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Popular science summary of the thesis

Leukemia is a disease of blood cells in which the bloodstream fills with abnormal
immune cells that have lost the ability to fight off infection, called leukemic cells.
Over time, leukemic cells overpopulate the bone marrow and blood, displacing
normal blood cells and impairing their functions. Consequently, the body
becomes more susceptible to infections and loses its ability to combat even
simple illnesses. Leukemia affects individuals of all ages but depending on the

type of leukemia the incidence differs between children and adults.

Acute lymphoblastic leukemia (ALL) is one of the most common types of cancer
in children. With a survival rate of over 90%, the treatment of children with ALL is
one of the success stories of modern medicine. However, the downside of
current treatment is the long-term complications, the risk of developing other
cancers and, in some cases, death due to high intensity treatment. Today, one of
the challenges is to identify patients who can be treated with less intensive
treatment and thus experience a better quality of life. One approach to
achieving this goal is to study the DNA of leukemic cells. DNA is an instruction
manual for how a cell must function and an error in the crucial steps can lead to
abnormal behavior in the cell. These errors are known as genetic aberrations.
Some genetic aberrations in the blood cells can turn them into leukemic cells. In
clinical diagnostics, several methods are available to detect and identify genetic
aberrations in the DNA. Recently, a new method with high resolution has been
introduced that shows promising ability to read the whole length of human DNA

(whole genome sequencing (WGS)) and detect aberrations in various forms.

In this work, the potential of WGS in detecting aberrations in the DNA of leukemic
cells was investigated. The main objective was to find the aberrations that are
known to transform blood cells into leukemic cells. The result showed that WGS
is a promising tool that can single-handedly detect all the genetic aberrations
required for in the treatment protocol of ALL. In addition, these genetic
aberrations can be used as markers to monitor a patient’s response to the
treatment and clinicians can use this information to adjust the therapy for best
possible result. We selected two to three patient-specific markers and tracked
them with extremely sensitive methods in patient’'s samples. The results show
that by using our strategy, patient-specific mutations can be detected and used
to monitor patients during treatment, making fine adjustments possible.



In summary, WGS with its high resolution was able to detect all mutations
required for the diagnosis of childhood ALL. Even in patients with inconclusive
results in routine clinical practice, WGS could detect and identify mutations
involved in the transformation of blood cells into leukemic cells. However, to fully
realize the potential of WGS in clinical diagnostics, additional studies are

necessary.



Abstract

Whole genome sequencing is a revolutionary technology that has changed the
field of genomics. By providing unprecedented base pair resolution, WGS allows
for precise identification of disease causing genetic abnormalities. While
cytogenetic and molecular methods are well established in clinical practice, the
application of WGS in cancer diagnostics remains at the developmental stage.
Additionally, detecting complex genomic events currently requires a multi-
modal approach, as each method is targeted and has limited resolution. This
reliance on multiple techniques often leads to cumbersome workflows and

requires input from various experts with specialized knowledge.

One of the diseases that requires genetic characterization is acute
lymphoblastic leukemia (ALL). This disease is known to be genetically
heterogeneous, with structural genomic changes playing a central role in
leukemogenesis. Currently, ALL is divided into genetic subgroups, each
associated with different outcomes. Detecting and identifying the genetic
aberrations driving disease progression often requires the use of multiple
methods. Therefore, having a single method capable of detecting all genetic

aberrations would be highly beneficial.

In this thesis, the efforts to assess the value of WGS as a stand-alone method in
clinical diagnostics are described. The aim is not only to detect the genetic
aberrations described in the treatment protocols, but also to identify emerging
genetic subgroups and novel gene fusions that have diagnostic significance or

can be used for targeted therapy.

In Paper | WGS was applied to a pediatric B-cell ALL (B-ALL) cohort to
investigate its feasibility to detect clinically relevant genetic aberrations. Two
sequencing depths (30x versus 90x coverages) and two analysis approaches
(leukemia-only vs leukemia/normal) were tested, and the results were
comprehensively compared to findings from standard of care (SoC) methods.
Based on our analysis, sequencing leukemia samples with 30x coverage was
sufficient to detect all obligatory aberrations. Additionally, almost all patients
without stratifying genetic markers could be allocated to one of the emerging
subgroups. The paper demonstrates the potential of WGS in the diagnostic
setting of ALL.



In Paper Il we applied WGS to genetically characterize a case of pediatric T-cell
ALL (T-ALL) that did not respond to standard therapy. WGS detected a novel
JAK2:CCDC88C gene fusion, resulting in a chimeric transcript. This novel
transcript, containing the tyrosine kinase domain of JAK2, produces a chimeric
protein expected to respond to a JAK2 inhibitor. This case report shows how

WGS can be used to find personalized treatment options for leukemia patients.

In Paper lll we present a proof-of-concept study describing the use of patient-
specific genetic markers detected by WGS to monitor disease. This is performed
by designing sensitive quantitative assays targeting these genetic markers. WGS
was applied to detect structural variants (SVs) and other relevant leukemic
genetic alterations resulting in unique sequences in six pediatric ALL cases. We
then used this data to identify patient-specific targets and designed droplet
digital PCR (ddPCR) assays to enable the absolute quantification of these
targets. Subsequently, the technical feasibility of these patient-specific targets
was assessed for monitoring measurable residual disease (MRD) in genomic DNA
and cell-free tumor DNA. The results showed that the sequences provided by
WGS enabled us to identify patient-specific targets that could be used for

sensitive and specific detection of leukemic cells.

Manuscript IV explores the complexity of a specific ALL subtype. We applied
WGS and whole transcriptome sequencing (WTS) to perform a detailed
characterization of the genomic and transcriptomic profiles of Philadelphia-
positive ALL (Ph+ALL). We have integrated the findings from SoC diagnostics
and MRD information to comprehensively investigate the features of Ph+ALL and

potential for refining diagnostics for these patients.

Together, these studies explored the potential of WGS in clinical diagnostics and

enhanced the understanding of genetic aberrations in pediatric ALL.
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ALL Acute lymphoblastic leukemia

Alt Alteration

AML Acute myeloid leukemia

Array CGH Array Comparative Genomic Hybridization
B-ALL B-cell ALL

BM Bone marrow

BCR:ABLI-L BCR:ABLI-lymphoid involvement
BCR:ABL1-M BCR:ABLI-multi lineage involvement
CML Chronic myeloid leukemia

CBA Chromosome banding analysis
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FCM Flow cytometry
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-r Rearrangement

SoC Standard of care

SV Structural variant

T-ALL T-cell ALL
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WBC White blood cells

WHO World health organization
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WGTS Whole genome-transcriptome sequencing



Introduction

Recognizing DNA as the fundamental building block of biological life was the first
step towards groundbreaking discoveries in genomics and human health. The
quest to resolve fundamental questions about the genome and cellular function
has driven both the research community and the industry to develop advanced
technologies capable of deciphering the complex structure of DNA. Today, WGS
stands as the ultimate method to read the DNA sequence and map the entire

genome.

WGS has proven useful in revealing unknown genetic aberrations, yet it remains a
complementary tool in clinical diagnostics. One of the major areas where WGS
can significantly enhance patient care is cancer diagnostics. Cancer is initiated
by cells acquiring genetic aberrations, and detecting these aberrations is crucial
for patient diagnosis and management. Cancer is divided into major types,
hematological and solid tumors. While the role of genetic aberrations in
hematological malignancies has been well established, the use of genetic
diagnostics in solid tumors is a more recent development. Currently, a
multimodal approach is employed to identify clinically relevant genetic
aberrations in patients with hematological cancer. However, limitations in these
methods prevent the detection of unknown genetic events, leaving some cases
inconclusive. The following sections focus on the potential of WGS and what it

can offer in the genetic diagnosis in clinical settings.

1 Background

11 Leukemia

Leukemia (Greek “leukos" white and “haima" blood) was first described by Doctor
Rudolf Virchow in 1847 (1). He observed blood samples from patients with an
abnormal amount of white blood cells and referred to this condition as
“leukemia’. Today we know that leukemia originates from the hematopoietic
stem and progenitor cells in the bone marrow (BM), which are responsible for the
production of blood cells. The first time a genomic abnormality was associated
with a hematological malignancy was in 1960, when Nowell and Hungerford
described an abnormal chromosome 22 in a patient with chronic myeloid
leukemia (CML) and named it the Philadelphia (Ph) chromosome (2). After
further technological developments, it was recognized that the Ph chromosome

is the result of a reciprocal translocation between chromosomes 9 and 22(3).



Several years later, a study characterized an 8-kilobase RNA and discovered that
it contained transcripts from both the BCR and ABLT genes. This study, led by
Shtivelman, identified the fusion protein and suggested its role in the
development of CML (4). This discovery paved the way for the development of
the first targeted therapy, which involved directing a tyrosine kinase inhibitor
(TKI) to the tyrosine kinase part of the BCR:ABL1 fusion protein (5).

Today, the classification of leukemia is mainly based on the type of clinical
presentation and rate of progression as well as the type and maturation stage of
the cell of origin. When malignant transformation occurs at the immature
progenitor cells, it disrupts the production of mature, functional cells, leading to
the rapid accumulation of immature cells and the development of acute
leukemia. Depending on the affected cell lineage, this results in developing either
acute myeloid leukemia (AML) or ALL . Consequently, the number of blasts in the
BM increases and begins to move into the peripheral blood (6). The malignant
cells are characterized by morphology, immunohistochemistry and by flow
cytometry (FCM) using standard combinations of antibodies to determine the
leukemia-associated immunophenotype (LAIP) (7). However, if cell
differentiation is arrested at later stages of development, the cells remain
relatively functional, leading to a slower progression of the disease, referred to as

chronic leukemias (i.e. CML and chronic lymphocytic leukemia) (6).

