL with PAX5 alteration, B-ALL with PAX5 p.P80R, B-ALL with NUTM1 
rearrangement, B-ALL with MYC rearrangement 
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Table 2. Diagnostic classification of acute myeloid leukemia (AML) according to the World 
Health Organization 2022. 

AML with defining genetic abnormalities 
   Acute promyelocytic leukemia with PML::RARA fusion1 
   AML with RUNX1::RUNX1T1 fusion1 
   AML with CBFB::MYH11 fusion1 
   AML with DEK::NUP214 fusion1 
   AML with RBM15::MRTFA fusion1 
   AML with BCR::ABL1 fusion2 
   AML with KMT2A rearrangement1 

   AML with MECOM rearrangement1 
   AML with NUP98 rearrangement1 
   AML with NPM1 mutation1 

   AML with CEBPA mutation2 
   AML, myelodysplasia-related2,a,b 
   AML with other defined genetic alterations1,c  
AML defined by differentiation 
   AML with minimal differentiation2 
   AML without maturation2 
   AML with maturation2 
   Acute basophilic leukemia2 
   Acute myelomonocytic leukemia2 
   Acute monocytic leukemia2 
   Acute erythroid leukemia 
   Acute megakaryoblastic leukemia2 
Myeloid sarcoma 
Myeloid neoplasms and proliferations associated with 
antecedent or predisposing conditions 
   Myeloid neoplasm post cytotoxic therapy 
   Myeloid neoplasms associated with germline predispositiond 
   Myeloid proliferations associated with Down syndrome 

 

1 AML regardless of blast count 
2 AML with ≥ 20% blasts 
a Defining cytogenetic abnormalities: Complex karyotype (≥3 abnormalities), 5q deletion or loss of 5q due 
to unbalanced translocation, Monosomy 7, 7q deletion, or loss of 7q due to unbalanced translocation, 11q 
deletion, 12p deletion or loss of 12p due to unbalanced translocation, Monosomy 13 or 13q deletion, 17p 
deletion or loss of 17p due to unbalanced translocation, Isochromosome 17q, idic(X)(q13) 
b Defining somatic mutations: ASXL1, BCOR, EZH2, SF3B1, SRSF2, STAG2, U2AF1, ZRSR2 
c AML with CBFA2T3::GLIS2 fusion, AML with KAT6A::CREBBP fusion, AML with FUS::ERG fusion, 
AML with MNX1::ETV6 fusion, AML with NPM1::MLF1 fusion 
d Myeloid neoplasms with germline predisposition without a pre-existing platelet disorder or organ 
dysfunction: Germline CEBPA P/LP variant (CEBPA-associated familial AML), Germline DDX41 P/LP 
variant, Germline TP53 P/LP variant (Li-Fraumeni syndrome); Myeloid neoplasms with germline 
predisposition and pre-existing platelet disorder: Germline RUNX1P/LP variant (familial platelet disorder 
with associated myeloid malignancy, FPD-MM), Germline ANKRD26 P/LP variant, Germline ETV6 P/LP 
variant; Myeloid neoplasms with germline predisposition and potential organ dysfunction: 
Germline GATA2 P/LP variant (GATA2-deficiency), Bone marrow failure syndromes (Severe congenital 
neutropenia, Shwachman-Diamond syndrome, Fanconi anaemia), Telomere biology disorders, 
RASopathies (Neurofibromatosis type 1, CBL syndrome, Noonan syndrome or Noonan syndrome-like 
disorders), Down syndrome, Germline SAMD9 P/LP variant (MIRAGE Syndrome), 
Germline SAMD9L P/LP variant (SAMD9L-related Ataxia Pancytopenia Syndrome), Bi-allelic 
germline BLM P/LP variant (Bloom syndrome). P = pathogenic, LP = likely pathogenic 
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1.8 COMMON GENETIC ABERRATIONS 
Advances in genomic technologies, especially with the development of NGS, 
have significantly improved our understanding of the genomic landscape in 
AML. AML was the first cancer to be analyzed using WGS in 2008 (28). In 
2013, The Cancer Genome Atlas (TCGA) Research Network published a 
landmark study analyzing 200 cases of de novo AML using WGS or whole 
exome sequencing (WES), along with RNA sequencing and DNA methylation 
profiling. The study found that AML has relatively few mutations compared to 
other adult cancers, with an average of 13 mutated genes per case, including 
five recurrently mutated genes. A wide range of significantly mutated genes 
were identified, and nearly all cases (99.5%) harbored at least one mutation in 
key pathogenic categories, grouped into nine functional classes (Table 3) (29). 
By analyzing variant allele frequency (VAF), the researchers were also able to 
map the clonal structure of AML. More than half of the patients harbored at 
least one subclone in addition to a dominant leukemic clone. The findings 
suggest that mutations in epigenetic regulators, such as DNMT3A, TET2, and 
ASXL1, often act as early initiating events in preleukemic precursor cells, 
preceding leukemia-driving mutations in genes such as NPM1 or signaling 
genes. 

Table 3. Categorization of genes involved in AML development, adapted from Ley et al. 2013. 
A single sample may contain multiple mutations and can thus be classified into more than one 
category, resulting in a total percentage exceeding 100%.  

 
Gene category 

 
Included genes 

% of 
cases 

 
Function in AML pathogenesis 

Transcription factor 
fusions 

t(8;21), inv(16)/t(16;16), t(15;17)  18 Interference with transcriptional 
regulation, leading to impaired 
differentiation. 

Nucleophosmin 1  NPM1 27 Abnormal accumulation of NPM1 
in the cytoplasm. 

Tumor suppressors TP53, WT1, PHF6 16 Loss of tumor suppressor function, 
affecting genome stability and 
transcription.  

DNA methylation DNMT3A, TET1, TET2, IDH1, 
IDH2 

44 Aberrant DNA methylation and 
accumulation of oncometabolites. 

Activated signaling FLT3, KIT, KRAS, NRAS, PTPN11 59 Constitutive activation of 
proliferative signaling pathways.  

Myeloid 
transcription factors 

RUNX1, CEBPA 22 Impaired hematopoietic 
differentiation due to 
transcriptional dysregulation. 

Chromatin 
modifiers 

KMT2A fusions, NUP98::NSD1, 
ASXL1, EZH2, KDM6A 

30 Disruption of histone modification 
and chromatin structure. 

Cohesin complex STAG1, STAG2, RAD21 13 Impaired chromosomal segregation 
and dysregulated transcription. 

Spliceosome SRSF2, SF3B1, U2AF1 14 Abnormal RNA splicing and 
transcript processing. 
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In 2016, Papaemmanuil et al. published a landmark study in which they 
analyzed 1,540 AML patients from multiple cohorts, including the TCGA 
project and clinical trials, using WGS, WES, and targeted sequencing. They 
introduced a genomics-based classification of AML, identifying 14 molecular 
subtypes based on recurrent driver mutations and cytogenetic abnormalities. 
Their findings showed that AML is even more genetically heterogeneous than 
previously thought. They also identified key driver mutations, with 96% of 
patients harboring at least one and 86% harboring at least two. The results from 
this study contributed to updates in the WHO and, in particular, the European 
LeukemiaNet (ELN) classification systems (30). 

The molecular aberrations seen in pediatric AML differ from those in adults. 
Unlike adult AML, pediatric AML is characterized by a high frequency of 
structural variations, such as chromosomal translocations and gene fusions. 
Fusion oncogenes are detected in nearly two thirds of pediatric AML patients. 
The most common are KMT2A rearrangements (15–20%), followed by t(8;21) 
(10–15%) and inv(16) (5–10%). Additionally, cryptic rearrangements such as 
t(5;11)(q35;p15.5)/NUP98::NSD1 and inv(16)(p13q24)/CBFA2T3::GLIS2 are 
relatively frequent in young children, though being less common with 
increasing age (25). These translocations are not detectable using standard 
cytogenetic methods.  

A large WGS study of nearly 1,000 pediatric AML patients has provided 
further insights into the unique molecular landscape of pediatric AML (31). 
Mutations that are rare in adult AML, such as GATA2 and CEBPA, were more 
common in children. Conversely, mutations typically seen in adults, such as 
DNMT3A, were rarely seen in children. Older children developed mutations 
more commonly found in adult AML, such as NPM1 and FLT3-ITD. 
Additionally, mutations affecting signaling pathway mutations, including 
NRAS, KRAS, and PTPN11, were significantly more prevalent in pediatric 
patients. 

In childhood ALL, genetic abnormalities are identified in the vast majority of 
cases, many of which have prognostic significance. Aneuploidy, particularly 
hyperdiploidy, is seen in nearly one-third of patients and is generally 
associated with a favorable prognosis. In contrast, hypodiploidy is rare and 
associated with a worse prognosis (32). 

Recurrent chromosomal rearrangements are also common and define distinct 
biological subtypes. The ETV6::RUNX1 fusion transcript is the most frequent, 
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which is discussed below. Other recurrent fusions include 
t(9;22)(q34;q11.2)/BCR::ABL1 (3–5%), which is associated with poor 
outcomes unless treated with tyrosine kinase inhibitors, and 
t(1;19)(q23;p13.3)/TCF3::PBX1 (5%), which is linked to an intermediate 
prognosis (33). KMT2A rearrangements, found especially in infants, are 
associated with an unfavorable prognosis. In addition to these structural 
changes, somatic mutations in genes involved in lymphoid development and 
differentiation, such as PAX5, IKZF1, EBF1, ETV6, and LMO2, are frequently 
observed in pediatric ALL. These mutations often cooperate with 
chromosomal alterations to promote leukemogenesis (34). Advances in 
genomic profiling have also uncovered novel, often cryptic, gene fusions 
involving genes such as DUX4, MEF2D, ZNF384, and NUTM1. Some cases 
of ALL show gene expression patterns similar to known subtypes, such as 
BCR::ABL1-like and ETV6::RUNX1-like, even though they do not carry the 
typical fusion genes. These so-called phenocopies are genetically 
heterogenous, and identifying them often requires gene expression profiling 
(35). 

1.8.1 NPM1 
Nucleophosmin 1 (NPM1) is the most frequently mutated gene in AML, found 
in about 30% of all AML cases and up to 60% of patients with a normal 
karyotype (36, 37). Due to its unique characteristics, NPM1-mutated AML is 
classified as a distinct entity in both the WHO and ICC classifications (7, 8). 
NPM1 was originally identified in the 1970s as a nucleolar phosphoprotein in 
rat liver and hepatoma cells. The NPM1 mutation associated with AML was 
first described by Falini et al. in 2005 and has since been extensively studied 
(38). The mutation is slightly more common in women than in men, a pattern 
also observed in pediatric patients (39-41). NPM1-mutated AML typically 
presents with high blast counts, elevated leukocyte and thrombocyte levels 
compared to other subgroups, and a higher frequency of extramedullary 
manifestations (41). Patients with NPM1 mutations are usually slightly 
younger than the average AML patient, with a median age of 65 years at 
diagnosis. Although the frequency declines with age, around 20% of AML 
patients over 70 years still harbor the mutation (42).   

NPM1 is a multifunctional phosphoprotein mainly localized in the nucleolus 
of the cell, where it plays a central role in numerous cellular processes. Its 
major functions include: 
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• Ribosome biogenesis and transport – essential for ribosomal RNA 
processing, subunit assembly, and nuclear export.  

• Genomic stability maintenance – helps protect DNA by participating 
in damage response pathways.   

• Regulation of the p53-dependent stress response – contributes to 
cell cycle control and apoptosis through stabilizing and modulating 
p53 activity. 

• Modulation of growth-suppressive pathways – interacts with Arf to 
regulate cell proliferation and tumor suppression.  

• Histone chaperone activity – helps organize chromatin structure by 
binding to histones and assisting in nucleosome formation. 

• Chromatin remodeling – influences transcriptional regulation by 
altering chromatin structure and accessibility. 

• DNA repair – contributes to DNA damage response and repair 
mechanisms, supporting genome integrity. 

• Apoptosis regulation – plays a role in both pro- and anti-apoptotic 
signaling (43-45). 

Despite extensive knowledge of its cellular functions, the exact role of NPM1 
in leukemogenesis remains incompletely understood. 

Wild-type NPM1 is a 37-kDa protein composed of three main structural 
regions that enable its broad functionality: 

1. N-terminal domain: hydrophobic region that enables NPM1 to form 
pentamers and interact with other proteins. It contains two nuclear 
export signals (NES) which facilitate shuttling of NPM1 between the 
nucleus and the cytoplasm.  

2. Central domain: includes two acidic subregions which contribute to 
histone binding and chaperone activity. It also contains two nuclear 
localization signals (NLS) that direct NPM1 from the cytoplasm to the 
nucleus, as well as RNA- and DNA-binding regions essential for 
ribosome biogenesis. 

3. C-terminal domain: interacts with nucleic acids and contains two 
tryptophan residues (W288 and W290), essential for ribosomal DNA 
binding and nucleolar localization. It also contains two nucleolar 
localization signals (NoLS) which guide NPM1 to the nucleolus, 
where it primarily resides in the wild-type form (37) (Figure 2).  
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Figure 2. Schematic overview of the NPM1 protein and its functional domains. Created with 
BioRender.com. 
 
The NPM1 gene is located on chromosome 5q35.1, and more than 99% of 
NPM1 mutations occur in the last exon – exon 11 (previously referred to as 
exon 12) (43). These mutations are always heterozygous and result from 
insertions that cause a frameshift at the C-terminal domain of the protein. This 
leads to the loss of tryptophan residues (W288 and/or W290) and the 
acquisition of new NESs, which disrupt normal protein localization. As a 
result, the NoLSs are functionally lost, shifting NPM1 from the nucleus to the 
cytoplasm (46). This aberrant localization impairs NPM1’s normal cellular 
functions and is believed to contribute to leukemia development. A key 
mechanism in the leukemogenic process involves the interaction between 
mutant NPM1 and exportin 1 (XPO1), a nuclear export protein that facilitates 
its translocation to the cytoplasm (Figure 3). Additionally, mutant NPM1 is 
associated with increased expression of homeobox (HOX) genes and their 
cofactors MEIS and PBX3, which enhance the self-renewal capacity of 
leukemic cells (47).  
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Figure 3. Subcellular localization of NPM1 in wild-type (left) and mutated (right) states. 
Created with BioRender.com. 
 
NPM1 mutations consist of insertions of varying lengths, most commonly of 4 
base pairs (bp). To date, around 90 different mutation types have been 
described, where type A (c.860_863dupTCTG,  p.(Trp288CysfsTer12)) is the 
most common, accounting for 70-85% of cases, followed by types B 
(c.863_864insCATG, p.(Trp288Cysfs*12)) and D (c.863_864insCCTG, 
p.(Trp288Cysfs*12)), which each constitutes 2-7% (48). Other mutation types 
are very rare in individual patients (47-49).  

NPM1 mutation status is routinely assessed at diagnosis of AML and plays 
both an important diagnostic and prognostic tool. The prognosis for NPM1-
mutated AML largely depends on the presence of co-mutations, as NPM1 
almost always co-occurs with other mutations. The most common co-
mutations include DNMT3A (50%), FLT3-ITD (40%), Cohesin complex 
genes (20%), NRAS (20%), TET2 (15%), IDH1/IDH2 (15%), and 
PTPN11 (15%) (50). Patients with a normal karyotype and no FLT3-ITD 
mutation generally have a favorable prognosis, with improved survival and 
lower relapse risk. In these cases, NPM1-mutated leukemic cells are 
particularly susceptible to chemotherapy  (51, 52). Although all NPM1 
mutation types are classified as favorable risk, data on subtype-specific 
prognostic relevance are limited. An earlier study did not find a significant 
difference (53), but a recent study reported that the type D mutation is 
associated with a poorer prognosis in children and young adults (54).  
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According to the 2022 ELN guidelines, NPM1-mutated AML is classified as 
favorable risk, except when accompanied by FLT3-ITD or intermediate-/high-
risk cytogenetics. A concurrent FLT3-ITD mutation is a negative prognostic 
factor, classifying patients as intermediate risk. Unlike in the 2017 ELN 
guidelines, where NPM1 with a low FLT3-ITD allelic ratio (<0.5) was 
considered favorable risk, the current guidelines classify all NPM1/FLT3-ITD 
cases as intermediate risk, regardless of allelic ratio (50). 

The combination of NPM1, FLT3-ITD and DNMT3A mutations, found in 
approximately 6% of AML cases, is associated with poor outcomes. This three-
way interaction is linked to a high leukemic stem cell burden and 
chemotherapy resistance (55, 56). Although DNMT3A mutations are present in 
nearly half of NPM1-mutated AML cases, their prognostic impact remains 
controversial (57), and they do not currently affect risk stratification.  