1.2 Acute Lymphoblastic Leukemia

ALL can occur at all ages. It is the most common malignancy in children,
accounting for 25% of pediatric malignancies, with the highest incidence being
between 2-5 years of age (8). The median age in adults is 40 years (9).
Outcomes have improved significantly over the past few decades, with survival
rates exceeding 90% for pediatric patients. However, prognosis becomes less
favorable with increasing age, with only 50% survival rate in adults in developed
countries (10, 11). Despite this remarkable progress in pediatric survival rate,
relapses and treatment failure, although rare still constitute challenges (11). In
addition, long-term side effects and secondary malignancies affect patient’s
quality of life. It is worth noting that the survival rate in developing countries is

still low due to limited access to advanced care.

The causes why children develop ALL are still unknown, however, various factors
such as environmental, congenital and immunological dysregulation alone or
likely in combination have been proposed to play a role (12). UV radiation or

2



exposure to carcinogenic chemicals are among the common environmental
factors that increase the risk of developing cancer and leukemia in the adults
(13). Recently, a Swedish nationwide study found that 11% of children diagnosed
with solid tumors had a germline variant in a gene causing cancer predisposition
(14). A follow up unpublished observation estimated <5% of leukemia cases
harbored a germline variant. Studies of identical twins with concordant ALL have
shown that both twins have an identical preleukemic clone and the second hit
occurred in one of them (15, 16) providing evidence that the initiating lesion had
occurred in utero.

ALL results from the accumulation of immature lymphoid cells in the BM and
peripheral blood. It is further classified into B-ALL and T-ALL, based on whether
the origin of the lymphoblast is committed to the B-cell or the T-cell lineage.
Immunophenotyping, which detects cell surface markers, enables differentiation
between the two lineages. LAIP is characterized at this stage to enable
monitoring of response to the treatment at later stages.

Diagnosing ALL begins with the examination of BM samples, where the
pathologist analyzes the morphology, immunohistochemistry and
immunophenotype of the leukemic cells. This analysis helps determine the
specific type of leukemia present. The initial risk assessment of ALL is based not
only on genomic aberrations but also on factors such as white blood cell count
(WBC) and age at diagnosis (17). To further refine the diagnosis and identify
specific genetic abnormalities, additional testing is required. This typically
includes cytogenetic analyses to assess chromosomal aberrations, as well as
molecular testing to detect mutations or gene fusions that may be driving the
disease (9). Since the initial response to treatment is closely associated with risk
of relapse, most modern treatment protocols integrate residual disease
measurement with genetic characterization (18). This is essential for refining risk
assessment, assigning each patient to an appropriate risk category, and tailoring

therapy to achieve the best possible outcome.

1.3 The Genetic Landscape of ALL

The genetic landscape of ALL has been extensively studied over the last
decades and has been shown to be very heterogeneous (19). This is true for both
pediatric and adult ALL however, adults harbor often high-risk genetic
aberrations (20). There are three main categories of primary lesions commonly
observed in ALL. First, aneuploidies, changes in chromosome numbers, define



ALL subgroups with very different outcomes. One further category is
characterized by the consequences of large structural chromosomal
rearrangements that occur during leukemogenesis, including translocations,
deletions, and inversions. In B-ALL, these rearrangements frequently result in the
formation of fusion genes, a genetic hallmark of the disease. The fusions often
involve transcription factors and produce chimeric proteins that serve as
primary events, driving leukemogenesis. Several recurrent fusions represent
class-defining lesions in B-ALL are illustrated in Figure 1. The third category arises
from structural genomic rearrangements that disrupt gene regulation patterns,
leading to the deregulation of genes essential for differentiation along the
lymphoid lineage. This category is particularly common in T- ALL(21).

In addition to these primary events, a few secondary lesions have been reported
to impact the outcome. In the following sections well-established subgroups,
emerging genetic subtypes and the secondary genetic profile of B-ALL are
discussed, and the current understanding of the genetic profile for T-ALL is

summarized.

PEDIATRIC B-ALL GENETIC LANDSCAPE

B-other 24% HeH 30%

iAMP21 2% |
HoL/NH 2%

ABL-class 3%
1(9;22) 3%
1(1;19) 5%

KMT2A-r 6% 1(12;21) 25%

Figure 1. A pie chart that illustrates the distribution of genetic lesions mandatory
to investigate according to current treatment protocol in pediatric B-ALL
(unpublished data). HeH, high hyperdiploidy; KMT2A-r, KMT2A rearrangements;
HoL, low hypodiploidy; NH, near haploidy; iAMP2], intrachromosomal
amplification chromosome 21.



1.3.1 Genetics of B-ALL

1.3.11 Chromosome dosage imbalances

Aneuploidy, or numerical chromosome changes, are common recurrent
abnormalities in B-ALL. High hyperdiploidy (HeH) with 51-65 chromosomes is the
most common cytogenetic abnormality found in pediatric ALL (22-24).
Chromosomal gains in HeH are not random, with chromosomes +4 (78%), +6
(85%), +10 (63%), +14 (84%), +17 (68%), +18(76%), +21(99%) and +X (89%) being
the most frequently affected, manifesting as trisomies and tetrasomies (25).
There is evidence of a simultaneous increase of chromosomes in a single cell
division causing HeH (26, 27). ALL with HeH shows excelent outcome in children
when treated with standard chemotherapy, with survival rate of 296% at 5 years

.

Hypodiploidies, defined as having fewer than 46 chromosomes, are also
observed in ALL, but at a much lower frequency of around 5% (28). Within
hypodiploidies, near-haploidy (NH, 25-29 chromosomes), mainly observed in
children and low-hypodiploidy (Hol, 30-39 chromosomes), observed in young
adults/adults are rare but recurrent occurring in less than 1% of cases (9). Both
NH and HoL ALL have been reported to have poor outcomes and patients are
therefore allocated to the high-risk genetic group. It is worth noting that often,
the number of chromosomes in NH or HoL may double and appear as
hyperdiploidy or NH (29). Those cases may be easily misclassified, if only the
doubled clone is captured by chromosome banding analysis (CBA). It is clinically
important to ensure that a duplicated NH is distinguished from hyperdiploidy
since the outcome differs greatly (28, 30). The preferred method for detecting a
duplicated NH is SNP arrays, which enable the identification of loss of
heterozygosity (LoH) in monosomal chromosomes, even after the number of

chromosomes has been duplicated (31).

Intrachromosomal amplification of chromosome 21 (IAMP21) is an aberration
detected in 2% of pediatric ALL cases. Cytogenetic examination revealed that
iAMP21 shows a variety of morphological changes which can be the result of
complex intrachromosomal rearrangements created by breakage-fusion-bridge
(32). Patients with iAMP21 have a higher risk of relapse and are regarded as high-
risk (25).



13.12  Recurrent gene fusions in ALL

ETV6:RUNXT is among the most common alterations in pediatric ALL,
encompassing approximately 25% of cases (33-36). Both ETV6 and RUNX1 are
transcription factors crucial for hematopoiesis. The translocation between
chromosomes 12 and 21 brings these two genes together and results in a fusion
gene ETV6:RUNXIT on the derivative chromosome 21 (37, 38). Studies showed
that monozygotic twins that developed ALL at different time points, harbored
the same ETV6:RUNX1(39). In addition, the presence of this fusion in neonatal
blood spots from children diagnosed with t(12;21) ALL provided evidence that
this fusion occurred years before ALL developed and likely represents the
initiating event in leukemogenesis. (16, 39, 40). The ETV6:RUNXI fusion can result
from simple rearrangements involving only chromosomes 12 and 21, as well as
from more complex genetic rearrangements, which may also involve near
triploidy or tetraploidy (41, 42). Regardless of the underlying genetic complexity,
this subtype is associated with a favorable response to treatment in children
(34).

The recurrent translocation between chromosome arms 1q and 19p fuses two
genes encoding transcription factors, and results in the TCF3::PBX1 fusion which
is the class-defining lesion for this subgroup of ALL(43-45). Both TCF3 and PBX1
are essential for the commitment and self-renewal of hematopoietic stem cells
and for the maturation of lymphoid cells. The aberrant fusion protein causes
differentiation arrest and constitutes the class-defining lesion (46). TCF3:PBXTis
found in 5% of ALL cases overall. Originally classified as an intermediate risk
category, the result for this subgroup is comparable to the standard genetic risk

in modern treatment protocols (10, 47).

A rare translocation, t(17,19), involving TCF3 and hepatic leukemia factor gene
HLF, produces a chimeric transcript which defines another subtype of ALL with
extremely poor outcome (48). Thus, patients harboring TCF3:HLF fusions are
classified as high-risk, regardless of their initial response to treatment.

Rearrangements of KMT2A are found in several leukemia types including ALL(49).
The KMT2A gene is located on the long arm of chromosome 11 and encodes a
histone methyltransferase that plays an important role during embryonic
development and hematopoiesis. Rearrangements of KMT2A define a subgroup
of ALL and lead to the formation of fusion genes with more than 90 partners
described so far (50) The most common partners found in infant and pediatric



ALL include AFF1, MLLT1 and MLLTS3, followed by MLLTIO, which together are
responsible for over 90% of KMT2A-r infant ALL and about 75% of KMT2A-r
pediatric ALL (50). KMT2A-r have been associated with a poor outcome in most
ALL trials in children (10, 51).

A recent study described an ALL subgroup with tyrosine kinase rearrangements
involving ABLIT (other than BCR:ABL), ABL2, or CSFR/PDGFRB referred to as ABL-
class, that make blasts responsive to tyrosine kinase inhibitors (TKls) (52).
Therefore, under the current protocol, it is essential to investigate theses
rearrangements since patients with these alterations will receive TKls as part of
their treatment. The ABL-class accounts for 3-5% of pediatric ALL cases (53).

As previously mentioned, ABL1is one of the genes involved in the translocation
of 1(9;22)(Figure 2). The BCR:ABLI fusion gene encodes a constitutively active
tyrosine kinase which is the defining lesion in Ph+ALL as well as in CML (54, 55).
CML occurs mainly in adults and only rarely in children. In normal cells, ABLT is
involved in cell survival, differentiation and growth by phosphorylating target
proteins in the RAS/MAPK, PI3K/AKT and JAK/STAT pathways (54). Two main
isoforms of fusion proteins have been found. A 190 kDa protein (p190) translated
from the minor transcript (m-BCR:ABLT), in which exon 10of BCR is juxtaposed to
exon 2 of ABL], is found in 2/3 of ALL patients (56). The 210 kDa isoform (p210) is
translated from the major transcript (M-BCR::ABL1), where exon 13 or 14 of BCR is
juxtaposed to ABLT exon 2, and is characteristic of CML (54). While the BCR:ABL]1
fusion occurs in 2-3% of pediatric cases, its prevalence increases with age and is
found in 25% of adult ALL cases (57, 58). Since the discovery of TKls that directly
target the kinase domain of the BCR::ABL1 protein outcomes for Ph+ALL have
improved. (5). Currently, only patients who do not achieve a satisfactory
response to combination therapy require stem cell transplantation (59). One of
the key factors in managing Ph+ALL patients, as with ALL in general, is the careful
assessment of the initial response to therapy, specifically MRD, which serves as
an important prognostic indicator. A more detailed discussion of MRD

quantification in ALL can be found in the MRD section.
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Figure 2. lllustration of reciprocal translocation between chromosomal arms 9q
and 22q. The BCR:ABLTfusion gene is on the der 22 also known as Philadelphia
chromosome. Der 9, derivative chromosome 9; der 22, derivative chromosome
22.

13.1.3  Emerging subtypes in B-cell ALL

B-ALL patients without established class-defining aberrations are referred to as
B-other ALL. In the last decade, new sequencing technologies, including whole
genome and transcriptome (WGTS), have made it possible to discover new
genetic subtypes in B-ALL. Some of these new findings have been suggested to
have potential prognostic significance and/or can be targeted for treatment
(80). The latest WHO 2022 classification and ICC have included some of these
new findings as new subtypes of B-ALL (61-63). Although these new subtypes
have not been included in the treatment protocol, preliminary data from small
studies suggest that the information on these new subtypes may be relevant for
patient management (64-67). Some of the new subtypes of B-ALL are
presented below (Figure 3).
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Figure 3. Gene expression profiling (GEP) of B-ALL cases. GEP is performed on
1,988 B-cell ALL showing the clustering of genetic subgroups (64).

In a comprehensive transcriptome profiling study, Gu and colleagues discovered
a subgroup of ALL patients that harbored rearrangements of the MEF2D gene
with any of six potential partner genes (BCL9, CSFIR, DAZAPI, HNRNPUL], SS18,
and FOXJ2) (65). They showed that MEF2D rearranged (MEF2D-r) ALL clusters in
transcriptome profiling and in their study MEF2D-r ALL showed inferior overall
survival rate compared to other ALL subtypes. The rearrangement of MEF2D
enhances its activation and subsequently of, a histone deacetylase gene,
HDACO. Further, they suggest that a histone deacetylase inhibitor can be used
as a potential targeted therapy on HDAC9 for patients with MEF2D-r.

In the same study, they also identified another cluster of patients harboring
ZNF384 rearrangements (ZNF384-r) with six potential partner genes (ARIDIB,
CREBBP, EP300, SMARCA?2, TAF15, and TCF3) (65). Further characterization
revealed that patients with the TCF3:ZNF384 fusion had an inferior outcome
compared to those with EP300:ZNF384 or wild-type ZNF384 (66). Furthermore,
ZNF384-r has a unique immunophenotype and it is proposed as a new subgroup
of ALL (61).

Another interesting subgroup identified by transcriptome profiling and
subsequent clustering is ALL carrying DUX4 rearrangements (DUX4-r). DUX4 is a
transcription factor that is involved in stem cell programming and is silenced in

somatic cells. However, the gene reactivates in a subgroup of ALL through



rearrangement with the IGH locus. This rearrangement locates the DUX4 under
IGH enhancer while altering the DUX4 protein by disrupting its C terminus all of
which results in oncogenic activity. In an in vivo study in mice, the expression of
DUX4:IGH transformed pro B-cells into leukemic cells and the authors
concluded that this rearrangement is capable of inducing leukemogenesis (67).
In addition, DUX4 overexpression due to the rearrangement, binds within intron 6
of ERG gene and induces expression of a novel ERG isoform (ERGalt). ERGalt
disturbs ERG activity and thus promotes leukemogenesis. Also, DUX4 protein
binding to ERG, potentially affects the chromatin accessibility to recombination-
activating gene (RAG) endonucleases that can induce the deletion of ERG (68,
69). Hence the deletion of ERG has been proposed as an indicator to DUX4-r.

Aberrations of CRLF2, encoding a kinase involved in the JAK-STAT pathway, have
also been recurrently detected in ALL. In those cases, the expression of CRLF2 is
elevated either by abnormal rearrangements with the IGH locus (IGH::CRLF2) or
by a deletion in the pseudo-autosomal region 1 (PAR1), resulting in CRLF2:P2RY8
fusion. In these scenarios, CRLF2 is controlled by either the IGH or the P2RY8
promoter region respectively, which causes the overexpression of the gene (70).
Deregulation of CRLF2 has been observed to occur in higher frequency in Down
syndrome-ALL patients and in Ph-like B-other ALL (71).

PAX5 encodes a transcription factor essential for B lymphoid development and
lineage commitment (72). An integrative genomic analysis of pediatric and adult
ALL described two new subtypes involving PAX5. This study revealed two
clusters defined by distinct genetic lesions: i) intragenic deletions and
amplifications or interchromosomal rearrangements affecting PAX5 (PAX5-alt),
and ii) the single nucleotide variant p.Pro80Arg or biallelic PAX5 alterations. They
conclude that disruptions in PAX5 deregulate B-cell differentiation and
represent an early event in B-cell ALL (64). It is, however, not completely
established to what extent all PAX5 aberrations represent primary lesions.

Gene expression profiling (GEP) studies revealed that a significant number of B-
other ALL samples did not exhibit the canonical fusion characteristic of their
respective cluster. Thus, a fraction of samples clustered together with Ph+ALL
but lacked the BCR::ABLI fusion. This phenomenon led to the identification of
BCR::ABLI-like or Philadelphia-like (Ph-like) ALL, a subgroup whose expression
profile closely resembles that of Ph+ALL yet lacks the BCR::ABL1 fusion. Later

studies showed that aberrations affecting other tyrosine kinase genes such as



ABL2, CRLF2, PDGFRB, EPOR or JAK2 alternatively ABLI1, with partners other than
BCR, were involved in this subtype (73-75). Similarly to Ph+ALL, patients with a
Ph-like profile responded poorly to conventional therapy regimens (75). Hence,
TKI have been added to the treatment of the Ph-like patients.

Another subgroup of ALL with an expression profile like ETV6:RUNXT ALL but
lacking the fusion was also identified with transcriptome profiling and referred as
ETV6:RUNXI-like (76). However, additional studies are needed to investigate the
clinical relevance and prognostic implications of ETV6:RUNXI-like ALL.

1.3.2 Secondary genetic events

In recent years, the role of secondary genetic events in the development of ALL
has gathered significant attention. Intragenic deletions of IKZF], initially identified
as a hallmark of Ph+ B-ALL (77), were the first to be associated with an
unfavorable prognosis (73, 78, 79). These findings were later validated by several
research groups, confirming the prognostic significance of IKZF1 deletions in B-
ALL (80, 81). Furthermore, a copy number classifier (CNAs) based on IKZF], and
seven further genes recurrently deleted in ALL was developed, known as the
UKALL-CNA classifier (82, 83). The genes/regions included in this classifier are
IKZF1, EBFT, RB1, ETV6, PAX5, BTGI, CDKN2A/B, and a deletion in the
pseudoautosomal region 1(PAR1) that results in a P2RY8:CRLF2 fusion. By
integrating UKALL-CNA status with cytogenetic risk groups, Moorman et al.
proposed a modified genetic risk classification (82). In addition, Stanulla and
colleagues described a different CNA profile, which includes IKZF1 deletions along
with deletions in CDKN2A, CDKN2B, PAX5, or PAR]1, but without concomitant ERG
deletion. This profile, referred to as IKZFlplus, was then combined with MRD
status to refine the risk groups (84).

1.3.3 Genetics of T-ALL

T-lymphoblasts are another type of cells that can develop into ALL (T-ALL) and
represent 15 and 25 % of pediatric and adult ALL respectively (85, 86). This form
of leukemia is aggressive and shows considerable genetic heterogeneity (21).
Within T-ALL, the WHO classification identifies one distinct subgroup based on
immunophenotypic markers: early precursor T-ALL (ETP-ALL). The only genetic
entity described by ICC is BCLTIB-r (61, 62). Unlike B-ALL, where genetic
information plays an important role in risk stratification, T-ALL lacks universally
recognized genetic markers that provide prognostic insights. However, a few
recurrent aberrations, such as KMT2A rearrangements, ABL-class



rearrangements, and BCR:ABLI fusions, are also observed in T-ALL and are
routinely investigated as they impact therapy. The latter two aberrations can be
targeted with TKls (21, 87).

Recently, large-scale GEP studies have identified subgroups within T-ALL, with a
recurring theme of deregulating in transcription factors, critical for lymphocyte
differentiation and proliferation (88-90). Based on recent GEP and WGS studies
the ICC describes a number of provisional entities for T-cell ALL (91). These
include TAL1/2-r (92, 93), TXL1/3-r (94, 95), HOXA dysregulations, LMOI1/2-r (96),
BCL11B-a (97), SPI1-r, NKX2-r (98) and BHLH (21). ETP-ALL is characterized by
abnormal activation of the BCL1IB gene (BCL1IB- alteration) (99, 100).

Detecting many of these subgroups is challenging, even with RNA sequencing, as
the rearrangements occur in non-coding regions and lead to gene deregulation
rather than expressed gene fusions (90). Detection by WGS can be difficult as
well, as the lesions underlying the GEP subgroups remain incompletely defined.
Moreover, high-throughput methods like WGS and GEP clustering are not widely
accessible and not validated for diagnostic purposes. A recent review provides
comprehensive guidelines for detecting these potentially relevant lesions in T-
ALL using more widely available techniques, such as CBA and FISH analysis (101).
Clinical studies are essential for determining the clinical impact associated with
genetic subgroups in T-ALL, while further investigations are needed to better

understand the genomic lesions underlying these subgroups.