1.8.2 FLT3 
Mutations in the gene encoding the Fms-like tyrosine kinase 3 (FLT3), located 
on chromosome 13q12.2, are found in approximately 30% of adult and 10-
15% of pediatric AML patients. FLT3 encodes a receptor tyrosine kinase 
expressed on the surface of early hematopoietic stem and progenitor cells, 
where it plays a central role in regulating proliferation, survival, and 
differentiation. Upon ligand binding, the receptor dimerizes and activates 
downstream signaling pathways, primarily Ras/MAPK, and to a lesser extent 
STAT5 and P13K/AKT/mTOR, which together promote controlled 
hematopoiesis (Figure 4). FLT3 mutations are classified into two main types: 
internal tandem duplications (FLT3-ITD), which are the most frequent (20-
25%), and point mutations in the tyrosine kinase domain (FLT3-TKD), 
accounting for 5-10% of AML cases (58). Both mutations lead to constitutive, 
ligand-independent receptor activation, but differ in signaling intensity and 
clinical impact. FLT3-ITD causes strong and sustained downstream activation 
and is associated with an adverse prognosis. In contrast, FLT3-TKD mutations, 
typically affecting the activation loop, induce more limited and transient 
signaling and are generally not associated with the same poor outcomes (59). 
FLT3-ITD mutations usually arise from in-frame duplications of 3-400 bp in 
exons 14 and 15, resulting in an elongation of the juxtamembrane domain and 
disruption of the receptor’s normal auto-inhibitory control, thereby 
contributing to leukemia development (60). FLT3-ITD-mutated cells are often 
subclonal, meaning they exist in a subset of leukemic cells with varying VAFs 
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within the same patient. Over time, different subclones may gain a growth 
advantage and, through clonal expansion, become the dominant clone at 
relapse. FLT3-ITD mutations are present at relapse in around 75-85% of 
patients who had the mutation at diagnosis (61). FLT3-ITD is routinely 
analyzed at diagnosis of AML using PCR with fragment analysis. Its 
prognostic impact depends on co-occurring mutations; in the absence of an 
NPM1 mutation, it is associated with poor outcomes in both adults and children 
(62, 63). This was further demonstrated in a recent study in pediatric AML, 
where FLT3-ITD-positive patients with favorable co-mutations, such as 
NPM1, CEBPA, t(8;21), or inv(16), had significantly better outcomes, whereas 
poor-risk mutations were WT1, UBTF and NUP98::NSD1 (64). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. FLT3 signaling in wild-type and FLT3-ITD mutated states. In normal hematopoiesis 
(left), ligand binding leads to transient activation of downstream pathways, including Ras 
(illustrated), PI3K, and STAT5. In FLT3-ITD mutated cells (right), the receptor is 
constitutively active, leading to sustained activation of downstream pathways and thereby 
leukemogenesis. Created with BioRender.com.  
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1.8.3 ETV6::RUNX1 
The translocation t(12;21)(p13;q22), resulting in the fusion gene 
ETV6::RUNX1, is the most common genetic abnormality in childhood B-ALL, 
seen in approximately 25% of patients, especially between 2 and 10 years of 
age. The fusion transcript is extremely rare in adults, with only isolated cases 
reported (65, 66). According to the WHO classification, ETV6::RUNX1 is 
recognized as a distinct entity and confers standard risk. The translocation is 
often cryptic at the cytogenetic level but can be detected with FISH or RT-
qPCR.  

Both ETV6 and RUNX1 encode transcription factors, and the resulting chimeric 
protein disrupts normal hematopoiesis by promoting self-renewal and 
impairing differentiation through oncogenic pathways such as STAT3/MYC 
and PI3K/AKT/mTOR. The translocation is an early, prenatal event, and 
additional postnatal genetic changes are required for leukemia development 
(67). An earlier study performed WGS and WES on diagnostic samples from 
57 pediatric ALL patients with the ETV6::RUNX1 fusion and revealed an 
average of 11 structural variants and 14 coding point mutations per case. The 
main mutational mechanism was RAG-mediated genomic rearrangements, 
which targeted and inactivated genes essential for normal B-cell development. 
These rearrangements remained active throughout leukemic evolution, often 
producing recurrent, clustered deletions (68).  

Additional recurrent genetic abnormalities in ETV6::RUNX1-positive ALL  
include ETV6 deletions, CDKN2A/B deletions, PAX5 deletions, and copy 
number changes such as 6q and 11q deletions, as well as gains of chromosome 
21 (69). The fusion has been detected in neonatal blood samples (Guthrie 
cards) and in both monozygotic twins when one twin develops ETV6::RUNX1-
positive ALL, supporting its prenatal origin. However, only around 5% of such 
twin pairs both develop leukemia, and there can be a latency of up to 14 years 
before disease onset, supporting a two-hit hypothesis of leukemogenesis (67).   

ETV6::RUNX1-positive ALL is associated with a favorable prognosis, with an 
OS of 90-95%. However, this subtype has an increased risk of late relapses (>5 
years post-diagnosis), likely due to the persistence of quiescent pre-leukemic 
clones (67).  
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1.9 RISK STRATIFICATION AND 
PROGNOSTIC FACTORS 

1.9.1 ADULT AML 
Risk stratification aims to identify patients with an increased risk of relapse. In 
adult AML, risk groups are defined according to the ELN risk stratification, 
which is based on cytogenetic and molecular genetic findings at diagnosis, and 
categorizes patients into three groups: favorable, intermediate, and adverse risk 
(52) (Table 4). For patients in the intermediate- and adverse-risk group, 
allogeneic stem cell transplantation (alloSCT) is recommended to reduce the 
risk of relapse, given that the patient’s condition allows it. In addition to 
genetic characterization, the 2022 ELN recommendations emphasize the 
importance of initial treatment response and early MRD status. This means that 
a patient with favorable-risk genetics may be reclassified to the intermediate-
risk group based on poor treatment response, and vice versa. According to the 
Swedish National Care Program for AML, patients with >15% blasts after the 
first cycle of chemotherapy or those requiring more than two cycles to achieve 
complete remission (CR) are considered high-risk, regardless of genetic 
findings (12). The role of MRD in risk stratification will be discussed in more 
detail further ahead in this thesis. 

In addition to genetic findings at diagnosis and response to treatment, other 
factors also influence prognosis. These include high age (typically over 75 
years), comorbidities, poor performance status, antecedent hematologic 
disorders, extramedullary involvement, and baseline leukocyte count.  
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Table 4. European LeukemiaNet (ELN) 2022 risk classification based on genetic findings at 
AML diagnosis. 

Risk category Genetic abnormality 
Favorable   • t(8;21)(q22;q22.1)/RUNX1::RUNX1T1†,‡  

 • inv(16)(p13.1q22) or t(16;16)(p13.1;q22)/CBFB::MYH11†,‡  
 • Mutated NPM1†,§ without FLT3-ITD  
 • bZIP in-frame mutated CEBPA∥  

Intermediate   • Mutated NPM1†,§ with FLT3-ITD  
 • Wild-type NPM1 with FLT3-ITD (without adverse-risk genetic lesions)  
 • t(9;11)(p21.3;q23.3)/MLLT3::KMT2A†,¶  
 • Cytogenetic and/or molecular abnormalities not classified as favorable or 
adverse  

Adverse   • t(6;9)(p23.3;q34.1)/DEK::NUP214  
 • t(v;11q23.3)/KMT2A-rearranged#  
 • t(9;22)(q34.1;q11.2)/BCR::ABL1  
 • t(8;16)(p11.2;p13.3)/KAT6A::CREBBP  
 • inv(3)(q21.3q26.2) or t(3;3)(q21.3;q26.2)/GATA2, MECOM(EVI1)  
 • t(3q26.2;v)/MECOM(EVI1)-rearranged  
 • −5 or del(5q); −7; −17/abn(17p)  
 • Complex karyotype,** monosomal karyotype††  
 • Mutated ASXL1, BCOR, EZH2, RUNX1, SF3B1, SRSF2, STAG2, U2AF1, 
and/or ZRSR2‡‡  
 • Mutated TP53a  

 

†Mainly based on results observed in intensively treated patients. Initial risk assignment may change during 
the treatment course based on the results from analyses of measurable residual disease. 
‡Concurrent KIT and/or FLT3 gene mutation does not alter risk categorization. 
§AML with NPM1 mutation and adverse-risk cytogenetic abnormalities are categorized as adverse-risk. 
∥Only in-frame mutations affecting the basic leucine zipper (bZIP) region of CEBPA, irrespective whether 
they occur as monoallelic or biallelic mutations, have been associated with favorable outcome. 
¶The presence of t(9;11)(p21.3;q23.3) takes precedence over rare, concurrent adverse-risk gene mutations. 
#Excluding KMT2A partial tandem duplication (PTD). 
**Complex karyotype: ≥3 unrelated chromosome abnormalities in the absence of other class-defining 
recurring genetic abnormalities; excludes hyperdiploid karyotypes with three or more trisomies (or 
polysomies) without structural abnormalities. 
††Monosomal karyotype: presence of two or more distinct monosomies (excluding loss of X or Y), or one 
single autosomal monosomy in combination with at least one structural chromosome abnormality (excluding 
core-binding factor AML). 
‡‡For the time being, these markers should not be used as an adverse prognostic marker if they co-occur 
with favorable-risk AML subtypes. 
aTP53 mutation at a variant allele fraction of at least 10%, irrespective of the TP53 allelic status (mono- or 
biallelic mutation); TP53 mutations are significantly associated with AML with complex and monosomal 
karyotype. 
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1.9.2 CHILDHOOD AML 
According to the treatment protocol used in Sweden since 2013, the Nordic 
Society for Paediatric Haematology and Oncology (NOPHO)-DBH AML 
2012 protocol, pediatric AML patients are stratified into two risk groups: 
standard- or high-risk, primarily based on response to initial treatment. Patients 
are assigned to the high-risk group if they achieve CR after two cycles of 
induction treatment, and at least one of the following criteria is met:  

1. Poor response after the first cycle, defined as 15% leukemic cells in 
bone marrow by MFC. 

2. 0.1% leukemic cells by MFC after the second cycle. 
3. Presence of FLT3-ITD mutation without a concurrent NPM1 mutation.  

Inv(16) influences treatment intensity and is associated with a favorable 
prognosis, although it is not used for risk stratifying in the current NOPHO 
protocol (70). In contrast, other international study protocols, such as the BFM 
(Germany) and MyeChild (UK and France), include additional genetic 
aberrations for risk stratification. In these, t(8;21), inv(16), NPM1 mutations, 
and CEBPA bZIP mutations define standard-risk, while other alterations such 
as t(3;21)(q26;q22)/RUNX1::MECOM, t(6;9)(p22;q34)/DEK::NUP214, 
CBFA2T3::GLIS2, NUP98::NSD1, and t(4;11)(q21;q23)/KMT2A::AFF1 are 
classified as high-risk (25). 

1.9.3 CHILDHOOD ALL 
Risk stratification of pediatric ALL patients at the time of Paper I was based 
on the NOPHO-ALL 2008 protocol, which classified patients into three risk 
groups: standard risk, intermediate risk, and high risk. In B-ALL, standard risk 
was defined as a leukocyte count <100 x 10⁹/L, MRD <0.1% on day 29, and 
absence of central nervous system (CNS) involvement at diagnosis. 
Intermediate risk included patients with leukocyte count <100 x 10⁹/L and 
MRD 0.1–5% on day 29, or leukocyte count ≥100 x 10⁹/L with MRD <0.1% 
on day 29. Certain cytogenetic abnormalities, including dic(9;20), iAMP21, 
and t(1;19), also placed patients in the intermediate-risk group. High risk was 
defined as a leukocyte count <100 x 10⁹/L and >5% blasts in bone marrow on 
day 29, or MRD >0.1% on day 79. Additionally, patients with hypodiploidy or 
KMT2A-rearranged ALL were classified as high risk. The currently used 
treatment protocol for children and young adults with ALL is the ALLTogether 
protocol, which incorporates a more refined and comprehensive risk 
stratification system.   
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1.10 TREATMENT  
For decades, the cornerstone of treatment for acute leukemia has been a 
combination of chemotherapeutic drugs, with the primary goal of achieving 
CR. According to the ELN, CR is defined by the following criteria (71):  

• <5% blasts in bone marrow, and presence of regenerating 
hematopoiesis 

• absence of extramedullary leukemia and no peripheral blasts 
• neutrophil count >1 x 109/L (0.5 for pediatric AML patients) 
• platelet count >100 x 109/L (80 for pediatric AML patients) 
• no ongoing need for erythrocyte transfusions 

For the majority of AML patients up to 75 years of age, remission-inducing 
therapy is generally recommended. However, age alone is not a sufficient 
reason to withhold intensive treatment, as several studies have demonstrated 
that older patients benefit more from intensive treatment than dose-reduced 
regimens (72-74). All treatment administered prior to achieving CR is referred 
to as induction therapy, and consists of a combination of an anthracycline, most 
commonly daunorubicin, together with cytarabine (75). This regimen has 
remained standard since its introduction in the early 1970s (76). Around 75-
80% of patients under 65 years of age achieve CR following intensive 
induction treatment (77), although remission rates vary among genetic and 
chromosomal subgroups. In pediatric AML, etoposide is often added as a third 
agent during the first induction cycle. Patients who achieve CR receive post-
remission therapy, referred to as consolidation, which typically consists of one 
to three additional cycles of daunorubicin and cytarabine.  

The treatment approach for pediatric ALL differs from that of pediatric AML 
and is also considerably longer, with a total duration of over two years. 
Induction therapy typically includes dexamethasone, vincristine, and 
pegylated asparaginase, with the addition of daunorubicin for high-risk and T-
cell ALL patients. Intrathecal methotrexate is also administered during 
induction. Consolidation therapy is adapted based on MRD status: patients in 
the standard-risk group without detectable MRD continue with vincristine and 
a reduced number of intrathecal doses, while all other patients receive full-dose 
treatment including vincristine, cyclophosphamide, and intensified intrathecal 
therapy. Following consolidation, maintenance therapy is given for about two 
years and consists of methotrexate and 6-mercaptopurine (78).  
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1.10.1 ALLOGENEIC HEMATOPOIETIC STEM 
CELL TRANSPLANTATION 

An alloSCT is recommended as consolidation therapy for patients in remission, 
including adult patients in the intermediate- or high-risk groups and pediatric 
patients in the high-risk group. Studies have shown that alloSCT in first CR 
reduces the risk of relapse in AML by more than 60% compared to intensive 
chemotherapy alone (79).  

The procedure involves intensive conditioning chemotherapy to eradicate 
residual leukemic cells and suppress the recipient’s immune system, followed 
by infusion of donor stem cells from a human leukocyte antigen (HLA)-
matched sibling or an unrelated donor from a registry. For patients without an 
HLA-matched donor, a haploidentical donor may be used as an alternative 
(80). The curative potential of alloSCT relies on both the conditioning regimen 
and the graft-versus-leukemia (GvL) effect, in which donor immune cells 
attack remaining leukemic cells. The GvL effect can be enhanced through 
donor lymphocyte infusion (DLI) or by tapering immunosuppressive therapy. 
However, donor cells may also trigger graft-versus-host disease (GvHD), 
which can be acute or chronic. Acute GvHD typically occurs within the first 
100 days post-transplant and primarily affects the skin, liver, and 
gastrointestinal tract. Severe cases of acute GvHD can lead to multi-organ 
failure. Chronic GvHD develops beyond day 100 and may persist for months 
or years, affecting multiple organs and contributing to long-term morbidity and 
reduced quality of life.  

AlloSCT is also associated with other significant risks, including transplant-
related mortality (approximately 10% in adults), infections, and late 
complications such as secondary malignancies, infertility, and cardiac toxicity 
(81). Given these risks, an individualized risk-benefit assessment is essential 
to determine whether the benefits of transplantation outweigh the potential 
harms. In pediatric leukemia, treatment is generally tailored to minimize long-
term toxicity, and alloSCT is avoided whenever possible. This contrasts with 
adult AML treatment, where alloSCT is more frequently used in first 
remission, mainly due to the higher relapse risk and the fact that chemotherapy 
alone is often insufficient for long-term disease control.   

1.10.2 TARGETED AGENTS 
During the last decade, several novel therapies – including targeted therapies 
– have been introduced into the treatment arsenal for AML. The first FLT3 
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inhibitor, the multitargeted kinase inhibitor midostaurin, was approved in 2017 
following the RATIFY trial, a phase III study that demonstrated prolonged OS  
and event-free survival (EFS) when added to standard chemotherapy in 
patients under 60 years of age (82). Since the introduction of midostaurin, 
several FLT3 inhibitors with differing selectivity and mechanisms of action 
have been developed, commonly classified as type I or type II inhibitors: 

• Type I inhibitors bind to the active state of FLT3 and are effective 
against both ITD and TKD mutations, these include midostaurin and 
gilteritinib.  

• Type II inhibitors bind to the inactive state of FLT3 and are mainly 
effective against ITD mutations, these include quizartinib and 
sorafenib (83).  