1.4 Genetic characterization of ALL in the clinical setting

The genetic techniques used to characterize leukemia samples have advanced
alongside technological developments in genome research. Initially, the
detection of leukemic cells in ALL relied on morphological examination under the
microscope. The discovery of the Ph chromosome in CML in the 1960s marked

the beginning of cancer genetics (2), and of leukemia genetics in particular.

CBA with a resolution of 5-10 megabases can reveal large scale chromosomal
aberrations such as aneuploidies, translocations, inversions and deletions.
However, the estimation of breakpoints is inaccurate, and is unable to pinpoint
the affected genes. FISH analysis is a targeted approach with a resolution of 50-
100 kilobases and represents a targeted analysis used to investigate specific
lesions. During 2000s, array CGH was developed which provided higher



resolution for more precise mapping of breakpoints and the identification of

aneuploidies, chromosomal imbalances and minor gains and losses (102).

With the advent of the era of molecular genetics, Sanger sequencing and RT-PCR
were applied to detect lesions at base pair resolution and allowed the
identification of genes involved in leukemogenesis. In the diagnostic setting of
ALL molecular methods are also used to examine specific genes, particularly
fusions. At the end of the 20th century, gene expression and methylation arrays
began to unravel further layers of lesions involved in the development and
progression of ALL (103).

Today, in clinical diagnostics, due to the diverse nature of ALL genetic lesions, a
combination of cytogenetic and molecular analysis is used. While the
cytogenetics methods, CBA, FISH and array CGH detect large chromosomal
abnormalities, molecular methods detect point mutations, gene fusions and
smaller insertion/deletion/inversion alterations. Although these methods are well
established, the use of different approaches not only requires experts with
different skills but also increases the turnaround time. With the advent of
massive parallel sequencing (MPS), the simultaneous detection of many genetic
lesions becomes possible.

Currently, WGS is only used in a centralized manner in a few countries in the
diagnostic setting and also to a limited extend as a complementary method to
investigate inconclusive cases (104). Therefore, the full potential of WGS and
transcriptome sequencing in the clinical diagnosis of ALL remains to be tested. In
this work, the feasibility of WGS in the diagnosis and monitoring of pediatric ALL

is investigated.

1.5 Measurable residual disease

Around the same time that treatment for ALL became more intensive and
survival rates began to improve, the concept of monitoring MRD, was introduced.
As technology advanced, FCM and PCR-based methods were developed,
allowing for highly sensitive quantification of MRD. These advanced tools enabled
researchers to establish a link between the persistence of leukemic cells after
induction therapy and future outcomes (105).

Today, FCM is a well-established method for detecting residual leukemic cells by
labelling cell surface markers with monoclonal antibodies (MoAb). Due to its

widespread use in diagnostic laboratories, the EuroFlow Consortium was



established to create guidelines and standardize quantification methods (7).
Currently, the approach employs eight monoclonal antibody (MoAb)
combinations to identify leukemic cells based on their LAIP. Each MoAb targets a
specific cell surface marker, aiding in the identification of cell types involved in
ALL and allowing for the quantification of leukemic cells in the sample. With a
sensitivity of finding 1leukemic cell per 10,000 cells (1) and a short analysis
time, FCM was the first method used to measure MRD (106). However, some
patients may lack informative LAIPs, or the LAIP may change during treatment,
making it impossible to quantify residual disease using FCM (107).

Another approach to quantify MRD is to identify the clonal IG/TR gene
rearrangement present at presentation in the leukemic blasts which can later be
measured by quantitative PCR (QPCR) during follow up (108). During the
maturation of B and T cells, the immunoglobulin (IG) and T cell receptors (TR)
genes undergo physiological rearrangements to generate the entire antigen
receptor (IG/TR) repertoire. Since ALL develops from a single blast cell with a
unique IG/TR sequence, the resulting ALL population has the same IG/TR
sequence that can be used as an MRD marker (109). To reduce inter-laboratory
variation and achieve comparable MRD across different treatment protocols, the
European Study Group on MRD detection in ALL (ESG-MRD-ALL) has initiated
and developed guidelines and standards for PCR-based MRD quantification
(ESG-MRD-ALL). The guidelines contain suggestions for the experimental setup,
how to determine the quantitative/sensitivity range, how to define MRD
positivity and negativity as well as for the quantification of follow-up samples
(110). The absolute sensitivity of PCR-based MRD quantification is usually high
and depends primarily on the amount of DNA input. One important limitation of
the method is however that sometimes the leukemia-associated IG/TR
rearrangements are not very different from physiological rearrangements within
the immune repertoire, and this significantly may limit the sensitivity of particular
assays. Also, it has been observed that the IG rearrangement may change during

the course of the disease and not be present at relapse(111).

In Ph+ALL, the methods mentioned above are often supplemented with the
quantification of the BCR:ABLT fusion transcript using real-time RT-PCR (112, 113).
While it is widely used to monitor MRD in Ph+ALL adult patients (112, 114, 115), in
pediatric FCM and IG/TR rearrangement appeared to be more reliable to predict
outcome (116). However, by comparing the results of FCM, IG/TR and BCR::ABL1



transcript, studies have shown that quantification of transcript was more

sensitive to predict a relapse (116, 117).

Interestingly, the term CML-like Ph+ALL has been suggested for a subgroup of
Ph+ALL who showed higher MRD measured by BCR::ABL1 transcript level than by
IG/TR rearrangement as well as showed a multi-lineage involvement (117, 118). It is
worth noting that while measuring BCR:ABLT by RT-PCR offers high sensitivity
and specificity, it cannot estimate the number of malignant cells. Instead, it
provides an average measure of fusion gene expression in the sample. A new
generation of quantitative PCR, droplet digital PCR (ddPCR), is being increasingly
adopted in clinical settings, enabling the absolute quantification of targets
without the need for cumbersome dilutions of positive samples to create a
standard curve. Instead, ddPCR statistically calculates the absolute copy
number of BCR:ABLI, and a reference gene in parallel, allowing for the accurate
determination of the percentage of BCR:ABLI-positive cells in the sample (119,
120).






2 Research aims

The overall aim of this thesis is to assess the feasibility of WGS application and

to improve understanding of chromosomal aberrations in pediatric ALL.
Specific aims:

1) To investigate the feasibility to use WGS as the sole method to detect
genomic aberrations in pediatric B-ALL in the diagnostic setting.

2) To test the hypothesis whether the junctions left by the genomic
rearrangements driving leukemia and detected by WGS can be exploited as

patient specific targets to quantify MRD

3) To characterize Ph+ALL by integrating immunophenotypic, genomic and

transcriptomic features together with MRD assessments.






3 Materials and methods

3.1 Patient samples

Paper |, a cohort consisting of 88 retrospective pediatric B-ALL samples treated
according to the NOPHO trials at Uppsala University and Karolinska University
Hospitals, Sweden, was investigated. We aimed to include samples representing
all mandatory aberrations (n = 49). The remaining 36 samples lacked mandatory
aberrations, i.e. represented B-other ALL, and three samples corresponded to

Down syndrome ALL.

Paper Il, BM DNA from a child with T-ALL, who failed first line therapy was
analyzed by WGS.

Paper lll, six samples corresponding to four B-ALL and two T-ALL cases were
included in a proof-of-concept study at Karolinska University Hospital in
Sweden. Three B-ALL patients belonged to B-other sub-group and one to HeH
ALL DNA from diagnostic and follow-up BM samples as well as cell-free DNA (cf-
DNA) isolated from plasma and cerebrospinal fluid (CSF) were analyzed in this
study. Blood and CSF were collected in BCT tubes (10 ml) (STRECK, La Vista, NE,

USA) and cfDNA, once isolated, was stored at —-20°C for a maximum of 3 months.

Paper IV, leukemia samples where the standard of care (SoC) genetic
investigations had identified the BCR:ABL1 gene fusion were retrieved from the
Karolinska University Hospital, Stockholm, Sweden. Samples from pediatric and
young adult patients were prioritized. A total of 15 patients diagnosed with
Ph+ALL (median age 12 years, range 3-60 years).

3.2 DNA and RNA extraction

In all papers, depending on the amount of BM or blood material available,
different extraction methods were applied. Briefly, Genomic DNA was isolated
using Tissue kit and EZI™ automated instrument (Qiagen, Hilden, Germany) or
extracted manually together with RNA from frozen cell pellets with the AllPrep
DNA/RNA Mini Kit Qiagen (Qiagen, Hilden, Germany). For samples with small
amount of frozen BM taken at remission, DNA was extracted with a Gentra
Puregene Blood core kit (Qiagen, Hilden, Germany). DNA was stored at -20°C
and RNA at -80°C until use.

RNA purification in paper IV was done with RNase-Free DNase Set, Qiagen,

according to the manufacturer’s guidelines.



3.3 Sequencing and analysis

Paper |, patients were divided into an exploratory and a validation set. The
exploratory set was sequenced at the National Genomics Infrastructure Science
for Life Laboratory, Stockholm (n = 36) and Uppsala (n = 22), Sweden. The
validation set (n = 30) was sequenced at Clinical Genomics, SciLifeLab,
Stockholm, Sweden. The details on input DNA and sequencing are provided in
Table 1and Figure 1. Samples were sequenced either with 90x leukemia samples
or 30x coverage for normal/germline on lllumina NovaSeq 6000 platform (Figure

1.