For adult AML patients, FLT3 inhibitors are used during induction therapy, as 
post-alloSCT maintenance, and at relapse (including post-alloSCT relapse). 
These agents are also soon being incorporated into the treatment protocols for 
pediatric AML. Several clinical trials have demonstrated improved outcomes 
when FLT3 inhibitors are added to standard therapy (84-87). However, 
resistance development is a relatively common problem and occurs through 
different mechanisms such as clonal evolution, protection within the bone 
marrow microenvironment, or activation of alternative signaling pathways 
(88).  

Another targeted agent is gemtuzumab ozogamicin, a CD33-directed antibody-
drug conjugate, which is used in patients with core binding factor (CBF)-AML 
(including t(8;21) and inv(16)). It is typically administered during induction 
treatment together with intensive chemotherapy (12).  

Menin inhibitors are a promising new class of targeted agents for patients with 
KMT2A rearrangements or NPM1 mutations. These drugs inhibit menin, a 
cofactor that facilitates interaction between KMT2A and chromatin, thereby 
stabilizing the transcription of HOXA9 and MEIS1, two key regulators of 
leukemogenesis. Disrupting this interaction downregulates HOXA9 and 
MEIS1, leading to apoptosis of leukemic cells and promoting normal myeloid 
differentiation. Several clinical trials are currently ongoing, showing 
promising results, especially in patients with both NPM1 and FLT3 mutations 
(89, 90).  



Sofie Johansson Alm 

27 

1.10.3 LOW-INTENSITY TREATMENT 
Venetoclax is a relatively new agent that induces apoptosis in leukemic cells 
by inhibiting BCL-2, a protein that protects leukemic cells from apoptosis. It 
is primarily used in elderly or unfit patients who are ineligible for intensive 
chemotherapy, either in combination with azacitidine or low-dose cytarabine. 
Venetoclax is also an option for patients with relapsed or refractory AML (91-
93). 

Azacitidine is a hypomethylating agent that inhibits DNA methylation and 
thereby reactivates silenced tumor suppressor genes. Similar to venetoclax, it 
is primarily used in elderly or unfit patients as an alternative to intensive 
chemotherapy and can also be administered as maintenance therapy following 
remission or alloSCT. It can be given either alone or in combination with 
venetoclax, with synergistic effects observed especially in patients with NPM1 
or IDH mutations (94-97).  

1.10.4 REFRACTORY AND RELAPSED DISEASE  
In adult AML, refractory disease is defined as failure to achieve CR after two 
cycles of intensive induction chemotherapy (52). In such cases, where initial 
induction with cytarabine and daunorubicin is unsuccessful, there is no clearly 
established second-line treatment. Examples of salvage regimens that have 
shown efficacy include a combination of amsacrine, cytarabine and etoposide 
(ACE), as well as a combination of fludarabine, low-dose cytarabine, 
asparaginase, and idarubicin (FLA-IDA). Additionally, alloSCT can be 
performed in patients who achieve a second remission (CR2), with relatively 
favorable outcomes – particularly in patients with low-risk genetics (98).   

In pediatric AML, resistant disease is defined as the presence of ≥5% leukemic 
cells in bone marrow after the second induction cycle. These patients are not 
treated according to standard protocols, but FLA-based regimens have 
demonstrated effectiveness. 

For patients who experience relapse, treatment strategies depend on factors 
such as prior treatment response, genetic profile, and time to relapse. Standard 
options include re-induction chemotherapy and targeted agents. In recent 
years, combinations such as azacitidine and venetoclax have shown promising 
efficacy in selected patient groups, especially among older or unfit patients. 
For eligible patients, alloSCT in CR2 is recommended. If the patient has 
previously undergone alloSCT, DLI is a potential treatment option at relapse.  
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1.11 MEASURABLE RESIDUAL DISEASE 

1.11.1 DEFINITION OF MRD 
Measurable (previously referred to as minimal) residual disease is defined as 
the presence of leukemic cells in bone marrow or peripheral blood during or 
after treatment, in numbers that are well below the sensitivity of routine 
morphology (i.e. <5%). The presence of MRD indicates that leukemic cells 
have survived treatment and is associated with an increased risk of relapse 
(Figure 5).  

Figure 5. Illustration of the concept of measurable residual disease (MRD) and how different 
clinical trajectories can evolve after treatment. The red curve shows persistent MRD above the 
molecular detection limit, eventually leading to morphological relapse, while the purple curve 
illustrates MRD conversion after initial clearance. The light blue curve represents successful 
MRD clearance and sustained remission. Dashed lines indicate the detection limits of 
morphology and molecular MRD methods. Created with BioRender.com. 

Traditionally, diagnosis and treatment monitoring in acute leukemia have 
relied on morphological analysis, where leukemic blasts are identified via light 
microscopy and assessed based on size, nuclear morphology, and cytoplasmic 
properties. Morphological assessment has been a cornerstone of acute 
leukemia diagnostics since the disease was first described. However, this 
method has a limited sensitivity of approximately 5%, meaning that a 
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considerable amount of residual leukemic cells may go undetected. Also, the 
assessment is subjective and may vary between performing persons.  

The term “minimal residual disease” was introduced into the medical literature 
during the 1980s. In 1981, a landmark study showed that ALL-patients in 
morphological remission could still harbor residual malignant cells that were 
undetectable by the light microscope but identifiable using a new 
immunofluorescence technique based on monoclonal antibodies directed 
against cell surface markers. The study showed that patients with residual 
leukemic cells were more prone to relapse (99). Over the next decade, methods 
for detecting residual leukemic cells were improved, and especially with the 
development of MFC and PCR-based techniques (100). While the concept of 
MRD was first established and clinically implemented in ALL, where it has 
long been part of risk stratification and treatment decisions, its role in AML 
has gradually become more prominent. Growing evidence of its clinical value, 
together with advancements in methodology, have now established MRD as 
one of the most important prognostic factors, guiding clinical decisions.  

In 2018, ELN incorporated MRD into its official AML guidelines as a 
standardized biomarker, and recommended that patients with NPM1 type A, 
t(8;21), inv(16) or t(15;17) should be monitored with a molecular technique, 
and the remaining should be monitored with MFC (101). The guidelines were 
updated in 2021 with several important revisions, including more detailed 
technical recommendations for NGS-based MRD analysis, as well as 
recommendations on combining different methods. However, while the 
updates focus on how MRD should be measured, the clinical interpretation of 
MRD results remains less clearly defined in the current ELN guidelines.  

The primary main objectives of MRD analysis are: 
• To identify genetically low-risk patients who have a higher risk of 

relapse and may therefore benefit from alloSCT in the first remission. 
• To identify genetically intermediate-risk patients who have a relatively 

low risk of relapse, where avoidance of alloSCT may be advantageous. 
• To identify patients at increased risk of relapse post-alloSCT. 
• To enable early detection of molecular relapse after treatment 

completion, allowing for intervention to prevent morphological 
relapse (12).  
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1.11.2 TIME POINTS FOR MRD ASSESSMENT 
MRD is measured both during and after treatment, with different time points 
applied in adult and pediatric AML, as well as in pediatric ALL. The specific 
time points used clinically at the time of writing this thesis are detailed below.  

Adult AML: 
• After the second cycle of chemotherapy: for assessment of treatment 

response and decision on alloSCT. 
• Before alloSCT: to evaluate disease burden and assess relapse risk. 
• After alloSCT: to allow early detection of relapse and guide potential 

interventions. 
• After completion of treatment: to monitor for early detection of relapse 

in patients with an RT-qPCR marker. Blood samples are typically 
analyzed monthly during the first year and every second month during 
the second year. 

Childhood AML: 
• Day 22 after the first induction cycle: to guide risk stratification and 

treatment intensity. If >5% leukemic cells – the second cycle of 
induction is given immediately without waiting for the bone marrow 
to regenerate. If <5% leukemic cells – MRD analysis is performed 
weekly during bone marrow regeneration. 

• Day 22 after the second induction cycle: to guide risk stratification and 
treatment intensity. If >5% leukemic cells – the patient is classified as 
having resistant disease. If <5% leukemic cells – MRD is measured 
weekly during bone marrow regeneration. 

• Before consolidation: to guide decisions on treatment intensity, 
including alloSCT. 

• Before and alloSCT (2 to 4 weeks prior): to assess relapse risk. 
• After alloSCT: to guide immunological intervention. 
• After treatment completion: to monitor for early relapse in patients 

with an RT-qPCR marker. 

Childhood ALL: 
• Day 15 during induction: for early assessment of treatment response, 

primarily to detect immunophenotypic shifts during treatment. 
• Day 29, i.e. at the end of induction: to determine risk stratification and 

adjust treatment intensity. 
• Day 78, i.e. after consolidation: to refine treatment strategies.  
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1.11.3 MRD ANALYSIS METHODS  

1.11.3.1 MULTIPARAMETER FLOW CYTOMETRY 
MFC is the most frequently used method for MRD analysis in Sweden, both 
in adult and pediatric AML, as well as in B-ALL. It is applicable in 
approximately 90% of AML cases and in over 98% of pediatric ALL cases 
(102, 103). MFC is based on the principle of detecting cluster of differentiation 
(CD) antigens on the surface of leukemic cells, while simultaneously analyzing 
cell size and complexity. It offers a sensitivity of 0.1-0.01% in AML, an as low 
as down to 0.001% in ALL. For MRD analysis, bone marrow aspirate is 
processed with a lysis buffer to remove erythrocytes. In AML, around 500,000 
to 1 million cells per sample are analyzed, and in ALL, 4-5 million cells are 
typically required. Monoclonal antibodies conjugated to fluorochromes are 
added to target relevant CD markers, using MRD-panels with specific 
combinations of myeloid or lymphoid markers. MFC enables simultaneous 
analysis of 8-12 (or more) fluorochromes per cell, allowing for detailed 
immunophenotypic profiling. 

Leukemic blasts often express a leukemia-associated immunophenotype 
(LAIP), defined by aberrant expression of specific CD markers that 
distinguishes them from normal hematopoietic cells. The LAIP is patient-
specific and generally remains stable during the course of the disease, making 
it suitable for MRD detection. An example of an AML-LAIP can be a 
combination of typical blast markers (e.g. CD34, CD117), together with an 
abnormal expression of myeloid markers (CD13, CD33), stem cell markers 
(HLA-DR, CD133), and/or aberrant expression of lymphoid markers (CD7, 
CD19, CD56). During analysis, stained cells pass through the flow cytometer 
one by one, guided by a hydrodynamic focusing system that ensures that the 
cells move in a single, uniform stream. As each cell passes a laser beam, the 
fluorochromes are excited and emit fluorescence signals detected by 
photodetectors. At the same time, the emitted light is measured in forward 
scatter (FSC) and side scatter (SSC), providing information of cell size and 
granularity. The combination of fluorescence data and light-scattering patterns 
is used to identify and distinguish leukemic blasts from normal cells, using a 
gating strategy based on both scatter properties and CD marker expression 
(Figure 6).  
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Figure 6. Multiparameter Flow Cytometry plots of bone marrow at diagnosis from a patient 
with NPM1-mutated AML. Leukemic blasts (dark purple) are here identified by low side scatter 
(SSC), low CD45 expression, and CD117 positivity. Lymphocytes (orange) show high CD45 
expression and low SSC and are negative for both CD34 and CD117. 
 

An alternative to the LAIP approach is the different-from-normal (DfN) 
strategy, which focuses on aberrant patterns of differentiation and maturation 
by analyzing antigen expression. DfN enables identification of new 
aberrancies during treatment, which may reflect clonal evolution or shifts in 
antigen expression. In contrast to the LAIP-approach, DfN does not require a 
diagnostic sample for comparison, making it particularly valuable in cases 
where no diagnostic sample is available. To optimize MRD detection, ELN 
recommends a combination of these two methods (104).  

One limitation with MFC is its relatively low negative predictive value (NPV), 
where several studies have shown that a considerable proportion of MRD-
negative patients still experience relapse (105, 106). This could be explained 
by the heterogeneous nature of leukemic cells, meaning that not all malignant 
cells can be distinguished from normal ones. Additionally, leukemic cells can 
alter their antigen expression during treatment, a phenomenon known as 
immunophenotypic shift, allowing them to evade detection. Beyond these 
limitations, MFC is costly and requires extensive standardization across 
laboratories, as well as significant expertise among the performers. One 
proposed strategy to improve both NPV and sensitivity is to use MFC for MRD 
detection specifically targeting leukemic stem cells, using aberrant markers 
such as CD123 or CLL-1. However, due to antigenic overlap with normal 
hematopoietic stem cells, this approach remains investigational (107, 108).  
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MOLECULAR METHODS 
Molecular techniques are an alternative to MFC in MRD analysis in acute 
leukemia and generally offer a higher sensitivity (109, 110), although they are 
applicable to a smaller subset of patients. These methods are well established 
in AML but are currently less widely implemented in ALL. Molecular methods 
can be either RNA-based, such as RT-qPCR, or DNA-based, such as 
quantitative PCR (qPCR), droplet digital PCR (ddPCR) or NGS-based 
methods, including deep sequencing.  

RT-qPCR 
RT-qPCR measures leukemic RNA molecules and is the standard method for 
MRD analysis in AML patients with NPM1 type A mutation, t(8;21) and 
inv(16) – alterations found in approximately one third of patients. RT-qPCR 
enables MRD detection with a sensitivity of 0.01-0.001%, depending on the 
target gene analyzed (111). For patients with an RT-qPCR marker, MRD 
monitoring using monthly blood samples is recommended for 1-2 years post-
treatment for both adults and children to detect impending relapse. 
However, as two-thirds of AML patients lack a standardized RT-qPCR 
marker, this large group is currently not offered post-treatment monitoring for 
early relapse detection. 

For the RT-qPCR analysis, mRNA is extracted from bone marrow or 
peripheral blood and converted into complementary DNA (cDNA) using 
reverse transcription. The target sequence is then amplified using specific 
primers and a fluorescently labeled probe. During amplification, the probe is 
cleaved by the polymerase and releases a fluorescent signal that increases 
proportionally with the amount of amplified target DNA. The fluorescence is 
measured in real-time, cycle by cycle, and provides a quantitative assessment 
of the number of leukemic cells. The cycle threshold (Ct) value represents the 
PCR cycle at which the fluorescence signal surpasses a predefined threshold. 
A lower Ct value indicates a higher number of leukemic cells, while a higher 
Ct value indicates lower disease burden. To quantify MRD levels, Ct values 
are compared against a standard curve generated from serial dilutions of a 
sample with known target transcript concentration. The target gene expression 
is normalized to a reference gene (commonly ABL1), which serves as an 
internal control to adjust for variations in RNA across different samples. MRD 
levels are expressed as the ratio of target gene expression to that of the 
reference gene.  
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MRD analysis of NPM1 
NPM1 mutations usually arise de novo, remain stable over the course of the 
disease, and are present in the whole leukemic population, making them 
suitable molecular MRD markers. However, around 10% of patients have lost 
the NPM1 mutation at relapse (112, 113). The primary recommended method 
for MRD analysis is RT-qPCR, which is the most sensitive and also well-
established and validated method. Other techniques such as ddPCR, qPCR and 
deep sequencing, can also be used depending on the specific NPM1 mutation 
type and the available technology. The findings from Paper II have contributed 
to the clinical implementation of DNA-based methods for MRD analysis of 
NPM1 (114). Compared to RT-qPCR, DNA-based methods offer several 
advantages, including broader mutation coverage and independence from gene 
expression variability. These methods allow for more accurate quantification 
of the proportion of cells harboring the mutation. qPCR is highly precise and 
offers a high sensitivity (115, 116). An additional advantage for ddPCR and 
deep sequencing is that neither of them require standard curves or reference 
genes (117, 118). From a practical perspective, DNA extraction is more 
flexible and less technically demanding than RNA extraction. Furthermore, 
DNA is more stable, which simplifies sample handling and transport. The 
primary limitation of RT-qPCR is that it is mutation-specific, and since there 
are around 90 different NPM1 mutation types, the clinical laboratory needs to 
set up multiple assays to enable MRD analysis for all patients with NPM1 
mutations. Due to the requirement for strict quality control, the majority of 
clinical laboratories therefore only analyze the most common NPM1 
mutation(s), leading to unequal care for patients with NPM1-mutated AML. 

Next-generation sequencing 
NGS has emerged as a highly sensitive approach for MRD detection in acute 
leukemia, offering several advantages over traditional methods and enabling 
analysis in almost all patients. NGS is a high-throughput sequencing 
technology that allows simultaneous analysis of millions of DNA fragments. 
Unlike the traditional method Sanger sequencing, which processes one DNA 
fragment at a time, NGS enables massively parallel sequencing. The 
technology includes various platforms and methodologies, including short-
read sequencing, long-read sequencing and targeted approaches such as 
amplicon sequencing. Depending on the application, NGS can be used for 
WGS, WES, WTS, or targeted gene panel sequencing. Today, the majority of 
Swedish laboratories perform diagnostic NGS using a myeloid gene panel 
developed by Genomic Medicine Sweden. This panel includes around 200 
genes associated with myeloid neoplasms, as well as genes linked to hereditary 
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forms of AML. In addition to reporting the variants identified in the gene panel 
analysis, the VAF of each gene is reported which describes the proportion of 
sequencing reads in which a specific variant is detected. Germline variants are 
generally present in all cells, typically resulting in a VAF of ~50% for 
heterozygous variants and ~100% for homozygous or hemizygous variants. In 
contrast, somatic variants usually show VAFs below 50% and reflect the tumor 
burden in the sample. However, VAF alone cannot determine whether a variant 
is germline or somatic. To distinguish between germline and somatic variants, 
a matched normal sample from the patient (such as skin or buccal swab) is 
required for comparison.  

Mutations detected in the myeloid gene panel at diagnosis may be used for 
MRD monitoring – except for germline mutations and the so called DTA-
mutations (DNMT3A, TET2 and ASXL1), which are common in clonal 
hematopoiesis and therefore not reliable MRD markers (119-121). Mutations 
in genes involved in signaling pathways, such as FLT3, KIT, NRAS, and KRAS, 
indicate residual disease, but since they are often subclonal and have a low 
NPV, the ELN recommends that they be used in combination with an 
additional MRD marker (104). Currently, there are insufficient data to support 
the use of NGS-MRD as a stand-alone technique, underscoring the need for 
further standardization and clinical validation before it can replace 
conventional MRD methods. 

Deep sequencing 
We and others have developed deep sequencing, an NGS-based technique that 
enables high-coverage sequencing of specific genomic regions. Deep 
sequencing of NPM1 has been shown, by us and others, as a feasible method 
for MRD analysis (117, 122, 123). Since it sequences the entire mutation 
hotspot region of the gene, it allows for the detection of all NPM1 mutation 
types, including rare variants. This is a major advantage compared to RT-
qPCR, which requires mutation-specific assays tailored for each individual 
variant. Since 2021, deep sequencing has been implemented in clinical routine 
at Sahlgrenska University Hospital for patients with rare NPM1 mutations. 
Over time, both the number of incoming samples and the diversity of specific 
NPM1 variants have increased steadily, showing the clinical need for this 
assay. In 2022, deep sequencing of FLT3-ITD was also implemented into 
clinical routine diagnostics at Sahlgrenska. In adult AML patients, this analysis 
is used to evaluate treatment response, monitor during ongoing treatment with 
FLT3 inhibitors, as well as monitor after completed treatment (58, 83). Its 
clinical value in pediatric AML has not yet been established. 



Sofie Johansson Alm 

36 

1.11.4 CLINICAL SIGNIFICANCE OF MRD 
In recent years, mounting evidence has confirmed the clinical significance of 
MRD in acute leukemia. A meta-analysis of 81 trials, including over 11,000 
AML patients, demonstrated a strong association between MRD status and 
prognosis: MRD-negative patients had a 5-year OS of 68%, compared to 34% 
for MRD-positive patients – regardless of disease characteristics, age, MRD 
analysis method, or time point (124).  

MRD by MFC in adult and pediatric AML 
The prognostic value of MRD analysis using MFC in adult AML has been 
described in multiple studies (125-129). The AML17 trial, which included 
nearly 2,500 patients under 60 years of age without an NPM1 mutation, found 
that presence of MRD ≥0.1% after the second treatment cycle was associated 
with an 89% risk of relapse (128). Post-alloSCT MRD assessment using MFC 
also carries prognostic value: Shah et al. reported that presence of MRD within 
one month after transplantation was associated with a 78% relapse incidence 
(130). 

The value of MFC-based MRD has been confirmed in various clinical studies 
dating back to the early 2000s, in both ALL and AML (131-135). In pediatric 
AML, MRD ≥0.1% measured by MFC after induction treatment is one of the 
strongest prognostic factors (106, 136-138). In the NOPHO-AML 2004 study, 
patients with MRD ≥0.1% at the start of consolidation had an EFS of only 11% 
(106). Results from the latest NOPHO protocol showed that patients with 
≥15% leukemic cells after the first induction or ≥0.1% after the second 
induction who received alloSCT had a 5-year OS of 80% – one of the best cure 
rates reported in pediatric AML (22).  

Molecular MRD analysis of NPM1 mutations 
The prognostic value of MRD analysis of mutated NPM1 using molecular 
methods has been described in multiple clinical studies (52, 139-145). 
Detection of NPM1 transcripts in blood after the second cycle, or a <3log10 

reduction (i.e. >0.1% relative to the diagnostic level) in bone marrow either 
after the second cycle or post-treatment, has been associated with a high risk 
of relapse  (141, 142). In a study of 346 NPM1-mutated AML patients, Ivey et 
al. reported a cumulative incidence of relapse of 82% in MRD-positive patients 
after two cycles of treatment, compared to 30% among MRD-negative patients 
(139). MRD analysis of NPM1 is also playing an increasingly important role 
in the decision-making on alloSCT and its timing, although no definitive 
clinical guidelines currently exist (146). 
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NGS-based MRD assessment  
In the last years, multiple studies have evaluated the clinical utility of NGS-
based MRD approaches. However, the lack of methodological standardization, 
combined with the absence of well-defined MRD thresholds and clinically 
validated time points for decision-making, remains a challenge. To date, there 
are no universally accepted clinical guidelines for the use of NGS-MRD in 
routine clinical practice.  

NGS for NPM1 and FLT3-ITD monitoring 
Several studies have demonstrated that NGS can serve as a reliable alternative 
to established MRD methods, particularly for certain molecular markers such 
as NPM1 and FLT3-ITD. Thol et al. were among the first to show that NGS-
based analysis of NPM1 and FLT3-ITD mutations is a robust MRD method, 
with high concordance compared to RT-qPCR (122). Patkar et al. also reported 
nearly 80% concordance between MRD assessment using NGS and MFC 
(147). In one study, 12 different NPM1 mutations were analyzed in 83 AML 
patients using ultra-deep sequencing after induction and consolidation. 
Patients were categorized as MRD-positive or MRD-negative based on a >1-
log reduction in VAF between time points. MRD positivity by deep sequencing 
(i.e. failure to clear >1-log) was strongly predictive of worse outcomes and was 
an independent predictor of relapse and mortality in multivariable analysis. 
The study also showed that the method provided prognostic value comparable 
to qPCR (49). 

Grob et al. examined 161 AML patients with FLT3-ITD using NGS to detect 
patient-specific FLT3-ITD sequences at diagnosis and in CR. They found that 
29% of patients had detectable residual FLT3-ITD in remission. MRD-positive 
patients had a 4-year relapse rate of 75% compared to 33% in MRD-negative 
patients, and a 4-year OS of 31% versus 57%. These findings validated FLT3-
ITD as a clinically relevant MRD marker when analyzed using sensitive 
sequencing techniques (148). Other recent studies have also demonstrated the 
prognostic value of MRD analysis of FLT3-ITD using NGS (149-151). 

NGS-based MRD panels 
In parallel, several studies have investigated the use of broad NGS-MRD 
panels targeting multiple AML-associated genes, most commonly single 
nucleotide variants (SNVs), and have shown that NGS-based MRD assessment 
has strong prognostic value (152-154). Jongen-Lavrencic et al. analyzed 430 
AML patients in CR using targeted NGS of multiple AML-related genes. MRD 
was detected in 28% of patients after the second chemotherapy cycle, where 
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MRD-positive patients had a 4-year relapse rate of 55%, compared to 32% 
among MRD-negative patients. Importantly, they found that patients with only 
DTA-mutations did not have an inferior prognosis. These findings support the 
use of molecular MRD to refine post-remission risk stratification (155). Tsai 
et al. performed sequential NGS-MRD monitoring in 335 AML patients using 
a 54-gene panel in first remission and after the first consolidation cycle. They 
found that 46% of patients had detectable MRD after induction and 29% after 
consolidation. Presence of MRD at either time point predicted worse 
outcomes, and MRD detected after consolidation was the strongest prognostic 
predictor. At both time points, NGS detected MRD in a subset of patients who 
were MRD-negative by MFC, highlighting the ability of NGS to detect 
otherwise undetected high-risk patients. These findings underscore the value 
of serial NGS-MRD analyses and suggest that post-consolidation MRD status 
is particularly relevant for risk stratification (156). 

In another study, Hirsch et al. performed error-corrected NGS with a 
sensitivity of 0.1% in 189 patients to track all diagnostic mutations through 
remission, including DTA mutations (157). The persistence of any mutation in 
CR was associated with worse outcomes, but the effect was mainly driven by 
the presence of multiple residual mutations. Patients with at least two 
mutations detected in CR had a significantly worse prognosis, whereas 
presence of a single mutation, especially if it was a DTA mutation, was not 
predictive of relapse.  

Molecular MRD assessment in pediatric ALL 
In pediatric ALL, molecular techniques serve as a complementary approach to 
the well-established MFC for MRD detection. For ALL patients treated 
according to the ALLTogether protocol, MRD analysis is routinely performed 
using both MFC and allele-specific oligonucleotide qPCR (ASO-qPCR) 
targeting clonal immunoglobulin (Ig) or T-cell receptor (TCR) rearrangements. 
Over 90% of ALL patients harbor unique Ig/TCR rearrangements that can 
serve as molecular MRD markers. ASO-qPCR typically provides a sensitivity 
of 0.01-0.001%, and standardized protocols are available (158). In the AIEOP-
BFM ALL 2000 study, MRD was measured in nearly 3,200 children with pre-
B ALL at day 33 and day 78 using ASO-qPCR. Patients with MRD <0.01% at 
day 33 had a 5-year EFS of 92%, while those with MRD >0.1% at day 78 had 
significantly worse outcomes, with an EFS of only 50% (134). These results 
underscore the strong prognostic value of ASO-qPCR for MRD assessment.  
However, despite its clinical utility, ASO-qPCR has some limitations: it 
requires patient-specific assays, is labor-intensive, and may have reduced 
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sensitivity in cases with low Ig/TCR expression. To overcome these 
limitations, NGS-based amplicon sequencing has emerged as a promising 
alternative, offering standardized detection of Ig/TCR rearrangements without 
the need for patient-specific primers (159-163). In a recent study of 93 children 
with B-ALL, NGS-based MRD analysis identified IGH or IGK clonality in 
98% of patients. Concordance with MFC and RT-qPCR was seen in 75% and 
71% of cases, respectively. Also, higher levels of IGH/IGK clones were 
associated with an increased risk of relapse (164). In a larger cohort, Svaton et 
al. compared MRD levels using NGS and qPCR in 432 pediatric B-ALL 
patients, analyzing 780 Ig/TCR markers with both methods. Results were 
concordant in 82% of cases. Interestingly, 13% of markers detected by qPCR 
were classified as false positives by NGS due to shared Ig/TCR rearrangements 
in unrelated samples. NGS reclassified 19% of patients to a lower risk group, 
demonstrating its ability to reduce overtreatment based on false-positive qPCR 
findings. Taken together, the study showed that NGS-based MRD analysis can 
improve risk stratification, especially in patients with undetectable MRD by 
conventional methods, potentially allowing for treatment reduction in low-risk 
cases (165).  
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2 AIM 
The overall aim of this thesis was to evaluate existing and develop new 
methods for the detection of MRD in acute leukemia. By advancing MRD 
analysis methods, this research aims to improve and provide deeper insights 
into disease monitoring and ultimately contribute to better patient outcomes.  

The specific aims of the individual papers included in this thesis were: 

Paper I: To investigate whether analysis of ETV6::RUNX1 fusion transcript 
with RT-qPCR is useful for evaluating treatment response in children with pre-
B ALL, and whether the results correlate with results from MRD analysis by 
MFC. 

Paper II:  To compare RT-qPCR with DNA-based methods for MRD analysis 
in adults with NPM1-mutated AML, and to determine whether DNA-based 
methods provide clinically relevant information and could serve as an 
alternative to RT-qPCR. 

Paper III: To evaluate the clinical value of MRD analysis using deep 
sequencing in adults with NPM1-mutated AML, to verify the MRD cut-off 
proposed in Paper II, and to assess whether MRD status during chemotherapy 
provides prognostic information. 

Paper IV: To assess the clinical value of MRD analysis using deep sequencing 
of FLT3-ITD in children with AML.  

 

 

 

 

. 
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3 METHODOLOGICAL 
CONSIDERATIONS 

3.1 PATIENTS AND SAMPLES   
This thesis included samples collected between 2006 and 2024 from adult and 
pediatric patients with AML, as well as pediatric patients with pre-B ALL. In 
Papers I and III, only bone marrow samples were analyzed, whereas both bone 
marrow and peripheral blood samples were used in Papers II and IV. All 
studies included diagnostic and follow up-samples, and in Papers III and IV, 
relapse samples were also analyzed. Samples were either analyzed as part of 
routine clinical diagnostics or retrospectively from biobanked material. Most 
samples were from the Västra Götaland Region, with additional samples from 
Skåne University Hospital in Lund (Paper II) and from Denmark (Paper IV).  

There are important considerations when using biobanked samples instead of 
fresh material. One potential issue is nucleic acid degradation during long-term 
storage. While DNA is generally highly stable and significant degradation is 
less likely to occur, RNA is more susceptible to degradation over time. In Paper 
III, the DNA concentration extracted from biobanked aspirate slides remained 
stable over time, suggesting that the DNA concentration was preserved despite 
many years of storage – although a slightly higher limit of detection was 
observed in these samples, which may reflect minor storage-related effects. 
Another factor to consider when using biobanked bone marrow is the sequence 
of aspiration. During bone marrow aspiration, sequential pulls differ in 
composition: the first pull tends to be the most representative of the marrow, 
while later pulls are more diluted with peripheral blood. In both Paper I and II, 
RT-qPCR analyses were performed on bone marrow samples obtained after 
MFC and morphology, typically from the second or third pull. As a result, the 
material used for molecular analysis may have been slightly hemodiluted 
compared to the initial pull. In Paper III, the smear material was collected first, 
indicating that the samples used in this study were likely the most 
representative. While there is a theoretical risk of contamination or background 
“noise” in smear samples due to air exposure and processing steps, this risk is 
generally considered low. In pediatric AML, the first pull is routinely used for 
MRD analysis by MFC, followed by samples for morphology and 
subsequently for biobanking. Therefore, the biobanked material used in Paper 
IV was obtained from the last pull, which was likely more hemodiluted 
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compared to the first aspirate. As a result, MRD levels may have been 
underestimated in these samples.   

3.2 ETHICAL CONSIDERATIONS    
All included studies in this thesis were approved by the Regional Ethics 
Review Board in Gothenburg and conducted in accordance with the 
Declaration of Helsinki. Informed consent was obtained from all patients or 
their guardians for storage of samples in a local biobank and for use in research. 
Throughout all projects, ethical principles such as voluntary participation, 
confidentiality, and anonymity have been carefully observed. All analyses 
presented in this thesis were performed retrospectively, meaning that the 
results did not influence clinical decision-making or patient treatment. When 
analyzing genetic mutations, the analyses were designed to target somatic 
variants only, not germline variants, thereby avoiding potential ethical 
concerns.  

3.3 STATISTICS   
The following statistical test were used in the included papers: 

Spearman’s rank correlation was used to assess associations between 
continuous variables. This test was chosen over Pearson’s correlation due to 
the non-normal distribution of the data. In Paper I, it was used to evaluate the 
correlation between ETV6::RUNX1 transcript levels and MRD levels measured 
by MFC. In Paper II, it was applied to assess correlations between RNA- and 
DNA-based methods, as well as between different DNA-based methods. In 
Paper IV, it was used to assess the correlation between ITD length and VAF.  

Bland-Altman analysis was used in Paper II to visualize the agreement 
between DNA-based methods. The plots showed mean values on the x-axis 
and differences between methods on the y-axis, including 95% confidence 
intervals.  

Cohen’s kappa was used to evaluate categorical agreement between methods. 
In Paper II, it was used to evaluate the concordance between bone marrow and 
peripheral blood results from DNA-based methods compared with RT-qPCR. 
It was also used to evaluate agreement between RT-qPCR and DNA-methods 
when applying the chosen MRD cut-offs. In Papers III and IV, it was used to 
assess agreement between deep sequencing and MFC. Kappa values between 
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0.41-0.60 were considered moderate, 0.61-0.74 substantial, and ≥0.75 as 
excellent agreement.  

Receiver operating characteristic (ROC) curve analysis was used to 
determine optimal MRD cut-off values. In Paper II, ROC curves were used to 
define cut-offs for DNA-based methods. In Paper III, it was used to determine 
the optimal cut-off for deep sequencing, where the values with the highest 
Youden’s index were selected. Youden’s index (sensitivity + specificity – 1) 
was chosen as it balances sensitivity and specificity in a single measure and 
avoids subjective interpretation of the ROC curve.  

The log-rank test was used in Paper III to compare survival between groups, 
and survival probabilities were estimated using the Kaplan-Meier method.  

Cox proportional hazard regression was performed in Paper III using both 
univariable and multivariable analysis to identify factors associated with RFS 
and OS. RFS was chosen over EFS, as the aim was to specifically assess the 
impact of MRD status on relapse risk.  