In this study, the accuracy of detecting the obligatory aberrations required by
the ALLTogether study protocol was investigated using WGS. We evaluated two
analysis approaches: leukemia-only (L-only) and leukemia/normal (L/N). In both
approaches, to reduce complexity, the detected variants were first filtered using
a local database containing normal variants from unaffected individuals, followed
by a positive filter based on a list of loci relevant to ALL. The gene list included all
genes that are mandatory according to the current ALL treatment trial protocol,
genes included in the UKALL CNA classification and key genes in B-other ALL or
included in the WHO 2022 classification as well as the International Consensus
Classification (ICC) of hematological malignancies (61, 62). For L/N, the variants
of each leukemia case were first filtered against the normal counterpart, followed
by the application of the aforementioned filters. To maximize the chance of
detecting recurrent aberrations, the leukemia samples (n = 64) were sequenced
with 90x coverage, while the paired normal samples were sequenced with 30x
coverage as is standard for the detection of germline conditions (121,122). Later,
the results of L-only and L/N were compared with each other and with the
results of SoC. In addition, the potential of 30x coverage was investigated by
sequencing 30 leukemia cases and down-sampling an additional 10 cases that
had originally been sequenced with 90x coverage. A schematic chart illustrates
the distribution of WGS coverage and filtering steps in Figure 1.
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Samples Paired end WGS Filtration of normal variants Analysis

Local
Leukemia 90x aatabase

Normal 30x

Paired normal
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10in silico
down-
Leukemia 30x sampled

Figure 1. WGS coverage distribution and down-stream analysis in paper I.

Table 1. WGS sample distribution in paper I.

Exploratory set (n=58) Validation set (n = 30) Library Instrument
Input DNA 1 pg 36 kien DNAREHIGS HiSeq X platform
Input DNA 100 ng 2 TruSeq DNA Nano protocol HiSeq X platform
Input DNA 200 ng ~ 30 NxSeq® AmpFREE Low DNA Library Kit NovaSeq 6000

Paper Il lll and IV: WGS was performed at Clinical Genomics, ScilLifelLab,
Stockholm, Sweden. Briefly, 1.1 uyg genomic DNA isolated from diagnostic BM was
sequenced by PCR-free, paired-end WGS protocol. Samples in papers Il and Il
sequenced on an lllumina HiSeq X platform, and paper IV on lllumina NovaSeq

6000 platform in, with 30x coverage.

The analysis of the sequencing data in paper | was performed with Sarek (123).
Papers Il and lll was analyzed using the MIP (124) from Clinical Genomics. In
paper ll, we aimed to detect the existence of potential SNVs or SVs that might
be involved in the development of T-cell ALL. Therefore, both SNV callers, GATK
HaplotypeCaller, and SV callers, Delly (125)and TIDDIT v3.0.0 (126), were used. In
paper lll, the focus was on SVs, as the study aimed to identify driver lesions and
develop patient-specific assays. CNVnator V0.3.2 (127), TIDDIT V2.0.0 (126)and
Manta (128) were used for this purpose. In Paper IV, the data was processed by
the BALSAMIC pipeline (129) (a pipeline developed for detection of somatic
variants) which contained and TIDDIT V2.0.0, Manta, CNVnator and vcf2Cyrosure
(130).(Table 2).
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For manual inspection of the variants, CytoSure™ Interpret Software (Oxford
Gene Technologies, Oxford, UK), Integrative Genomics Viewer (IGV) and ASCAT

were used.

Table 2. Bioinformatics tools used on each paper.

I 1 I v

SNV calling Manually GATK HaplotypeCaller NA Wl
Manta v1.6.0, Delly Delly TIDDIT V2.0.0
SV calling Delly Manta TIDDIT V2.0.0 Manta
TIDDIT v3.0.0 TIDDIT v3.0.0 Manta
CNVnator
Aneuploidies and CNAs vef2eytosure v0.7.1 CNVnator CNVnator vcﬂ(:ci\sfltllraew\io 71
ASCAT version 4.5.0 v o
DUX4 detection Samtools command NA NA NA

3.4 RNA-sequencing and analysis

Paper IV, purified RNAs originating from the diagnostic BM (n = 14) or blood (n =1)
samples of patients diagnosed with Ph+ALL as well as the relapse sample (PO2)
and the molecular relapse sample (PO4) were sequenced. 300 ng input RNA was
prepared with lllumina Stranded mRNA Library Preparation. and sequenced
Paired end 2x150bp on the NovaSegX sequencing platform (lllumina) at Clinical

Genomics, ScilifeLab, Stockholm, Sweden.

In this study we aimed to utilize the bulk RNA-seq data on 15 Ph+ALL cases and
attempt to allocate them into one of the sub-groups, lymphoid or multi-lineage.
Initially, RNA-seq data was analyzed through nf-core/rnafusion (131). A
bioinformatic tool that is specifically directed towards Ph+ALL was developed by
Beder et al. ALLCatchR-bcrabl1 (132). This tool is based on the original ALLCatchR
tool, which is a machine learning algorithm to classify B-ALL into subtypes,

trained and validated on several independent transcriptome datasets.

3.5 Droplet digital PCR

Paper ll, the limit of detection (LoD) and limit of quantifiability (LoQ) were
assessed for each assay by a serial dilution of gDNA diluted in normal control
ranging from 107 to 10°%. After determining the specificity and sensitivity of the
assays, targets were measured in BM gDNA, cfDNA from blood and CSF.
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Paper IV, the junctions created by t(9;22)(q34;g11) on der 9 with the ABLI:BCR
fusion and der 22 with the active BCR:ABLT fusion were identified using WGS
data. Separate ddPCR assays were designed towards each junction. These

assays allowed detection of each junction separately.

3.6 Ethical considerations

This thesis project is based on genetic data obtained from WGS. This raises

several ethical questions that are important to reflect upon.

Firstly, the generation of whole genome data raises significant concerns
regarding traceability and data security. Since the data encompasses an
individual's entire genome, it is crucial to ensure that it is pseudonymized before
being stored in databases. Access to this data, along with the individual's disease
history, should be restricted to healthcare providers or researchers with ethical
permits. Both the sequencing facility and the hospital have the responsibility of
implementing secure data management systems and maintaining highly secure
databases for storing patient data. However, it is important to acknowledge that
no security system is entirely foolproof. Hackers with specific interests may
attempt to breach these databases. Therefore, routine maintenance and

updates are imperative to keep the servers secure.

The second concern is the identification of unexpected germline genetic
abnormalities. This raises the recurrent question of which unsolicited genetic
abnormalities should be reported to patients and responsible clinicians. The
answer is not a simple "Yes, we do report!" or "No, we do not." Each case is unique
and requires careful and thoughtful ethical discussion. During these discussions,
all aspects of the outcome should be considered, including the patient's disease
history, the outcome of the primary disease, age, and more, to make the most
suitable decision. Even after thorough ethical deliberation, it can sometimes be

challenging to arrive at the right decision.

A third ethical aspect is the immediate benefit of this study for participants.
Since our studies included all patients retrospectively, participants did not
benefit directly from the results of this project. However, the data generated
from our studies provides a valuable foundation for prospective research and
the implementation of WGS in routine clinical laboratories. Our studies indicate
that WGS, as a standalone method, performs better than the current multi-

method procedure, refining genetic diagnostics and allowing for adjustments to
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therapy regimens. This raises the ethical question of whether it is appropriate to
continue using our current methodology instead of adopting WGS. One
important consideration is the cost-benefit balance, and preliminary health
economic studies suggest that the increased costs associated with WGS are
justified by its superior performance. Given that WGS is an unbiased method for
studying the human genome, it has significant diagnostic potential. My research

aims to realize part of this potential.
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4 Results and discussions

4.1 Paperl

In this paper we assessed the diagnostic yield and accuracy of WGS as sole

method to detect genomic lesions of clinical relevance in pediatric ALL

411 Detection of mandatory fusions and copy-number alterations

In the first step, we evaluated the diagnostic accuracy of whole-genome
sequencing (WGS) as a stand-alone method by analyzing 38 B-ALL cases with
various mandatory genetic events, as outlined in the ALLTogether trial. To reduce
data complexity and efficiently identify relevant lesions, we applied a final
filtering step to the variant files, utilizing a predefined list of pertinent genes and
genomic regions. This process narrowed the number of variants to
approximately 20-25 per sample, which were then manually inspected using the
visualization tools IGV (133), CytoSure™ Interpret Software, and ASCAT(134)
(Figure 1). The latter two tools were particularly effective in visualizing
aneuploidies, as well as large gains and losses. We were able to successfully
detect cases with HeH, Hol, and iAMP2], and also distinguish trisomies and
tetrasomies, with results consistent across analyses of L-only and L/N samples,
as well as SoC results. However, a challenge with CytoSure arises when
interpreting cases with near-haploid ALL (nx, <30 chromosomes) or near-
tri/tetraploidy (3n+/4nz, 58-80/81-103 chromosomes), as CytoSure averages
the signals from all chromosomes to set the diploid threshold and does not
assess loss of heterozygosity. This can lead to misclassification of these samples
as HeH. Being aware that losses and gains in specific chromosomes are not
random can help mitigate this issue (Safavi et al, 2018). Using bioinformatic tools
that can detect heterozygosity from WGS data, (135), in a way similar to SNP

arrays, can fully resolve this challenge.
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Figure 1. Graphs illustrating ploidy changes in HeH ALL. WGS data is visualized by
Cytosure (upper panel), and allele-Specific Copy number is shown by ASCAT
(lower panel). Gain of chromosomes 4, 6, 10, 14, 17, 18, 21 and X are visible in both
panels (136).

Furthermore, relevant gene fusions were sought among the lists of variants
identified by WGS in all B-ALL samples. The ETV6:RUNXT and TCF3:PBX1 fusions
were identified successfully by both L-only and L/N analysis. However, in the L/N
analysis, only four out of six KMT2A-r were detected. Further investigation
showed that the paired normal samples used for the L/N analysis had been
collected shortly before both patients relapsed and the events had therefore
been filtered out as the normal sample contained cells with the KMT2A-r. On the
other hand, all six KMT2A-r were found through L-only analysis. Two Ph+ALL
cases with the t(9;22)(g34;911) and two ABL-class rearrangements were also
detected in four further samples. However, one ABL-class ALL harboring a
RANBP2:ABL1 fusion was not picked up by the filter. Manual inspection in IGV
revealed that the breakpoint on ABLT was located upstream of the gene and the
discordant reads supporting the rearrangement had not been retained by the
filter. By replacing the gene ID with the genomic coordinates adding 5 kb
upstream of the ABLT gene, the rearrangement was retrieved by the filter.
Moreover, 10 additional samples were processed through the clinical platform
pipeline (SCOUT, a VCF visualization interface, Clinical genomics, Scilifelab,
Stockholm, Sweden) (137) and analyzed in a blinded manner to test that
diagnostic accuracy. The results completely aligned with L-only, L/N and SoC
findings. In summary, our approach efficiently and correctly detected all

mandatory aberrations (Figure 2).
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Comparison between SoC vs WGS findings

100% B-other
Q0% FUS:ERG
DUX4-r**
80% B CRLF2-r/PAX5-alt
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60% W CRLF2-r
W ETV6E::RUNXI-like
0% W MEF2D-r
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0% ® Hol
SoC WGS m Hel

Figure 2. Bar diagrams showing the comparison of class-defining genetic lesions
detected by SoC and WGS in B-ALL (modified from Rezayee et al Frontiers
Oncology 2023)(136).