Mann-Whitney U test was used in Paper III to compare VAF levels between 
subgroups (with or without FLT3-ITD mutations, DNMT3A mutations, or 
relapse). This test was chosen due to the non-normal distribution of VAF 
levels; if the data had been normally distributed, a t-test could have been used.   

Wilcoxon signed-rank test was used in Paper IV to compare VAFs between 
bone marrow and peripheral blood, as the samples were paired (collected from 
the same patient at the same time point).  

3.4 MULTIPARAMETER FLOW CYTOMETRY   
MRD analysis using MFC was performed in Papers I, III, and IV. In Paper I, 
MFC was conducted at diagnosis and on days 15, 29 and 78 during treatment, 
using antibodies targeting 4-6 antigens per tube. All markers were analyzed in 
a single tube according to the NOPHO ALL-2008 protocol, with the addition 
of CD13 and CD33. In Papers III and IV, MFC was performed during 
consolidation (Paper III) and at multiple timepoints during treatment (Paper 
IV), using a standardized MRD panel with monoclonal antibodies targeting 
eight antigens per tube, analyzed in five tubes, according to the NOPHO-DBH 
AML 2012 protocol, and described in a previous study (166).  
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An antigen was considered positive when expressed by ≥10% of leukemic cells 
compared with normal cells. MRD positivity was defined as ≥0.1% cells with 
a LAIP in bone marrow. Although lower MRD levels can be technically 
detected, particularly in ALL where sensitivity can reach 0.01% or lower, 
values below 0.1% were not considered MRD-positive in the analyses. The 
threshold of 0.1% was used since it is an established risk-stratifying threshold 
in AML. The ability to detect MRD below this level depends on the specific 
LAIP. At the time of Paper I, 0.1% was also the only MRD risk stratifying 
threshold used in pediatric ALL.   

3.5 REVERSE TRANSCRIPTION QUANTITATIVE 
PCR 

In Papers I and II, RT-qPCR was used for MRD analysis of ETV6::RUNX1 
fusion transcript (Paper I) and NPM1 type A mutation (Paper II). This analysis 
included RNA extraction, cDNA synthesis, and quantification of the respective 
targets. Transcript levels were expressed in relation to a reference gene: GUSB 
for ETV6::RUNX1, and ABL1 for NPM1. For ETV6::RUNX1, results were 
expressed as the percentage ratio between the number of fusion transcript 
copies and the number of copies of GUSB. The MRD level in follow-up 
samples was then expressed relative to the diagnostic ratio. For NPM1, MRD 
was calculated as the ratio between number of mutated NPM1 copies and 
number of copies of ABL1. MRD levels were also assessed using the thresholds 
of a 3log10 reduction in NPM1 transcript levels compared to the diagnostic 
level, and/or a level exceeding 2%. All samples were analyzed in triplicate, 
and results were considered quantifiable if ≥10 copies of ETV6::RUNX1 or ≥15 
copies of mutated NPM1 were detected in ≥2/3 replicates. The threshold of 10 
copies for ETV6::RUNX1 was based on the calibration curve, where 10 copies 
represented the lowest quantifiable point. For NPM1, the threshold of 15 copies 
was defined from the limit of blank, calculated by analyzing 25 samples with 
wild-type NPM1. The mean background signal was 3.3 copies, resulting in ≥15 
copies (mean + 3 standard deviations (SD)) being considered positive.  

Since the time of Paper I, the RT-qPCR analysis of ETV6::RUNX1 in the 
clinical lab has undergone some modifications. The standard curve is now 
based on absolute copy numbers, starting from 10 copies and upwards. In the 
previous method, absolute quantification of the plasmid was not performed, 
and a “copy” represented an arbitrary unit. Another change is that the input 
material previously consisted of mRNA, whereas total RNA is now used. 
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3.6 DEEP SEQUENCING  
MRD analysis using deep sequencing of genomic DNA was performed for 
NPM1 in Papers II and III, and for FLT3-ITD and patient-specific leukemic 
mutations in Paper IV. A schematic overview of the deep sequencing workflow 
is illustrated in Figure 7. When using NGS for MRD detection, strategies such 
as error-correcting algorithms, unique molecular indexes, and deep sequencing 
of targeted genomic regions can be used to achieve the required high 
sensitivity. In this thesis, an amplicon-based deep sequencing approach was 
used for analysis of NPM1 and FLT3-ITD due to its previously demonstrated 
high sensitivity (117, 166), and because it enables sequencing of the entire 
mutation hotspot regions of the genes. This allows for detection of both known 
and novel genetic variants. In contrast, techniques such as RT-qPCR, ddPCR 
or qPCR require mutation-specific assays, making them considerably more 
labor-intensive. Insertions like NPM1 are well suited for deep sequencing 
analysis since they are easily detected and have a lower risk of sequencing 
errors compared to point mutations, which are more prone to false positives. 
In Paper IV, additional patient-specific mutations were analyzed alongside 
FLT3-ITD to capture a broader measure of the leukemic clone. Somatic 
mutations were identified at diagnosis using a myeloid gene panel and selected 
for MRD analysis based on the highest VAF and the likelihood that the 
mutations were non-subclonal in most cases.  

Figure 7. Overview of the deep sequencing workflow used for MRD analysis in this thesis. 
Created with BioRender.com. 

DNA was extracted from biobanked blood and bone marrow samples in Papers 
II and IV, and from biobanked bone marrow aspirate slides in Paper III, using 
the QIAamp DNA Micro Kit (Qiagen, Hilden, Germany). For detection of 
NPM1 mutations, 100 ng DNA was used for PCR amplification, while 200 ng 
was used for FLT3-ITD and patient-specific mutations, as this higher input 
theoretically increases sensitivity. The PCR-based library preparation included 
the addition of index sequences for sample multiplexing and adapter sequences 
required for binding to the flow cell during sequencing. PCR products were 
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purified using AMPure XP beads (Beckman Coulter, Brea, CA), and amplicon 
lengths were assessed using the TapeStation 4200 system (Agilent 
Technologies, Santa Clara, CA). Paired-end sequencing was performed on a 
MiSeq (Illumina, San Diego, CA), where 16 samples (including positive and 
negative controls) were analyzed per run. A 12.5 pM PhiX Control (Illumina) 
was added to the pool to increase sequence diversity. Sequencing was 
performed using a sequencing-by-synthesis approach, a highly accurate 
technique in which specific regions of genomic DNA are first amplified with 
primers targeting mutation sites. The prepared libraries are loaded onto a flow 
cell that is coated with oligonucleotides, where the DNA strands bind and 
undergo clonal amplification through bridge amplification, generating millions 
of clusters on the surface of the flow cell. Sequencing then proceeds with 
primer annealing followed by repeated cycles where fluorescently labeled 
nucleotides are added. Only one nucleotide is incorporated per cycle, and after 
each incorporation, a fluorescent signal is emitted and recorded. This cyclic 
process is repeated base-by-base and occurs in parallel across hundreds of 
millions of clusters. Index sequences are used to distinguish samples 
multiplexed in the same run. After sequencing, reads were analyzed using 
bioinformatic tools to detect the presence of target mutations and calculate 
their VAF.  

For calling of mutated and wild type NPM1, an in-house script was used 
containing all currently known NPM1 mutations, around 90, reported in the 
clinical laboratory and/or in the literature. A complete list of the NPM1 
mutations included in the script is presented in Table 5. The VAF of NPM1 
was calculated as the number of reads with the mutation divided by the total 
number of reads with the mutated and the wild-type sequence, expressed as a 
percentage. For FLT3-ITD, a slightly modified version of the publicly 
available software tool getITD, as described by Blätte et al. (167), was used to 
detect and quantify ITDs from the sequencing data. getITD identifies ITD 
lengths up to 150 bp, and in some cases up to 242 bp. For patient-specific 
leukemic mutations, an error-corrected bioinformatics approach was used, 
where sequencing data from normal samples were subtracted to correct for 
technical errors.  

In paper II, sequencing coverage was >7 x 105 reads in all samples. The limit 
of detection (LOD), defined as the highest signal measurable in a negative 
sample (i.e. background noise), was calculated as the mean + 3 SD of 21 
normal samples. This corresponded to a VAF of 0.001% and 8 mutated reads. 
A previously performed dilution experiment demonstrated linearity down to 
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0.02% (117), thereby defining the limit of quantification (LOQ), the lowest 
level at which a signal can be reliably quantified. In paper III, sequencing 
coverage was >5 x 105 in all samples except one. The LOD was calculated 
based on 44 normal samples, corresponding to a VAF of 0.005% and 50 
mutated reads (calculated as the mean + 3 SD). In Paper IV, coverage was >5 
x 105 in all samples except two. The theoretical LOD was based on the number 
of DNA molecules analyzed and was calculated as 1 divided by the number of 
haploid genome copies, where one haploid genome equals 3.3 picogram of 
DNA. Based on the DNA input, this corresponded to an approximate LOD of 
0.0015%. This level was supported by analysis of background noise in negative 
controls, where the signal remained below this threshold. By processing a 
sample with 0.01% FLT3-ITD VAF eight times and sequencing it in four 
separate runs, the coefficient of variation was 27%, which is acceptable at this 
low mutation burden. For patient-specific mutations, the LOD was 0.02%, 
which was described in a previous study (166).  
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Table 5. NPM1 mutant sequences included in the script, grouped into four categories based on 
their respective wild-type sequence. The table displays each mutant sequence along with its 
corresponding Human Genome Variation Society (HGVS) nomenclature, based on the NPM1 
reference sequence NM_002520.6. The mutation/insertion is highlighted in red.  

NPM1 mutation group 1 
Wild-type sequence: AAGATCTCTGGCAGTG (c.854 to c.869) 
HGVS nomenclature Mutant sequence 
c.860_863dupTCTG, p.(Trp288CysfsTer12) TCTCTGTCTGGCAGTG 
c.863_864insCATG, p.(Trp288CysfsTer12) TCTCTGCATGGCAGTG 
c.863_864insCCTG, p.(Trp288CysfsTer12) TCTCTGCCTGGCAGTG 
c.863_864insAGGA, p.(Trp288Ter) TCTCTGAGGAGCAGTG 
c.863_864insCTTG, p.(Trp288CysfsTer12) TCTCTGCTTGGCAGTG 
c.863_864insTTTG, p.(Trp288CysfsTer12) TCTCTGTTTGGCAGTG 
c.863_864insCCAG, p.(Trp288CysfsTer12) TCTCTGCCAGGCAGTG 
c.863_864insTCGG, p.(Trp288CysfsTer12) TCTCTGTCGGGCAGTG 
c.863_864insTATG, p.(Trp288CysfsTer12) TCTCTGTATGGCAGTG 
c.863_864insTTCC, p.(Trp288CysfsTer12) TCTCTGTTCCGCAGTG 
c.863_864insCCGA, p.(Trp288CysfsTer12) TCTCTGCCGAGCAGTG 
c.863_864insTAGG, p.(Trp288CysfsTer12) TCTCTGTAGGGCAGTG 
c.863_864insCAGG, p.(Trp288CysfsTer12) TCTCTGCAGGGCAGTG 
c.863_864insCGTG, p.(Trp288CysfsTer12) TCTCTGCGTGGCAGTG 
c.863_864insCAAA, p.(Trp288CysfsTer12) TCTCTGCAAAGCAGTG 
c.863_864insCTCG, p.(Trp288CysfsTer12) TCTCTGCTCGGCAGTG 
c.863_864insCCGG, p.(Trp288CysfsTer12) TCTCTGCCGGGCAGTG 
c.863_864insTTCG, p.(Trp288CysfsTer12) TCTCTGTTCGGCAGTG 
c.863_864insCTGG, p.(Trp288CysfsTer12) TCTCTGCTGGGCAGTG 
c.863_864insCAGA, p.(Trp288CysfsTer12) TCTCTGCAGAGCAGTG 
c.863_864insTGTG, p.(Trp288CysfsTer12) TCTCTGTGTGGCAGTG 
c.863_864insTCAG, p.(Trp288CysfsTer12) TCTCTGTCAGGCAGTG 
c.863_864insTAAG, p.(Trp288CysfsTer12) TCTCTGTAAGGCAGTG 
c.865_866insCAGC, p.(Gln289ProfsTer11) TCTCTGGCCAGCAGTG 
c.863_864insCAAG, p.(Trp288CysfsTer12) TCTCTGCAAGGCAGTG 
c.864delinsCCGTT, p.(Trp288CysfsTer12) TCTCTGCCGTTCAGTG 
c.863_864insTAGC, p.(Trp288CysfsTer12) TCTCTGTAGCGCAGTG 
c.863_864insTCAT, p.(Trp288CysfsTer12) TCTCTGTCATGCAGTG 
c.863_864insCTTG, p.(Trp288CysfsTer12) TCTCTGCTTGGCAGTG 
c.863_864insTACG, p.(Trp288CysfsTer12) TCTCTGTACGGCAGTG 
c.863_864insCGGA, p.(Trp288CysfsTer12) TCTCTGCGGAGCAGTG 
c.863_864insCGCC, p.(Trp288CysfsTer12) TCTCTGCGCCGCAGTG 
c.859_860insGCTG, p.(Leu287ArgfsTer13) AAGATCGCTGTCTGGC 
c.861_862insACAA, p.(Trp288ThrfsTer12) GATCTCACAATGGCAG 
c.861_863delinsATGC, p.(Trp288CysfsTer11) AGATCTATGCGCAGTG 
c.863_864insTGCT, p.(Trp288CysfsTer12) TCTCTGTGCTGCAGTG  
NPM1 mutation group 2 
Wild-type sequence: TCTGGCAGTGGAGGAA (c.860 to c.875) 
HGVS nomenclature Mutant sequence 
c.867_868insAGGA, p.(Trp290ArgfsTer10) TGGCAGAGGATGGAGG 
c.867_868insAGAA, p.(Trp290ArgfsTer10) TGGCAGAGAATGGAGG 
c.867_868insAGAC, p.(Trp290ArgfsTer10) TGGCAGAGACTGGAGG 
c.867_868insCGCT, p.(Trp290ArgfsTer10) TGGCAGCGCTTGGAGG 
c.867_868insCGCA, p.(Trp290ArgfsTer10) TGGCAGCGCATGGAGG 
c.867_868insCGGA, p.(Trp290ArgfsTer10) TGGCAGCGGATGGAGG 
c.867_868insCGGC, p.(Trp290ArgfsTer10) TGGCAGCGGCTGGAGG 
c.868delinsCGTTC, p.(Trp290ArgfsTer10) TGGCAGCGTTCGGAGG 
c.868_869insCCAT, p.(Trp290SerfsTer10) TGGCAGTCCATGGAGG 
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c.867_868insAGGC, p.(Trp290ArgfsTer10 TGGCAGAGGCTGGAGG 
NPM1 mutation group 3 
Wild-type sequence: TCTCTGGCAGTGGAGGAAGTCTCTT (c.858 to c.882) 
HGVS nomenclature Mutant sequence 
c.869_870insTTTTTCTC, p.(Trp290CysfsTer13) CTGGCAGTGTTTTTCTCGAGGAAGT 
c.869_870insCATGGCTC, p.(Trp290CysfsTer13) CTGGCAGTGCATGGCTCGAGGAAGT 
c.869_873delinsCTCTTGCCC, p.(Trp290SerfsTer10) CTGGCAGTCTCTTGCCCAAGTCTCT 
c.869_873delinsCCCTGGAGA, 
p.(Trp290SerfsTer10) CTGGCAGTCCCTGGAGAAAGTCTCT 

c.869_873delinsCCCTCGCCC, 
p.(Trp290SerfsTer10) CTGGCAGTCCCTCGCCCAAGTCTCT 

c.870_873delinsCTTCGCC, 
p.(Trp290_Arg291delinsCysPheAla) CTGGCAGTGCTTCGCCAAGTCTCTT 

c.870_873delinsTTTTTCAA, p.(Trp290CysfsTer10) CTGGCAGTGTTTTTCAAAAGTCTCT 
c.869_873delinsCTCTTTCTA, p.(Trp290SerfsTer10) CTGGCAGTCTCTTTCTAAAGTCTCT 
c.869_873delinsCCCTTTCCA, p.(Trp290SerfsTer10) CTGGCAGTCCCTTTCCAAAGTCTCT 
c.868_870delinsCGTTTCC, p.(Trp290ArgfsTer10) CTCTGGCAGCGTTTCCAGGAAGTCT 
c.870_873delinsCTGCTCCC, p.(Trp290CysfsTer10) TGGCAGTGCTGCTCCCAAGTCTCTT 
c.869_873delinsATTTTCCC, p.(Trp290LeufsTer10) CTGGCAGTTATTTTCCCAAGTCTCT 
c.869_873delinsCTTTCTCCC, p.(Trp290SerfsTer10) CTGGCAGTCTTTCTCCCAAGTCTCT 
c.869_875delinsCTTTCGCTCAC, 
p.(Trp290SerfsTer10) TGGCAGTCTTTCGCTCACGTCTCTT 

c.870_873delinsTTTTGCTC, p.(Trp290CysfsTer10) TGGCAGTGTTTTGCTCAAGTCTCTT 
c.870_873delinsTTTTTCCC, p.(Trp290CysfsTer10) TGGCAGTGTTTTTCCCAAGTCTCTT 
c.868_872delinsCGGATGGCC,  
p.(Trp290ArgfsTer10) CTGGCAGCGGATGGCCGAAGTCTCT 

c.868_871delinsCGGATTCC, p.(Trp290ArgfsTer10) CTGGCAGCGGATTCCGGAAGTCTCT 
c.868_871dup, p.(Arg291MetfsTer9) CTGGCAGTGGATGGAGGAAGTCTCT 
c.866_871delinsTCCGATTTGC, 
p.(Gln289LeufsTer11) CTCTGGCTCCGATTTGCGGAAGTCT 

c.864_873delins14, p.(Trp288CysfsTer12) CTCTGTCAAGACTTTCTTAAAGTCT 
c.864_876delins17, p.(Trp288CysfsTer12) TCTGTCGGAGTCTCGGCGGACTCTC 
c.868_876delins13, p.(Trp290GlyfsTer10) TGGCAGGGGGTGGGGAATCTCTCTT 
c.869_876delinsATCTGGGGGCCC, 
p.(Trp290TyrfsTer10) CTGGCAGTATCTGGGGGCCCTCTCT 

c.867_875delins14, p.(Trp290AspfsTer12) CTGGCAAGATTTCTTAATTCGTCTC 
c.868_875delinsGGGTTGGCCCGG, 
p.(Trp290GlyfsTer10) CTGGCAGGGGTTGGCCCGGGTCTCT 

c.871delinsTTGGC, p.(Arg291LeufsTer9) CTGGCAGTGGTTGGCGGAAGTCTCT 
c.868_876delins13, p.(Trp290ArgfsTer10) TGGCAGCGTTTCGGGGACATCTCTT 
c.869_876delinsCGGTTTCTTTGC, 
p.(Trp290SerfsTer10) CTGGCAGTCGGTTTCTTTGCTCTCTTT 

c.868_874delinsCGGTTCGGGGC, 
p.(Trp290ArgfsTer10) CTGGCAGCGGTTCGGGGCAGTCTCT 

c.864_875delins13, p.(Trp288CysfsTer11) TCTCTGCCACGCAGTGGAGGTCTCT 
c.863_873delinsCCCGGGCAGT, 
p.(Trp288SerfsTer12) ATCTCTCCCGGGCAGTAAGTCTCTT 

NPM1 mutation group 4 
Wild-type sequence: AAGATCTCTGGCAGTGGAGGAAGTC (c.854 to c.878) 
HGVS nomenclature Mutant sequence 
c.867_868insCTTCTCCA, p.(Trp290LeufsTer13) ACTCTGGCAGCTTCTCCATGGAGGA 
c.867_868insCGGATGGC, p.(Trp290ArgfsTer13) CTCTGGCAGCGGATGGCTGGAGGAA 
c.863_867delinsCCATGCTCC, 
p.(Trp288SerfsTer12) AGATCTCTCCATGCTCCTGGAGGAA 

c.864_867delinsTACCTTCC, p.(Trp288CysfsTer12) AGATCTCTGTACCTTCCTGGAGGAA 
c.864_865delinsCCGCGG, p.(Trp288CysfsTer12) AAGATCTCTGCCGCGGAGTGGAGGA 
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c.864_865delinsTCACCT, p.(Trp288CysfsTer12) AGATCTCTGTCACCTAGTGGAGGAA 
c.864_865delinsCAGAAA, p.(Trp288CysfsTer12) AGATCTCTGCAGAAAAGTGGAGGAA 
c.867delinsAAAAA, p.(Trp290LysfsTer10) ATCTCTGGCAAAAAATGGAGGAAGT 
c.864_867delinsCACAGTTA, p.(Trp288CysfsTer12) AGATCTCTGCACAGTTATGGAGGAA 
c.864_865delinsCAAGAA, p.(Trp288CysfsTer12) AGATCTCTGCAAGAAAGTGGAGGAA  
c.862_867delinsACGTGCAAAA, 
p.(Trp288ThrfsTer12) AAGATCTCACGTGCAAAATGGAGGAA  

 

3.7 DROPLET DIGITAL PCR  
Analysis of MRD using ddPCR of mutated NPM1 types A, B and DD5 at the 
genomic level was performed in Paper II in the laboratory of the Ehinger 
research group at Skåne University Hospital, Lund.  

ddPCR is a method that partitions a standard PCR reaction into thousands of 
nanoliter-sized droplets using oil emulsion. Each droplet ideally contains one 
copy of the target DNA, along with primers and probes. A PCR reaction is then 
carried out, where each droplet functions as an individual reaction chamber. If 
the target DNA is present, a fluorescent signal is generated within the droplet. 
After amplification, a droplet reader detects fluorescence in each droplet and 
classifies them as either positive (signal present) or negative (no signal). By 
counting the number of positive and negative droplets and applying Poisson 
statistics, the number of target DNA molecules in the original sample can be 
calculated. The method is highly sensitive and enables accurate quantification 
of both mutant and wild-type DNA, allowing for calculation of the VAF. 

3.8 QUANTITATIVE PCR   
MRD analysis using qPCR for NPM1 type A at the genomic level was 
performed in Paper II in the laboratory of the Ehinger research group. qPCR 
quantifies the amount of target DNA in real time during amplification. 
Fluorescent probes or dyes bind to the DNA, and fluorescence is measured 
cycle by cycle. The earlier a signal is detected, the higher the amount of target 
DNA in the original sample, allowing for sensitive quantification. In Paper II, 
the method was performed as previously described (115, 116). Samples were 
analyzed in duplicate using 125-500 ng of DNA per reaction. A standard curve 
was generated for each experiment using a dilution series of the NPM1 type A-
positive cell line OCI-AML3. Quantification and determination of the LOD 
followed established criteria for ALL (168). Using 500 ng of input DNA, the 
LOD reached at least 0.001%. 
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3.9 PCR WITH FRAGMENT ANALYSIS   
PCR with fragment analysis was used in Paper III to analyze FLT3-ITD and 
its allelic ratio at diagnosis, as well as NPM1 mutations at diagnosis and 
relapse. Target DNA sequences were amplified using gene-specific primers, 
one of which was labeled with a FAM fluorochrome. The resulting PCR 
products were separated and detected using capillary electrophoresis, and the 
data were analyzed using GeneMapper (ThermoFisher Scientific, Waltham, 
MA). For FLT3-ITD, the allelic ratio was determined by calculating the ratio 
between the area under the curve of the mutant and wild-type peaks in 
diagnostic samples.  

3.10  GENERATIVE ARTIFICIAL INTELLIGENCE   
Generative artificial intelligence (AI) in the form of ChatGPT was used for 
proof reading and minor text editing in parts of this thesis.  
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4 RESULTS 

4.1 MINIMAL RESIDUAL DISEASE MONITORING IN 
CHILDHOOD B LYMPHOBLASTIC LEUKEMIA 
WITH T(12;21)(P13;Q22); ETV6-RUNX1: 
CONCORDANT RESULTS USING 
QUANTITATION OF FUSION TRANSCRIPT AND 
FLOW CYTOMETRY (PAPER I) 

The ETV6::RUNX1 fusion transcript is detected in approximately one in four 
children with pre-B ALL. While the prognosis is generally favorable with 
current treatment protocols, accurate risk stratification remains crucial to 
optimize outcomes and minimize treatment-related toxicity. At the time of the 
study, risk stratification was based on MRD levels on day 29 and 78 during 
treatment, assessed by MFC. In cases with uncertain MFC results, qPCR of 
Ig/TCR rearrangements was used. RT-qPCR offers advantages over qPCR, 
being faster and more easily standardized. RT-qPCR of fusion transcripts like 
ETV6::RUNX1 could potentially serve as an additional method for MRD 
assessment in pre-B ALL cases harboring this fusion.  

The aim of this study was to determine whether RT-qPCR analysis of 
ETV6::RUNX1 fusion transcript is useful for treatment monitoring in children 
with pre-B ALL, and whether it could be a reliable alternative to MFC. 

The study included 29 children diagnosed with pre-B ALL with ETV6::RUNX1 
fusion transcript, treated in Gothenburg between 2006 and 2013. The median 
age at diagnosis was 4 years (range 1-17). Three patients were treated 
according to the NOPHO ALL-2000 protocol and 26 according to NOPHO 
ALL-2008. Bone marrow samples were collected at diagnosis and on days 15, 
29, and 78 during treatment. In total, 78 samples were analyzed using both 
MFC and RT-qPCR. RT-qPCR results were expressed as fusion transcript 
MRD (ftMRD), calculated as the ETV6::RUNX1/GUSB ratio at follow-up 
divided by the ratio at diagnosis. The cut-off for quantifiable ftMRD was set 
at >0.1%. Samples with detectable but non-quantifiable ETV6::RUNX1 levels 
were defined as having any detectable number of ETV6::RUNX1 transcripts 
without meeting the criteria for quantifiable levels (i.e. ≥10 copies in ≥2 of 3 
replicates). MFC results were expressed as the percentage of leukemic cells 
(MFC MRD), with MRD positivity defined as ≥0.1%.  



Sofie Johansson Alm 

53 

ETV6::RUNX1 transcript levels decreased gradually over time during 
treatment, with detectable ftMRD in 28/29 patients (quantifiable in 20/29) at 
day 15, 21/26 (quantifiable in 9/26) at day 29, and 2/23 at day 78. When 
comparing RT-qPCR with MFC, a strong correlation between the methods was 
observed. At day 15, three cases showed quantifiable ftMRD but MFC MRD 
<0.1%. At the risk stratifying time points (days 29 and 78), total concordance 
was seen between the two methods (Table 6).  

The limitations of the study include the relatively small sample size and the 
single-center design, which may limit generalizability. Also, a comparison 
with qPCR of Ig/TCR rearrangements would have added value.  

In conclusion, this study shows a strong correlation between MRD analysis 
with MFC and RT-qPCR of ETV6::RUNX1 fusion transcript, with perfect 
concordance at clinically relevant time points. RT-qPCR of ETV6::RUNX1 
could serve as a valuable addition or alternative to MFC for MRD monitoring, 
especially in cases where MFC is not feasible.  

 
Table 6. Comparison of MRD results from RT-qPCR of ETV6::RUNX1 fusion transcript and 
multiparameter flow cytometry (MFC) at day 15, 29 and 78 during treatment. 
 

*ftMRD: fusion transcript MRD, expressed as ETV6::RUNX1/GUSB ratio divided with the ratio at diagnosis 
(%). 
**Detectable, but not quantifiable: any number of ETV6::RUNX1 transcripts, but not meeting the criteria for 
quantifiable levels (≥10 copies in ≥2 of 3 replicates).  
 

 

 

 Positive ftMRD* Negative ftMRD 
 

ETV6::RUNX1 
quantifiable, 
ftMRD ≥0.1% 

ETV6::RUNX1 
quantifiable, 
ftMRD <0.1% 

ETV6::RUNX1 
detectable, but 
not quantifiable** 

ETV6::RUNX1 
not detectable 

MFC MRD day 15 
≥0.1% 17 0 0 0 

<0.1% 3 0 8 1 
MFC MRD day 29 

≥0.1% 3 0 0 0 

<0.1% 0 6 13 4 
MFC MRD day 78 

≥0.1% 0 0 0 0 

<0.1% 0 0 2 21 



Sofie Johansson Alm 

54 

4.2 COMPARISON OF RNA- AND DNA-BASED 
METHODS FOR MEASURABLE RESIDUAL 
DISEASE ANALYSIS IN NPM1-MUTATED 
ACUTE MYELOID LEUKEMIA (PAPER II) 

Mutations in the gene NPM1 represent the most common genetic alteration in 
adult AML and define a specific diagnostic entity. NPM1 mutation status is 
routinely assessed at diagnosis and serves both diagnostic and prognostic 
purposes. NPM1 mutations are ideal MRD targets and numerous studies have 
shown their prognostic significance. RT-qPCR, performed on RNA, is 
recommended for MRD assessment of NPM1 during treatment to evaluate 
treatment response and post-treatment for early relapse detection. Although 
RT-qPCR remains the gold standard due to its high sensitivity, DNA-based 
methods offer several advantages.  

The aim of this study was to compare three DNA-based MRD methods – 
qPCR, ddPCR and deep sequencing – with RT-qPCR, to evaluate whether 
DNA-based methods provide relevant MRD information and could potentially 
replace RT-qPCR.  

A total of 132 bone marrow and peripheral blood samples from 32 AML 
patients with NPM1 mutations, diagnosed between 2013 and 2019, were 
analyzed. This included 110 NPM1 type A samples from 30 patients analyzed 
with all three DNA-methods, and 2 NPM1 type B samples and 20 NPM1 type 
DD5 samples from two patients analyzed with ddPCR and deep sequencing. 
Follow-up samples from remission were selected, including those with 
detectable transcripts and the first undetectable sample after a previously 
positive time point.  

Analysis of NPM1 type A showed a significant correlation between DNA-
based methods and RT-qPCR, with qPCR showing the highest correlation, 
followed by ddPCR and deep sequencing. Agreement with RT-qPCR was 84% 
for qPCR, 81% for ddPCR, and 73% for deep sequencing in bone marrow, and 
even higher in blood (95% for qPCR, 88% for ddPCR and 86% for deep 
sequencing). Sensitivity, specificity, positive predictive value (PPV) and 
negative predictive value (NPV) were assessed for each method. All DNA-
based methods demonstrated high specificity and PPV in bone marrow, and all 
reached >96% specificity in blood. qPCR demonstrated the highest sensitivity, 
PPV and NPV overall. However, the DNA-based methods missed leukemic 
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signals in a number of RT-qPCR-positive bone marrow samples, highlighting 
the superior sensitivity of RT-qPCR. Conversely, DNA-based methods, 
especially qPCR, detected leukemic DNA in around 10% of RT-qPCR-
negative samples. An excellent correlation was also observed between the 
DNA-based methods themselves, with qPCR showing the highest sensitivity, 
due to a higher DNA input in the assay.  

To determine optimal thresholds for the DNA-based methods in bone marrow, 
established RT-qPCR cut-offs were used as reference (a 3-log10 reduction of 
mutated NPM1 compared to the diagnostic level or 2% mutated NPM1/104 
ABL copies). ROC curve analysis identified the following thresholds: 0.1% for 
qPCR, and 0.05% for ddPCR and deep sequencing, reflecting the mutation’s 
heterozygous nature. These cut-offs were selected to prioritize high specificity, 
and resulted in PPV and NPV >90%, although sensitivity was slightly lower 
(Table 7).  

Potential limitations of the study include heterogeneity of patient samples used 
for ddPCR and deep sequencing, as well as the lack of assessment of whether 
our RT-qPCR assay yielded results fully comparable to the originally 
described assay, something that may influence interpretation of the findings.  

In conclusion, this study shows strong agreement between RT-qPCR and 
DNA-based methods, although DNA-based methods are slightly less sensitive. 
The proposed cut-offs for risk stratification can be used when RT-qPCR is not 
possible to perform.  

Table 7. Diagnostic accuracy of the chosen cut-offs for qPCR, ddPCR and deep sequencing, 
tested against RT-qPCR. Values in parentheses represent 95% confidence intervals for 
sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV). 

  
Cut-off  

 
Sensitivity (%) 

 
Specificity (%) 

 
PPV (%) 

 
NPV (%) 

qPCR 0.1% 73.3 (48.1-89.1) 98.1 (89.9-99.7) 91.7 (64.6-98.5) 92.7 (82.7- 97.1) 

ddPCR  0.05% 80.0 (54.8-93.0) 100 (93.1-100) 100 (75.8-100) 94.5 (85.2- 98.1) 

Deep 
sequencing  0.05% 86.7 (62.1-96.3) 100 (93.1-100) 100 (77.2-100) 96.3 (87.5- 99.0) 
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4.3 PROGNOSTIC EVALUATION OF DEEP 
SEQUENCING FOR ANALYSIS OF 
MEASURABLE RESIDUAL DISEASE IN ACUTE 
MYELOID LEUKEMIA WITH NPM1 MUTATION 
(PAPER III) 

In NPM1-mutated AML, RT-qPCR is the recommended method for MRD 
analysis, but since RT-qPCR is mutation-specific, clinical laboratories restrict 
MRD monitoring to the most common NPM1 mutation type(s). With around 
90 known variants, this excludes some patients from monitoring, leading to 
unequal care. Deep sequencing is an alternative method for MRD monitoring 
of NPM1, that covers all different types of NPM1 in one assay. The aim of this 
study was to evaluate the clinical utility of deep sequencing for MRD 
monitoring in NPM1-mutated AML, and to assess whether it can provide 
prognostic information during chemotherapy. 