4.1.2 Diagnostic yield in B-other ALL

We also aimed to identify potentially clinically relevant subsets within the
samples that lacked the established mandatory lesions in B-ALL. To achieve this,
we analyzed 36 B-other ALL samples and three DS-ALL samples, focusing on
identifying recurrent aberrations that may define subgroups within the B-other

group or influence patient outcomes.

The most frequent aberration amongst the B-other ALL was rearrangements that
affected PAX5 (n = 17), such as PAX5 fusions and intragenic deletions or
amplifications followed by CRLF2 rearrangements (n = 10). The observation that
the haploinsufficiency of PAX5 was the sole potentially class-defining lesion
identified in several samples, suggests that it may be a primary driver of
leukemogenesis in some B-ALL cases. On the other hand, its co-occurrence with
other established lesions suggests that it contributes as a secondary alteration
and influences disease progression, as has been proposed by Gu and coworkers
(64). We found that PAX5 rearrangements often co-occurred with CRLF2
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rearrangements (CRLF2-r). CRLF2 can rearrange with the IGH locus due to a
t(X;14)(p22.33;932) translocation or with the P2RY8 locus (P2RY8:CRLF2) as a
result of a deletion in the PARIT region. Additionally, CRLF2-r was identified as an
isolated lesion in the three DS-ALL cases in our study, a lesion that occurs in
approximately half of ALL cases within this patient group (138). Furthermore,
WGS identified various other rare recurrent fusions, including ZNF384-r,
ETV6:IKZF1, MEF2D::BCL9 fusions, IGH:ID4 and a very rare FUS:ERG (Figure 2).

In this cohort, we included one sample that according to RNA-seq (139)
harbored a DUX4-r. Our initial analysis, only called a structural variant in IGH but
no discordant reads mapped to DUX4. A In addition, a ERG deletion, strongly
associated with DUX4-r, was detected in another sample. However, no IGH:DUX4
rearrangement was captured in the WGS data by the filter in neither sample. The
likely reason for this is the existence of multiple copies for DUX4 embedded in a
highly repetitive D4Z4 region in addition to pseudogenes scattered throughout
the genome and making the discordant reads impossible to accurately align to
the reference genome (140). Consequently, the discordant read pairs will be
discarded by the callers. To address this challenge, we employed a targeted
bioinformatics approach that focused exclusively on discordant reads linking the
IGH locus to any of the DUX4 genes or pseudogenes and returned the number of
such reads for each sample. Using this method, we successfully identified a
significant number of discordant reads between these genomic regions in the
two samples suspected to contain the IGH:DUX4 rearrangement, as well as in
two additional samples, representing a total of 4% of B-other ALL cases. In
contrast, no or only isolated discordant reads were found in the other 85
samples, confirming the specificity of our approach. Interestingly, other studies
have reported a higher frequency (16% to 41%) of DUX4-r (76, 141) The
discrepancy may be attributed to differences in bioinformatic approaches or

sample selection bias.

4.1.3 Analysis of WGS L-only 30x coverage

We tested the diagnostic sensitivity of low coverage WGS by down-sampled
computationally ten samples to a mock depth of 30x and compared the findings
to the original high coverage 90x. To further test whether L-only analysis on 30x
coverage sequencing data had sufficient sensitivity to detect the relevant
lesions, we sequenced 20 additional ALL samples to 30x depth. We also
included two cases with low leukemic burden, 37% and 14% blasts as determined
by FISH analysis. The results of in silico down-sampling were fully consistent with
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previous analyses. Moreover, the results were also fully consistent with the SoC
results and detected a clinically relevant lesion in 19/20 additional samples,
including HeH, HoL, and several gene fusions. Even in samples with a low
percentage of blasts, 30x coverage proved sufficient to detect both ETV6:RUNX]
and KMT2A::AFF1 lesions. Interestingly, in one sample with an ERG deletion
detected by WGS, IGH::DUX4-r was also identified by the targeted approach
described above. These findings suggest that 30x coverage may be adequate
for diagnostic purposes in ALL. Notably, a study by Duncavage and colleagues,
which achieved a mean coverage of 50x, reported 100% sensitivity for detecting
CNVs and SVs, though sensitivity for SNVs was lower at 84.6% (142).

In the current ALL trial, high-risk genetic information and targetable aberrations
must be available by day 14, which eliminates the possibility of using the
remission sample as a normal/germline sample or culturing fibroblasts for L/N
analysis. Since our results with L-only analysis were equally effective in
identifying all mandatory aberrations, we propose that this approach could help
meet the required turnaround time. Another critical consideration for the clinical
implementation of WGS is the cost-benefit aspect. The use of 30x L-only
samples improves cost-effectiveness, and the decreasing cost of sequencing in
recent years makes WGS a viable alternative to multimodal SoC testing.

4.2 Paperll

The case report represents a real-world example of precision medicine
illustrating how WGS may be used in ALL to identify potential therapeutic
targets. The case describes a 7 year old child diagnosed with T-ALL, that showed
no response to initial treatment. WGS was performed on DNA from the
diagnostic BM, with the specific aim to identify clinically actionable therapeutic
targets as described in the individualized therapy for relapsed malignancies in
childhood (INFORM) (143).

The WGS data once filtered with a gene list derived from INFORM revealed 260
SNVs and 18 SVs. Further filtering using gnomAD or local observations together
with annotations in ClinVar narrowed the number of SNVs to 11, which were all
discarded after manual inspection as no targetable lesion was found. Among the
SVs, two lesions, an inversion and a translocation shared a common breakpoint
on 9p24. This shared breakpoint mapped to intron 15 (NM_001322194.2) of the
JAK2 locus making the lesion highly interesting. The reciprocal reads mapped, to
14g32.11, intron 25 (NM_001080414) of the CDCC88C locus. We interpreted the
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rearrangement as a translocation with a concomitant inversion and as a result a
fusion between CDCC88C and JAK2 was formed. The WGS data supported a
rearrangement resulting in a gene fusion that linked intron 25 of CDCC88C to
intron 15 of JAK2. However, the genes were oriented in the opposite direction
and it was the concomitant inversion of the 9p fragment that led to the fusion,
predicted to be in-frame (Figure 4). Thus, according to the WGS, the fusion gene
on derivative chromosome 9 consists of exons 1to 15 of CDCC88C and exons 16
to 25 of JAK2.

The rearrangement of JAK2 was verified by metaphase FISH, a break apart probe,
which confirmed that the rearrangement involved the JAK2 locus. Because this
translocation involved small, distal regions of chromosomes 9 and 14, CBA could
not detect the rearrangement. The fusion transcript was confirmed by RT-PCR
and the exons involved by Sanger sequencing. Thus, this chimeric gene leads to
an in-frame hybrid protein with an intact kinase domain of JAK2.

JAK2 protein, a tyrosine kinase, is involved in cell growth and differentiation via
the JAK/STAT signaling pathway, and alterations in JAK2 gene have been found in
cancers including myeloid and lymphoid malignancies (144). In B-ALL, JAK2
fusions are frequently observed in Ph-like ALL, exhibiting gene expression
patterns similar to those seen in Ph+ALL (145). Furthermore, previous JAK2
fusions identified in Ph-like ALL preserve exons 19-25, which encode the kinase
domain, making these lesions amenable to targeting with JAK2 inhibitors (146). In
T-ALL, JAK2 fusions have been reported in isolated cases (146), although point
mutations in members of the JAK/STAT pathway are more frequent, occurring in
25% of T-ALL cases (21, 146). While Jak2 inhibitors have demonstrated

antileukemic activity in ex vivo experiments, in vivo experience is limited (147).

Although over 30 partner genes have been identified for JAK2, we have
discovered CDCCB88C as a novel partner gene. While the exact function of the
CDCC88C protein remains unclear, there is evidence of a potential role in
leukemia. CDCC88C is known to be involved in Wnt signaling and is highly
expressed in pediatric B-cell and T-cell ALL. Previous studies have reported that
CDCC88C may be implicated in fusions with FLT3 and PDGFRB in hematological
malignancies (Gosenca, Kellert et al. 2014; Ear, Dunkel et al. 2019; Kurihara, Mizuno
et al. 2022).

The patient responded to second line therapy and later received allogeneic stem
cell transplantation (SCT) and was thus not treated with Jak2 inhibitors.
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Nonetheless the case report illustrates the utility of WGS to identify potential

therapeutic targets refractory or relapsed pediatric ALL.
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Figure 3. Cartoon showing a schematic representation of chromosomes 9 (blue)

and 14 (yellow) at the derivative chromosomes 9 and 14 (upper panel), the black
squares mark the junctions. Middle cartoon represents a blow up of the
junctions illustrating the creation of the fusion gene on derivative chromosome 9
(der9). The lower panel represents a magnification of the fusion gene showing
exons 1-25 in CCDC88C joined to exons 16—25 in JAK2 (148).

4.3 Paper il

This paper serves as a proof of principle, demonstrating how WGS data can be
leveraged to identify molecular markers for designing patient-specific
quantitative assays to measure and monitor MRD in pediatric ALL patients. We
quantified the number of targets using ddPCR in BM gDNA, as well as in cell-free
tumor DNA (ctDNA) from blood and cerebrospinal fluid (CSF).

4.3.1 Target Identification by WGS

In order to develop patient-specific ddPCR assays from WGS data to detect the
major leukemic clone during patient follow-up, three criteria were established: i)
a unigue sequence at a junction created by the genomic rearrangements in the
leukemic blasts ii) event supported by reads that indicate their presence in the
majority of leukemic cells, iii) the event should be eihter recurrent in ALL or a
putative driver event. Our goal was to develop two to three assays per patient.

Once the junctions were identified, the probe generating the fluorescent signal
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was placed over the junction to achieve a high specificity of the assay. We
successfully identified suitable markers and developed ddPCR assays for all
patients selected in this study.

The WGS data detected a reciprocal translocation in patient 1, t(12,19)(p13;p13)
resulting in a TCF3:ZNF384 fusion gene and a deletion in the KRAS gene. Since
ZNF384 rearrangements in B-ALL have been reported as a distinct entity, the
TCF3:ZNF384 fusion was selected for ddPCR design. Furthermore, KRAS plays a
crucial role in the RAS/MAPK signaling pathway, and aberrations in this gene are
known in many cancers, making it a good candidate for MRD detection. For
patient 2 we had to discard most SV as the junctions were located on stretches
of repetitive sequence and were not suited to design assays. However, small
intragenic deletions in IKZFT and PAX5, were identified and their junctions
selected as ddPCR targets. Patient 3 had been diagnosed with HeH ALL with 54
chromosomes. Upon inspection of the WGS data, it was evident that most of the
structural genomic rearrangements had occurred in highly repetitive regions,
making them unsuitable as targets. Only one SV junction, resulting from a
rearrangement between chromosomes 2 and 8, was deemed suitable for design.
To maximize the signal and increase the probability of detecting this marker, two
non-overlapping probes were designed to target the junction, one on the plus
strand and one on the minus strand.

In patient 4, four unrelated SVs located in chromosome arms 4p, 9p, 20p and 21q
were reported by the callers which were also present at relapse. After inspection
of all junctions, three targets were selected, a deletion in CDKN2A/B genes, a
deletion resulted from a pericentric inversion of chromosome 4, and a junction
left by a deletion in chromosome 20. In patient 5, cytogenetic analysis had
identified a t(5,;7)(935;921) translocation and WGS evidenced a TLX3:CDK6
fusion, previously described in T-ALL (149). However, the junctions were located
in a highly repetitive region, making it unsuitable for design purposes. Finaly, the
junctions resulting from deletions on 9p, 8p and 16q were selected for ddPCR
assays. In patient 6, while CBA and array CGH detected several SVs on
chromosome 6, as well as a recurrent deletion on 9p21.3. WGS confirmed these
events and additionally detected a STIL:TALT fusion, recurrent in T-ALL (150).
Both STIL:TALT and a deletion on 9p were selected as targets.

During the selection process, we ensured that all chosen targets were present in

the majority of cells in the diagnostic sample. This was achieved by reviewing
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clinical data from FCM, CBA, FISH, and array CGH, in conjunction with WGS
findings, as this was a critical criterion to ensure that our assays accurately
measured the entire leukemic burden. Although WGS detected structural SVs in
all patients, not all of them were suitable for use as targets, which represents a
limitation of this approach. The presence of SVs in repetitive regions is a known
feature of the human genome (151), and this poses a significant challenge when
attempting to use the junctions created by SVs as targets for MRD monitoring.
Additionally, in patients with aneuploidies as class-defining lesions, identifying
suitable targets can be particularly difficult.

4.3.2 Optimization and Performance of Droplet Digital PCR Assays

The optimization of the assays started with the determination of the appropriate
annealing temperature in single assays and multiplexed with the reference gene
assay. DNA from normal samples was also included in the optimization as
negative controls (NC) to ensure the specificity of the assays. The annealing
temperature was optimized to clearly distinguish the reference from the target
assay, ensuring no false-positive signals were detected in the negative controls
NC. Of 18 ddPCR assays, 15 were successful in detecting the targets and showed
no background signal. This underscores the advantage of selecting multiple
targets per patient to ensure the detection of leukemic cells, to minimize the risk
of losing targets during clonal evolution, and to guarantee that at least one assay
will be effective.

Successful assays were evaluated for linearity and sensitivity using serial 10-fold
dilutions to determine the range of quantifiability (LOQ) and detectability
(LOD)(Figure 4A). The assays for four patients reached a LOQ down to 10-° and
the remaining two reached 10-* Importantly, for the two T-ALL patients in the
study, our assays showed LoQ/LoD at least one order of magnitude beyond the
RQ-PCR markers. The LoQ/LoD can be pushed even further by increasing the
input DNA running more replicates for each sample. The strategy to include two
probes in a single assay, was successful to achieve a sensitivity comparable to
the other assays. The results showed that the patient-specific SV assays were
highly specific and sensitive (Figure 4B) and that the limiting factor was the input
DNA.
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Since we expected the amount of ctDNA to be low in follow up and CSV samples,
multiplexing the assays for individual patients was also tested. We further
investigated the lowest amount of DNA input that achieved a reliable signal by
testing 1 ng of gDNA input per well (from 107" and 10-2 dilutions of PC in NC). Al
targets were detectable in 100 pg of patient DNA in 900 pg of normal control
DNA while only traces of targets (<3 target-positive droplets in three replicate
wells) were detected in when the ratio was 10/990 pg. Notably, the measured
number of targets was consistently lower than the theoretical number calculated
assuming no pipetting losses and a PCR efficiency of 100%. We concluded that
the quantification of the targets, even in low DNA input is possible with the

patient-specific assays.
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Figure 4. (A, B) Dilution series and ddPCR fluorescence plot for leukemic targets
in patient 1. (A) Sensitivity testing for the three targets selected for patient 1, der
(12), der(19) and deletion 12p. The ratios of CN target to CN reference obtained
from the ddPCR assays are plotted against the percentage of gDNA from the
diagnostic BM for the different dilutions using 500 ng of input gDNA. (B) 2D
fluorescence amplitude plot generated by the QuantaSoft™ software showing
the droplet clusters corresponding to the three different targets for patient 1
(der(12), der(19), and deletion 12p using 1 ng of PC in a background of 9 ng of NC.
y-Axis, end-point FAM-fluorescence from targets. x-Axis, end-point HEX-
fluorescence from reference gene. Negative droplets (gray). Target positive—
reference negative droplets (blue). Reference positive—target negative droplets
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(green). Double-positive droplets (orange). ddPCR, droplet digital PCR; CN, copy
number; gDNA, genomic DNA; BM, bone marrow; PC, positive control; NC,
negative control (152); CN, copy number; der 12, derivative chromosome 12; der

19, derivative chromosome 19.

The molecular monitoring of residual disease in ALL quantifies the clonal IG/TR
rearrangement with gPCR and the methodology is standardized by the Euro-
MRD consortium (110). Our assays complied with the Euro-MRD criteria for
detection of MRD, the performance of all our assays was comparable to, or even
exceeded, that of IG/TR-PCR in terms of specificity, sensitivity and range of
quantifiability while not showing any background amplification from the germline
normal DNA. The only factor limiting the sensitivity and range of quantifiability of
the targets is the amount of input DNA. Although, the amount of input template
in the ddPCR reaction was limited by availability and technical constraints in our
study, this could easily be overcome in the clinical setting by using more
replicates. Interestingly, even though patient 4 assays had the lowest LoD/LoQ
among all six patients, ddPCR detected higher MRD levels than the routine
methods at both end of induction (Eol) and end of first block consolidation
therapy (CB1).

It was still early days regarding the use of WGS in clinical routine and challenging
to generate and analyze the data meeting the turnaround time required in the
diagnostic setting. However, we were able to show that the approach has big
potential to yield highly specific and sensitive assays for the majority of ALL

patients.

4.3.3 Detection of targets in cfDNA

Next, we estimated the total amount of cfDNA recovered from plasma by
analyzing the copy numbers of reference genes measured by ddPCR, as total
cfDNA in itself has been proposed as a marker for MRD (153). A few samples
resulted in no signal in the ddPCR reaction. Careful inspection revealed that the
samples had very high cell counts with extremely high concentration of cfDNA,
which caused oversaturated ddPCR reactions and no signals generated. To

address this, we diluted the sample to approximately 10-° which solved the issue.

The data showed the amount of total cfDNA was directly proportional to the
white blood cell count in the sample. Overall, the amount of cfDNA recovered
decreased during induction, and in two patients, it dropped by approximately
0.5 to 3 loglO at the end of the first block of consolidation therapy. In a study by
35



Schwartz and coworkers, they suggest that total cfDNA could potentially be used
as an MRD marker (153). Discrepancies between plasma cfDNA and BM-MRD
were observed in three patients due to severe treatment-related pancreatitis,
post-sepsis, renal insufficiency and coagulation. Thus, according to our
observations, total cfDNA reflects pathophysiological processes in the body and

is not specific for leukemic burden.

In general, the kinetics of ctDNA targets followed the same pattern as the results
from BM. Interestingly, in patient 4, who suffered from relapse, ddPCR detected
the targets in cfDNA two months before the first relapse was diagnosed. These
results open the possibility of using cfDNA for monitoring patient specific
targets.

We also investigated ctDNA isolated from the CSF and observed that the results
did not follow the same pattern as BM-MRD nor plasma ctDNA. In one of our
patients, for example, despite a high amount of leukemic target in the plasma
ctDNA, only a few copies of the reference and no leukemic target at all were
detected. In another patient, who was positive for leukemic targets in the CSF,
only trace amounts were found in later samples with no correlation to the level in
the paired plasma samples. These results suggest that leukemic targets in CSF
do not originate from leaked cells from plasma but rather may represent the
existence of the malignant cells in the CSF.