This retrospective study included all adult patients diagnosed with NPM1-
mutated AML in the Västra Götaland Region between 2006 and 2016, with 
available biobanked bone marrow aspirate slides. In total, 97 patients were 
included, with a median age at diagnosis of 64 years (range 19-82). All patients 
received chemotherapy with curative intent and achieved remission; 67 
patients received intensive treatment and 30 received reduced-intensity 
regimens. Thirty-one patients underwent alloSCT. During follow-up, 43 
patients relapsed and 49 died, including 10 from non-relapse mortality. A total 
of 257 bone marrow aspirates slides were analyzed with deep sequencing for 
detection of mutated NPM1 after first cycle of treatment, during consolidation 
(after two cycles, or after three if no bone marrow examination was performed 
after two), and at the end of treatment (after the last cycle of treatment). FLT3-
ITD and DNMT3A mutation status were determined from diagnostic samples 
in all patients. MRD positivity was defined as NPM1 VAF ≥0.05% and MRD 
negativity as <0.05%, based on the threshold established in Paper II.  

Patients that were MRD-positive during consolidation had a significantly 
shorter RFS and OS compared to MRD-negative patients. The 3-year RFS was 
23.1%11.7% for MRD-positive patients versus 70.8%6.1% for MRD-
negative patients, and the 3-year OS was 30.8%12.8% versus 71.9%6.0% 
(Figure 8). The effect of MRD status was also seen when assessed at the end 
of treatment. In multivariable analysis including MRD status, age, FLT3-ITD 
status, and treatment intensity, MRD positivity during consolidation was the 
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only significant predictor of RFS. For OS, FLT3-ITD status and treatment 
intensity remained significant.  

The prognostic impact of MRD status was next evaluated within the two 
treatment groups. Among patients who received intensive chemotherapy, few 
were MRD-positive, and no significant difference in prognosis was observed 
between MRD-positive and MRD-negative patients. In contrast, among 
patients receiving reduced-intensity treatment, MRD positivity was associated 
with both a shorter RFS and OS.  

Limitations of the study include its retrospective design and the relatively 
limited number of study participants. Additionally, the cohort was treated prior 
to the introduction of FLT3 inhibitors, which may influence outcomes.  

In conclusion, MRD status by deep sequencing of NPM1 is a strong predictor 
of RFS and OS when assessed during or after treatment. This study confirms 
the MRD threshold of VAF ≥0.05%, previously proposed in Paper II through 
comparison with RT-qPCR. Since deep sequencing enables detection of all 
NPM1 variants, including rare types, it offers broader applicability for MRD 
monitoring and refines risk stratification beyond what is possible with 
mutation-specific methods.  

  

 

 

 
 
Figure 8. Kaplan-Meier plots showing relapse-free survival (left) and overall survival (right) in 
patients with acute myeloid leukemia with mutated NPM1 based on measurable residual disease 
(MRD) status analyzed with deep sequencing during consolidation. MRD positivity was defined 
as NPM1 VAF ≥0.05%.  
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4.4 RESPONSE EVALUATION AND POST-
TREATMENT MONITORING IN CHILDHOOD 
ACUTE MYELOID LEUKEMIA USING DEEP 
SEQUENCING OF FLT3-ITD (PAPER IV) 

FLT3-ITD mutations are present in 10-15% of pediatric AML patients and are 
associated with increased relapse risk and poorer outcomes. FLT3-ITD is 
measured at diagnosis and plays an important role in treatment decisions. 
According to the current treatment protocol used in Sweden, FLT3-ITD 
(without a concurrent NPM1 mutation) is the only genetic marker that stratifies 
patients into the high-risk group, for whom alloSCT is recommended as 
consolidation therapy. In adult AML, FLT3 inhibitors are used during 
induction and at relapse with promising results, and they will soon be 
incorporated into pediatric treatment protocols. MRD analysis of FLT3-ITD 
using NGS-based methods has shown prognostic value in adults, including the 
ability to detect relapse both before and after alloSCT. However, due to the 
subclonal nature of the mutation, the NPV is limited, and a complementary 
MRD marker is recommended by the ELN. In pediatric AML, the clinical 
utility of FLT3-ITD MRD analysis has not yet been established. The aim of 
this study was therefore to evaluate the clinical value of MRD analysis using 
deep sequencing of FLT3-ITD in children with AML.  

The study included 17 children diagnosed with AML with FLT3-ITD mutation 
between 2013 and 2024, treated according to NOPHO-DBH AML 2012 
protocol. The median age at diagnosis was 11 years (range 4-17). A total of 
173 biobanked bone marrow and blood samples were analyzed with deep 
sequencing of FLT3-ITD during and after treatment. Samples with detected 
ITD at or above the LOD of 0.0015% VAF were classified as MRD-positive, 
and those below as MRD-negative. MRD was also assessed by MFC during 
treatment as part of clinical routine. 

To investigate the kinetics of FLT3-ITD during treatment, the level of FLT3-
ITD were analyzed in 12 patients. In most patients with multiple subclones, a 
gradual reduction of FLT3-ITD levels was observed. However, in some 
patients, the levels fluctuated over time, indicating heterogeneity in the clonal 
response to therapy.  

To assess whether deep sequencing of FLT3-ITD in blood could detect 
impending relapse, blood samples obtained after completion of treatment from 
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11 patients were analyzed (median 10 per patient, range 1-17). Among non-
relapsing patients, 8/9 remained MRD-negative at all time points. One patient 
showed low-level MRD only at the first time point, with all subsequent 
samples being negative. In the two relapsing patients, increasing FLT3-ITD 
levels were detected prior to morphological relapse – 23 and 255 days before 
relapse, respectively (Figure 9).  

To compare deep sequencing with the gold standard method MFC, 32 bone 
marrow samples from 12 patients were analyzed in parallel. The two methods 
yielded concordant MRD classification in 21/32 samples. Among the 
discordant samples, 10 were positive by deep sequencing but negative with 
MFC, while one was positive by MFC but negative by deep sequencing.   

The main limitations of the study are the small number of participants and the 
fact that none of the patients were treated with FLT3 inhibitors, which reflects 
the standard of care for pediatric AML during the study period. Larger studies 
including FLT3 inhibitor treated patients are needed before deep sequencing 
can be used as a stand-alone method for clinical decision-making.  

In conclusion, deep sequencing of FLT3-ITD is a highly sensitive MRD 
monitoring method in pediatric AML. It shows strong potential for assessing 
treatment response and detecting relapse at an early stage, and may serve as a 
valuable complement to MFC. 

  

 

 
 
 
 
 
 
 
 
 
Figure 9. Variant allele frequency (VAF) of FLT3-ITD over time in the two relapsing patients. 
MRD-positive samples are indicated by filled symbols, and MRD-negative samples by open 
symbols at 0.0015%. Abbreviations: MR, molecular relapse; R, morphological relapse.  
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5 DISCUSSION 

5.1 SUMMARY OF MAIN FINDINGS  
By highlighting the clinical value of molecular methods, in particular deep 
sequencing, this thesis contributes new knowledge about MRD analyses in 
acute leukemia. The included studies demonstrate that MRD assessment can 
be optimized through a combination of established and emerging techniques, 
supporting the development of more personalized treatment strategies.  

Paper I showed a strong correlation between MRD results from RT-qPCR of 
ETV6::RUNX1 fusion transcript and MFC in pediatric pre-B ALL. The two 
methods demonstrated absolute concordance at risk stratifying time points 
using a 0.1% cut-off. These findings support the use of RT-qPCR not only as 
a valuable complement to MFC, providing an additional measure of the 
leukemic burden, but also as a reliable alternative in patients where MFC is not 
feasible.   

Paper II demonstrated a strong agreement between DNA-based MRD methods 
(qPCR, ddPCR and deep sequencing) and the gold standard RT-qPCR for the 
detection of mutated NPM1 in adult AML, although the DNA-based methods 
showed somewhat lower sensitivity. Based on consistent results across 
methods, clinically relevant thresholds were proposed for risk stratification: 
0.1% leukemic DNA for qPCR, and 0.05% VAF for ddPCR and deep 
sequencing.  

Paper III validated the clinical utility of MRD analysis with deep sequencing 
of NPM1 in adult AML, using the 0.05% cut-off established in Paper II. MRD 
status during and after consolidation was predictive of outcome, especially of 
relapse. Since deep sequencing can detect all NPM1 variants, including rare 
types, it enables MRD monitoring in patients who would otherwise not be 
offered such surveillance, thus promoting more equitable care.   

Paper IV evaluated deep sequencing of FLT3-ITD in pediatric AML and 
showed that the method is highly sensitive for MRD analysis, with strong 
potential for assessing treatment response and for identifying impending 
relapse. These findings suggest that deep sequencing of FLT3-ITD could serve 
as a valuable complement to MFC, with potential applications similar to those 
already established in adult AML.  
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5.2 ADVANTAGES OF MOLECULAR METHODS 
FOR MRD ANALYSIS  

MRD analysis using RT-qPCR offers several advantages. For specific fusion 
transcripts and NPM1 mutations, standardized protocols are available through 
the Europe Against Cancer program, facilitating harmonized implementation 
across different laboratories. RT-qPCR is also widely available and relatively 
inexpensive. Another advantage of RT-qPCR for fusion transcripts like 
ETV6::RUNX1 is that these transcripts are present in all leukemic cells and 
persist at relapse. 

MRD analysis using deep sequencing in acute leukemia offers several 
advantages. One of the main benefits is its multiplexed design, where multiple 
samples, each tagged with a unique index, and multiple genes, including rare 
variants and patient-specific mutations, can be analyzed simultaneously in one 
assay. Deep sequencing also enables detection of clonal heterogeneity, such as 
multiple FLT3-ITD clones with different lengths and allele frequencies. These 
factors are major advantages compared to RT-qPCR, which requires mutation-
specific primers and probes. This was demonstrated in Paper III, where deep 
sequencing detected all NPM1 variants in one assay. Similarly, Paper IV, 
showed that deep sequencing could detect all FLT3-ITD clones, enabling a 
detailed analysis of clonal diversity – a process that would be very cumbersome 
using RT-qPCR due to the variability in ITD length and insertion sites.  

Furthermore, deep sequencing is applicable in almost all AML patients and in 
over 90% of ALL patients (through Ig/TCR analysis) (169). This is particularly 
advantageous in AML, where 40-50% of patients lack a traditional PCR target. 
For these patients, deep sequencing allows MRD monitoring by tracking 
patient-specific mutations, thus extending the availability of molecular MRD 
monitoring to the vast majority.   

When it comes to sensitivity, deep sequencing generally achieves equal or 
superior sensitivity compared to MFC and RT-qPCR. This was shown in Paper 
III, where deep sequencing could quantify NPM1 mutations down to 0.05% 
VAF, and in Paper IV, where the limit of quantification for FLT3-ITD was as 
low as 0.01%.  

Another important factor to consider is the starting material used in the 
analyses. Deep sequencing is performed on genomic DNA, which is more 
stable compared to RNA (used in RT-qPCR), and is unaffected by differences 
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in gene expression levels. As a result, the measurements are likely to be more 
reproducible and comparable between patients. Additionally, DNA is less 
prone to degradation during transport and handling, facilitating logistics and 
enabling reliable analysis even for patients located far from a central 
laboratory.  

Another advantage of deep sequencing is that it does not require a standard 
curve, reference gene, or baseline diagnostic sample for quantification, all of 
which are needed for RT-qPCR. Unlike MFC, which require fresh, viable cells, 
deep sequencing can be performed on both newly collected and biobanked 
samples. This enables retrospective analyses, as demonstrated in Paper III, 
where biobanked slides up to fifteen years old were successfully analyzed.  

In contrast to MFC – which is operator-dependent and requires highly 
experienced staff – deep sequencing provides more objective results. A further 
benefit is that sequencing data can be stored and reanalyzed as new mutations 
are discovered or as improved analytical methods become available. While 
MFC data can also be stored and reanalyzed, deep sequencing allows for a 
more detailed reanalysis – for example, the ability to search for newly 
identified mutations or to apply updated bioinformatic tools.  

5.3 CHALLENGES OF MRD ASSESSMENT  
Currently, there is no universal consensus on the optimal marker, method, time 
point, cut-off or sample type for MRD analysis using NGS in acute leukemia. 
There is also a lack of standardization in how laboratories perform NGS-based 
MRD analysis. Variations in gene panels, sequencing depth, and bioinformatic 
pipelines contribute to variability in results, potentially leading to 
inconsistency and reduced comparability of MRD results between different 
laboratories. This contrasts with MFC and RT-qPCR for certain fusion 
transcripts, where standardized protocols and international guidelines are well 
established. However, this field is rapidly evolving, and established guidelines 
for NGS-MRD in clinical practice are likely to be expected in the near future.  

A key consideration is that the different methods used in this thesis measure 
different parameters. Deep sequencing quantifies the VAF of a specific 
mutation. For heterozygous mutations – present in one allele of a diploid 
genome – the VAF corresponds to half the proportion of leukemic cells 
carrying the mutation. Thus, multiplying the VAF by two provides an indirect 
estimate of the leukemic cell percentage. This means that deep sequencing 
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offers a direct correlation with the fraction of mutated cells. In contrast, RT-
qPCR measures gene expression at the RNA level, where mRNA expression 
can vary considerably between cells and is influenced by transcriptional 
regulation and RNA stability. This variability was shown in Paper III, where 
the ratio between NPM1 transcripts (measured by RT-qPCR) and leukemic 
cells (measured by qPCR) showed notable fluctuations both between and 
within individual patients. This highlights that there is no absolute relationship 
between transcript levels and the percentage of leukemic cells, meaning that 
RT-qPCR provides an estimate of the mutated transcript levels rather than an 
absolute quantification of mutated cells. MFC, on the other hand, identifies the 
presence of specific surface or intracellular antigens at the single-cell level. 
These markers reflect immunophenotypic features of leukemia but are not 
linked to genetic mutations, which means that MFC does not directly 
correspond to the percentage of cells carrying a specific mutation. 
Consequently, results from these different MRD methods are not directly 
interchangeable or comparable, as they assess distinct aspects of the leukemic 
clone – genetic, transcriptional and phenotypic.  

The fact that different MRD methods measure different biological parameters 
became evident when comparing results obtained by different techniques. In 
Paper I, three samples were MRD-positive by RT-qPCR but negative with 
MFC. Similarly, in Papers III and IV, 2/20 and 10/32 samples, respectively, 
were MRD-positive by deep sequencing while negative with MFC. Several 
factors may explain these discrepancies. One possibility is a partly informative 
immunophenotype, which may result in an underestimation of MRD by MFC. 
Antigen modulation (immunophenotypic shift) can alter the expression of 
surface markers, reducing the sensitivity of MFC. Another possible 
explanation may be that molecular methods detect early mutations that persist 
in pre-leukemic or more mature hematopoietic cells that are not part of the 
active leukemic clone, potentially leading to false-positive MRD results. 
Additionally, MFC is generally less sensitive than both RT-qPCR and deep 
sequencing, which could also contribute to the observed discrepancies. 
However, false positives with MFC can also occur, especially when 
regenerating healthy blasts are difficult to distinguish from malignant blasts.   

One of the main challenges in MRD assessment lies in interpreting the clinical 
significance of positive results. Not all patients with detectable MRD will 
relapse. For instance, a study by Tiong et al. showed that 42% of AML patients 
who were NPM1-positive in bone marrow after completed treatment had not 
relapsed after one year of follow-up (170). Similar observations have been 
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made in CBF-AML, where persistent transcripts can be detectable in follow-
up samples without an imminent relapse (171). There may be several 
explanations for this, one possibility is that the residual leukemic clone is 
controlled by the immune system or lacks proliferative capacity. In other cases, 
low-level MRD may represent a clinically irrelevant subclone that does not 
contribute to disease progression. This was seen in Paper III where two patients 
were MRD-positive after two cycles of treatment, but did despite this not 
relapse. The first of these patients had a NPM1 VAF of 0.08% after cycle two, 
but no detectable MRD after cycle three. The second patient remained MRD-
positive after both cycles two (0.07%) and three (0.28%), with no further 
samples available. This patient was also FLT3-ITD-positive, but did despite 
this not undergo alloSCT and was still alive at the last follow-up, thirteen years 
from diagnosis. In Paper IV, three patients had detectable FLT3-ITD at very 
low levels prior to alloSCT but did not relapse or had resistant disease, further 
supporting that very low levels of residual leukemic cells may not always be 
of clinical relevance. 

Conversely, not all MRD-negative patients remain relapse-free. False-negative 
results may arise due to limited assay sensitivity, sampling errors, or clonal 
evolution where the leukemic clone has evolved and is no longer detectable 
with the original MRD marker. Relapse may also emerge from a previously 
undetected subclone that escaped initial detection and proliferated over time. 
However, this is less likely when using early and stable MRD markers such as 
ETV6::RUNX1, t(8;21), inv(16) or NPM1, which are typically present in all 
leukemic cells. Taken together, these findings highlight the complexity of 
MRD interpretation and underscore the importance of integrating MRD results 
with other factors, such as clinical, genetic and treatment-related, to inform 
clinical decisions.   

Another relevant consideration in MRD assessment is the choice of sample 
type. Bone marrow is generally recommended for response evaluation during 
treatment, as it provides higher sensitivity than peripheral blood – a finding 
supported by previous studies (140, 141, 166, 172). For adult AML patients 
with t(8;21), inv(16) or NPM1 mutation type A, current guidelines recommend 
peripheral blood sampling after the second cycle of treatment and at the end of 
treatment. In paper IV, FLT3-ITD levels were consistently higher in bone 
marrow than in blood, likely due to the fact that myeloblasts reside and 
proliferate in the bone marrow which results in a higher concentration of 
leukemic cells within this compartment. Despite its superior sensitivity, bone 
marrow aspiration is invasive and often associated with patient discomfort. In 
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pediatric patients, the procedure is performed under general anesthesia. Also, 
persistent low-level MRD in bone marrow does not always signal impending 
relapse. In contrast, peripheral blood sampling is minimally invasive, generally 
well tolerated, more suitable for frequent monitoring, and can be performed in 
local health care centers. Taken together, while bone marrow remains the 
preferred sample type for MRD evaluation during treatment, peripheral blood 
represents a valuable alternative, especially when highly sensitive molecular 
techniques are used.  

Practical aspects, such as turnaround time (TAT) and cost, are also crucial 
when implementing MRD analysis in the clinical setting. Among the methods 
used in this thesis, MFC offers the shortest TAT, with results often available 
within a few business days. RT-qPCR is also fast, and once primers and probes 
are set up and the laboratory logistics allow, the analysis can be done within 1-
2 days. In contrast, deep sequencing is more time-consuming, typically 
requiring 1-2 weeks, which could potentially delay clinical decision-making. 
Cost is another important factor. RT-qPCR is relatively less expensive, while 
both MFC and deep sequencing are associated with higher costs – MFC due to 
the need for experienced staff and time-consuming analysis, and deep 
sequencing because of expensive sequencing reagents and platforms. These 
factors may represent a practical barrier for implementing NGS-based MRD 
techniques, particularly in resource-limited settings. However, as NGS 
technologies become more integrated in routine diagnostics, both cost and 
TAT will likely improve. 

5.4 CLINICAL IMPLICATIONS OF STUDY FINDINGS 
The findings from this thesis offer several relevant insights into how MRD 
analysis can be used in the clinical setting to support more precise risk 
stratification and guide treatment decisions.  

Paper I showed that RT-qPCR of ETV6::RUNX1 fusion transcript is a reliable 
alternative to MFC for MRD monitoring in pre-B ALL, expanding MRD 
monitoring possibilities for patients in whom MFC is not feasible. These 
findings contributed to the implementation of RT-qPCR of ETV6::RUNX1 at 
Sahlgrenska University Hospital, where it is performed in parallel with MFC 
and qPCR when sufficient sample material is available. In this setting, it can 
be used as a complementary tool in cases where there is discrepancy between 
MFC and qPCR results. 
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Since the publication of Paper I, NGS has emerged as a promising tool for 
MRD monitoring in pediatric ALL (164). Several studies have demonstrated 
its prognostic value, especially through analysis of Ig/TCR rearrangements, as 
previously described in the MRD section. A study by Mai et al. analyzed 236 
bone marrow samples from 64 children with ALL, comparing MRD analysis 
using NGS, qPCR and MFC, and showed that NGS was the most sensitive 
method for detecting MRD post-treatment (173). In a recent study, Huang et 
al. compared NGS-based MRD monitoring of Ig/TCR rearrangements with 
RT-qPCR of three fusion transcripts (ETV6::RUNX1, BCR::ABL1 and 
TCF3::PBX1) using 104 bone marrow samples from 56 patients (174). The 
overall concordance between the methods was high. In the ETV6::RUNX1 
subgroup, concordance was 83%; five samples from five patients were MRD-
negative by NGS but positive by RT-qPCR at the end of treatment. For the 
three patients with available follow-up data, all remained in long-term 
remission (>10 years). Although based on a small cohort, these findings 
suggest that NGS-based MRD assessment may offer stronger prognostic value 
than RT-qPCR, especially in cases with discordant results.  

Paper II demonstrated that DNA-based methods can serve as a valuable 
alternative to RT-qPCR for MRD monitoring of mutated NPM1 in AML. This 
is a clinically important finding, since not all NPM1 mutation types can be 
monitored by RT-qPCR assays. By providing reliable alternatives, DNA-based 
methods expand MRD monitoring options, contributing to a more equitable 
and personalized care. The findings from this study have led to the 
implementation of MRD analysis with deep sequencing of NPM1 into clinical 
routine at Sahlgrenska University Hospital, providing a monitoring option for 
patients who otherwise lack a suitable MRD marker. Since the introduction of 
the assay in our clinical laboratory in 2021, the number of samples have 
increased gradually. To date, almost 450 samples from 42 patients with 23 
different mutation types, including some novel, have been analyzed.  

There are few earlier studies comparing RNA- and DNA-based methods, but 
those that exist have shown a significant correlation between MRD results 
obtained from RT-qPCR and targeted sequencing (49, 122). In AML with 
t(8;21), Duployez et al. showed a strong correlation between 
RUNX1::RUNX1T1 levels measured by RT-qPCR and qPCR of the fusion at 
the genomic level (175). In a previous study in pediatric AML, we showed 
concordance between MRD levels measured by patient-tailored deep 
sequencing and RT-qPCR of RUNX1::RUNX1T1 and KMT2A::MLLT10 fusion 
transcripts (166). In Paper II, although DNA-based methods demonstrated 
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somewhat lower sensitivity than RT-qPCR, they detected MRD in 10% of 
samples that were negative by RT-qPCR. This indicates that DNA-based 
methods may find residual leukemic cells that are missed by transcript-based 
assays. These findings emphasize the complementary role of DNA-based 
MRD methods and suggest that combining molecular approaches could 
improve the accuracy of MRD assessment.  

The results from Paper III add to the limited knowledge regarding the clinical 
relevance of NPM1 MRD analysis using NGS (49, 176). We show that deep 
sequencing of NPM1 is highly predictive of outcome, especially relapse, when 
assessed during and after consolidation. The study also confirms the clinical 
value of the 0.05% cut-off obtained in Paper II. While current guidelines 
recommend RT-qPCR as the primary method for NPM1 MRD assessment, 
deep sequencing serves as a valuable alternative, particularly in cases with rare 
NPM1 variants. In previous studies, we have shown that deep sequencing is a 
highly sensitive method for patient-tailored MRD analysis (117), and that it 
can predict relapse after alloSCT in patients with mutated NPM1 (177). The 
clinical value of MRD analysis of NPM1 in the transplant setting has been 
described in a few additional studies. Dillon et al. analyzed pre-transplant 
blood sample from 451 adult AML patients in first remission using ultra-deep 
NGS targeting NPM1 and FLT3-ITD mutations, with a sensitivity of 0.01% 
(178). Patients with detectable MRD before transplant had a 3-year relapse rate 
of 68%, compared to 21% in MRD-negative patients, and a 3-year OS of 39% 
versus 63%. In a smaller study, Zhou et al. evaluated both NGS and MFC for 
MRD assessment before and after alloSCT in NPM1-mutated AML (179). 
While pre-transplant MRD positivity by NGS alone did not predict relapse, 
post-transplant NGS-MRD was highly predictive. The authors concluded that 
NGS adds prognostic value, particularly post-transplant, while pre-transplant 
positivity may require careful interpretation, as some patients with low-level 
positivity may be rescued by the transplantation.  

The findings from paper IV highlight the clinical utility of deep sequencing of 
FLT3-ITD as a sensitive and reliable MRD method in pediatric AML. The 
results support its use as a complementary tool to MFC for evaluation of 
treatment response. In a recent study, Rücker et al. evaluated NGS-based 
FLT3-ITD MRD monitoring in 142 adult AML patients and found that 78% 
were MRD-negative after two cycles of chemotherapy in combination with 
midostaurin (151). MRD-negative patients had significantly better outcomes 
than MRD-positive, with a 4-year cumulative incidence of relapse of 26% 
versus 46%, and 4-year OS of 70% compared to 44%. In multivariable 
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analysis, MRD negativity was the strongest predictor of outcome. Similarly, 
Dillon et al. showed that persistence of FLT3-ITD in blood before alloSCT, 
measured by NGS in 537 adult patients, was associated with increased risk of 
relapse and death, using a cut-off of 0.01% VAF (150). A dose-dependent 
relationship was observed: higher pre-transplant MRD levels correlated with 
poorer outcomes. Given the growing evidence regarding the clinical value of 
FLT3-ITD MRD monitoring in adult AML, our findings from paper IV suggest 
that similar clinical applications may be valuable in pediatric patients, 
especially since FLT3 inhibitors will soon be incorporated into pediatric 
treatment protocols. 

Paper IV also demonstrated that deep sequencing is a highly sensitive and 
specific method for relapse prediction. Among the two relapsing patients, 
increasing FLT3-ITD levels were observed well before morphological relapse 
– in one case, as early as 255 days prior. Conversely, in patients who remained 
in remission, all but one were MRD-negative at every follow-up time point. In 
the single exception, low-level positivity occurred at the first post-treatment 
time point only and did not meet the ELN definition of a molecular relapse,  
which requires two consecutive positive samples from the same tissue (52). 
These findings align with results from our previous study in pediatric patients 
with CBF-AML and KMT2A rearrangements, where molecular relapse (or 
conversion from negative to positive) in blood during follow-up predicted 
relapse in all 14 relapsing patients. In contrast, all 36 non-relapsing patients 
remained MRD-negative in all 253 blood samples from follow-up (180). Since 
molecular relapse can precede morphological relapse by weeks or months, 
early MRD detection provides a valuable window for preemptive intervention. 
Our findings suggest that deep sequencing could serve as an effective post-
treatment surveillance tool in children with FLT3-ITD mutations, a group 
currently lacking standardized MRD monitoring. The method could be used in 
a similar way to RT-qPCR of fusion transcripts or NPM1 type A mutations, 
potentially enabling preemptive treatment at the molecular level. This 
approach has been shown to improve outcomes in AML. Orvain et al. 
monitored 303 adults with CBF-AML or NPM1 mutations using qPCR after 
intensive chemotherapy (without alloSCT in first CR) (181). Among them, 
31% experienced relapse, and 18% had morphological relapse. Patients who 
received preemptive therapy (including alloSCT or chemotherapy) at 
molecular relapse had a 3-year OS of 71%, compared to 51% for those treated 
after morphological relapse. Similar findings have been reported in other 
studies, further underscoring the prognostic benefit of molecular monitoring 
and early intervention (182-185). 
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Taken together, the findings presented in this thesis support the use of deep 
sequencing as a powerful MRD monitoring tool in both adult and pediatric 
AML, with the potential to improve risk stratification, guide treatment 
decisions, and ultimately enhance patient outcomes.  
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6 CONCLUDING REMARKS AND 
FUTURE PERSPECTIVES  

In recent years, MRD analysis has become increasingly important in acute 
leukemia and is now recognized as one of the strongest predictors of outcome 
in both adults and children. This thesis contributes new knowledge about MRD 
analysis methods and their clinical relevance. 

The field of MRD diagnostics has developed rapidly, and since the start of 
Paper I in 2013/2014, significant progress has been made. In Paper I, we 
showed that RT-qPCR analysis of ETV6::RUNX1 fusion transcript is a reliable 
alternative or complement to MFC in pediatric ALL. The method is now 
implemented in clinical routine at our laboratory alongside MFC and qPCR. In 
Paper II, we established clinically relevant MRD cut-offs for NPM1 using deep 
sequencing, qPCR and ddPCR, all demonstrating high predictive values. These 
findings led to the clinical implementation of deep sequencing for MRD 
monitoring in patients with NPM1 non-type A mutations. Paper III confirmed 
the prognostic value of deep sequencing of NPM1, using the cut-off established 
in Paper II. In Paper IV, we showed that deep sequencing of FLT3-ITD is a 
highly sensitive MRD method in pediatric AML, suggesting that FLT3-ITD 
MRD monitoring may be used to guide treatment decisions in this group of 
patients. 

Despite major advances within MRD diagnostics, several challenges remain. 
There is a need for harmonization regarding optimal time points, clinically 
relevant cut-offs, and the choice of material for MRD analysis. Currently, these 
parameters vary between study groups and treatment protocols. Based on the 
findings from this thesis and previous literature, the most informative time 
point for MRD assessment in NPM1-mutated AML appears to be during 
consolidation (after two cycles), in both bone marrow and blood. For post-
treatment monitoring, peripheral blood is likely the optimal material, as 
molecular relapse in blood has been shown to correlate strongly with clinical 
relapse. However, the ideal MRD time points may also vary depending on 
genetic subtype, as different mutations display different kinetics and response 
patterns.  

A key question in clinical practice is at what MRD level to intervene – and 
how. MRD has the potential to move from a prognostic marker to a direct 
therapeutic target. This approach has already shown great success in both 
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pediatric ALL and AML. Whether it can be applied across all age groups 
remains to be explored with studies addressing this strategy in adult patients.  

New immunotherapies, such as bispecific antibodies and CAR-T cells, have 
shown the ability to eradicate MRD in B-ALL and may be used in cases of 
molecular relapse. Their potential use in preemptive treatment, before 
morphological relapse, underscores the need to define MRD thresholds for 
intervention. To guide such strategies, it is crucial to determine which MRD 
levels that motivate therapeutic intervention. Should all MRD-positive patients 
receive preemptive treatment, or only those above a certain level? And at 
which time points is MRD most predictive? Answering these questions will 
require prospective clinical trials in which treatment decisions are based on 
MRD results. These are essential to determine whether MRD-guided therapy 
improves prognosis compared to standard treatment. While randomized trials 
may pose ethical challenges – such as withholding intensified treatment from 
MRD-positive patients – they remain crucial for establishing evidence-based 
protocols.  

Another important area for future research is comparative studies between 
different MRD methods, since there are few studies that directly compare 
which method is most optimal in a given clinical situation. For example, should 
NGS replace qPCR in ALL, or serve as a complement? Is ddPCR more robust 
than RT-qPCR for certain fusion transcripts? In Paper II, we found that DNA-
based methods failed to detect MRD in a proportion of RT-qPCR-positive 
samples – and vice versa. These discrepancies highlight the need for more 
comprehensive comparisons in larger cohorts to better understand the strengths 
and limitations of each method, and to assess whether combining methods 
could improve diagnostics.  

In the coming years, NGS-based techniques for MRD detection are expected 
to become increasingly integrated in clinical practice. It is likely that clinical 
laboratories will routinely use both conventional and NGS-based methods, 
providing more information for clinical decision making. As sequencing 
technology advances, scalability increases, and costs decrease, NGS may 
become the standard method for MRD monitoring in several leukemia 
subtypes. At the same time, existing techniques will continue to be refined, and 
peripheral blood is expected to be used more frequently, especially for post-
treatment surveillance. For some genetic markers, blood has already been 
shown to be a reliable surrogate for bone marrow and is incorporated in the 
ELN MRD guidelines.  
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Parallel to advances in sequencing, AI is expected to play an increasingly 
important role in MRD diagnostics. AI and machine learning algorithms could 
help automate MRD detection, integrate results with other prognostic data, and 
even provide real-time risk assessments. A possible future scenario is 
individualized treatment planning based on MRD levels and clinical and 
genetic features – where AI estimates relapse risk and recommends early 
intervention before overt relapse occurs.   

For future research, it would be very interesting to build on our results by 
conducting a prospective study in NPM1-mutated AML, where deep 
sequencing is used to guide treatment decisions. Our data clearly showed the 
prognostic value of MRD status by deep sequencing, and the next step would 
be to test whether acting on MRD levels improves outcomes. One possible 
study could include prospective MRD monitoring during consolidation, where 
MRD-positive patients are randomized to either intensified treatment or 
standard care. This would allow evaluation of whether MRD-guided therapy 
improves prognosis. Another interesting future project would be a prospective 
study involving longitudinal monitoring of FLT3-ITD and co-mutations in 
pediatric AML. Using deep sequencing, both FLT3-ITD and co-mutations 
could be analyzed in parallel to track clonal dynamics over time. If molecular 
relapse is detected, preemptive treatment would be initiated. This approach 
could enable early, individualized treatment and improve prognosis by 
preventing morphological relapse, and it would also provide valuable 
information about clonal evolution. 

I look forward to following the continued development of NGS-based MRD 
methods in acute leukemia, and to seeing how these techniques are 
increasingly implemented in clinical decision-making. In summary, MRD 
research holds many exciting opportunities. Through close collaboration 
between research and clinical practice, we can continue to refine and optimize 
MRD methods. With the ongoing advancements in standardized techniques 
and NGS, clinical trials, targeted therapies, and AI, I believe the future holds 
great promise for improving outcomes in acute leukemia, with MRD playing 
a central role in personalized care.   
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