4.4 Paper IV (Manuscript)

The study was initiated following the observation that two pediatric Ph+ALL
patients exhibited persistent BCR:ABLI transcripts at the end of treatment (EoT),
despite being in complete remission according to FCM and IG/TR gPCR. Our
primary objective was to investigate whether we could identify differentiating
features between the various types of BCR:ABLI-driven acute leukemias. To
achieve this, we studied a retrospective cohort of well-characterized Ph+ALL
samples (n = 15) and conducted a detailed analysis of their genomic and
transcriptomic features. Additionally, we integrated these data with findings from
SoC diagnostics and MRD information, aiming to uncover distinguishing features
among Ph+ALL subgroups.
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As a first step, we examined the available data on MRD quantification by the
different methodologies. We found that in four patients the MRD measured by
FCM and the gRT-PCR measuring the BCR::ABL1 transcript differed at least at one
timepoint. Two of these patients (PO2 and PO4) were the pediatric patients who
triggered our study and for those we subsequently investigated all available

follow-up samples.
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Figure 5. Comparison of MRD measurements over time by FCM and gPCR, belong
to PO2 case. The figure illustrates the percentage of leukemic blasts as
quantified by FCM, (purple dots), and by gRT-PCR BCR::ABLT transcript in BM
(blue symbols) and blood (black symbols). Empty symbols refer to not detected.

Orange arrows indicate the timepoint for stem cell transplantation (SCT).

For PhO2 patient, the LAIP was undetectable by FCM from the end of induction
until relapse. However, the BCR::ABL1 transcript level was detected in both blood
and BM (Figure 5). The level of transcript increased from EoT onwards and
remained high despite TKI treatment. Five years after initial diagnosis and one
year after discontinuation of Dasatinib, the BCR:ABLT transcript level in blood
increased again and 6 months later the patient presented with overt relapse.
Interestingly, at this stage, the blasts exhibited a subtle immunophenotypic shift,
along with the presence of aberrant myeloid markers by FCM. Additionally,
morphologic examination of the BM revealed a left shift in granulopoiesis,
accompanied by an elevated granulocyte count in the peripheral blood - all

indicative of CML as the underlying disease for this patient (Figure 6).
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Figure 6. BM (A) and blood smears from PO2 relapse stained with Wright-Giemsa
B) Immunohistochemistry showing CD34 and MPO staining.

PhO4 showed a similar discrepancy, while FCM failed to detect leukemic blasts,
BCR::ABL1 expression was consistently detectable from d29 to EoT both on PB
and BM. Notably, both patients expressed the BCR::ABL1 transcript in sorted
CD34+, CD33+, CD29+, and CD3+ cell fractions.

Next, we sought to investigate whether the follow up samples harbored the
additional copy of the Ph chromosome detected by CBA and FISH at
presentation. For the purpose we developed ddPCR assays targeting the
genomic BCR:ABLIT on the der 22 and the reciprocal ABLI:BCR on der 9 and,
quantified both derivative chromosomes at presentation and at follow-up. The
results showed that in both patients at diagnosis, the number of der 22 was
twice that of der 9, a ratio of 2:1, but in all follow-up samples including the relapse
sample, the ratio was 1.1 (Figure 7A). Our interpretation is that the clone with
additional der 22, which was responsible for driving the leukemia to acute phase,
was eradicated by the therapy, and that the original underlying pathological cells
were not affected by treatment. These cells accounted for BCR::ABLT transcript
expression and harbored only one copy of the Ph chromosome. This raised
another question, namely whether these leukemic cells were of lymphoid or
myeloid origin. To answer this question, both the BCR:ABLI1 transcript and the
genomic BCR:ABLT junctions were measured in sorted cells from one follow-up
sample for each patient. The results showed that the cell fractions CD3 (B cells),
CD4 (T cells), CD19 (granulocytes), and CD34 (progenitor cells) all expressed the
BCR:ABL1 transcript, as well as the der 22 and der 9 junction sequences in

varying proportions, with a 111 ratio (Figure 7B). Taken together, these results
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suggest that at presentation, the disease manifested as acute leukemia, while
the genetically simpler clone without lineage commitment persisted after
treatment and later caused relapse in PO2 and expressed the BCR:ABL1
transcript in PO4. These data support the hypothesis that CML transformed into
blast crisis as the underlying disease, which could be confirmed for PO2 at
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Figure 7. Quantification of the genomic junctions on der 9 and der 22 by ddPCR.
A) The staple diagram shows the percentage of ABLI:BCR vs BCR:ABLI1 junctions
in PO2 patient. B) proportion of CD3+, CD19+, CD33+ and CD34+ cells that harbor
BCR:ABLT junction in the time point marked with asterisk.
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Subsequently, we performed a supervised analysis from all Ph+ALL samples
using the ALLCatchR-bcrabll bioinformatics tool developed by Beder et al (132,

154). This far we have processed data on 13 samples from 11 Ph+ALL patients.

The tool assigned PhO2 sample taken at presentation as lymphoid subtype and
the relapse sample as multi lineage. This discrepancy is likely explained by the
high number of lymphoid blasts at presentation which made the underlying
disease impossible to detect neither by GEP, nor immunophenotypically.
However, FISH analysis had shown that one small clone (4%) with only one
Philadelphia chromosome coexisted at presentation with the dominant clone
harboring two Ph chromosomes. Of the 11 samples taken at presentation, the tool
assigned three samples (PO8, P11, and P16) to the multilineage subgroup
(BCR:ABL1-M), while the remaining samples were classified as lymphoid
(BCR:ABLI-L). Neither of the presentation samples from PO2 nor PO4 were
predicted to belong to the BCR:ABLI-M subgroup. In fact, the classifier did not
classify PO4 as Ph+ALL, instead assigned a high score (0.8) for the Ph-like-ALL
category. This unexpected result may be due to the RNA for PO4 being extracted
from peripheral blood, whereas the other samples were derived from BM.
Interestingly, the relapse sample from PO2 was assigned to the BCR:ABLI-M
subgroup by the classifier. All the samples classified as BCR:ABLI-M (n = 4) were
found to express aberrant myeloid markers, though not all samples with aberrant
myeloid markers were classified as BCR:ABLI-M. Notably, only P16 showed
discordant MRD levels between flow cytometry (FCM) and gPCR results.
Furthermore, the classifier grouped three BCR::ABL1-M samples into the
subgroup defined by the deletion of HBSIL, while P11 was assigned to the
BCR:ABL1-M subgroup characterized by monosomy 7, which had also been
detected by cytogenetic analysis (CBA) as a subclonal lesion.
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5 Conclusions

Taken together, the work presented in this thesis highlights the potential of WGS
as a valuable tool in the diagnostic workup of ALL. By utilizing WGS as the sole
method for detecting aneuploidies, iIAMP21, SVs and CNA profiles, we
successfully identified all genetic aberrations specified in the treatment
protocol. The WGS results were in complete concordance with SoC findings,
enabling accurate allocation to the correct genetic subgroups in all cases.
Additionally, we were able to classify most of the B-other cases into emerging
subgroups, including DUX4-r. Our L-only approach demonstrated equal
accuracy compared to paired analysis. We also showed how the WGS data can
be used to identify personalized treatment options. In a T-ALL patient, who failed
first line therapy, WGS identified a novel JAK2 fusion. Further investigations
revealed that the fusion gene product is a chimeric protein with tyrosine kinase

activity, for which targeted experimental therapy is available.

In addition, the sequence data provided by WGS enabled the design of patient-
specific ddPCR quantitative assays. These assays demonstrated superior
specificity and sensitivity compared to conventional quantitative methods.
Furthermore, results from ctDNA indicate that monitoring leukemia markers in
plasma can provide valuable information for the individualized follow-up of ALL
patients. We conclude that designing patient-specific targets identified by WGS
has significant potential for MRD monitoring.

Furthermore, the application of WGS and WTS enabled a detailed investigation
of the genomic and transcriptomic characteristics of Ph+ALL. A comprehensive
analysis of all available data at the diagnostic, follow-up, genomic and
transcriptomic levels was performed to identify features that could differentiate
Ph+ALL-L from Ph+ALL-M. Ongoing analysis suggests that the insights gained
from WGS and WTS could further elucidate the complexities of Ph+ALL and
contribute to a better understanding of its subtypes.

In summary, the work presented underscores the transforming potential of WGS
in the diagnostic and follow-up management of ALL. The ability of WGS to
accurately detect genetic aberrations, classify subgroups, and guide
personalized treatment decisions illustrates its value in clinical practice.
Furthermore, the application of WGS and WTS provides a deeper understanding
of Ph+ALL, offering insights that could inform future diagnostic strategies and
therapeutic approaches. Ultimately, the findings highlight how integrating WGS
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into routine clinical workflows could not only enhance diagnostic precision but
also pave the way for more tailored and effective treatment options for ALL

patients.
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6 Points of perspective

The field of genetic diagnostics has made significant strides with the
introduction of high-throughput technologies. To fully harness the potential of
these advanced methods in clinical diagnostics, it is essential to standardize
result generation and interpretation. This standardization ensures that clinicians
can diagnose patients using consistent criteria and provide appropriate
treatments. In Sweden, the Genomic Medicine Sweden (GMS) initiative is leading
the effort to coordinate and harmonize high-throughput technologies to support
precision medicine in diagnostics. Since 2020, GMS has specifically aimed to
implement WGS and Whole Transcriptome Sequencing (WTS) as routine clinical
diagnostics for all pediatric cancer cases (155). Additionally, GMS collaborates
with other genomic medicine initiatives across Europe, exchanging knowledge

and learning from each other's experiences.

In our studies, WGS results were found to be comparable to conventional
methods, yet they provided superior resolution. The adoption of WGS has the
potential to transform clinical diagnostics, shifting from a multi-modal approach
to a unified method. However, for WGS to become the primary methodology in
clinical genetic diagnostics, it requires skilled professionals in both genetics and
bioinformatics. In addition to assessing the WGS method itself, it is crucial to
consider and validate the entire workflow, including sample handling,
professional training, data generation, security, storage, pre-analysis,
downstream analysis, result interpretation, and reporting to clinicians. Moreover,
the development of a user-friendly interface will help professionals quickly adapt
to the method, reducing the risk of misinterpretation. In the near future, the
widespread use of WGS across all diagnostics could lead to a more data-driven
clinical workflow, which will likely require advanced big data handling and

machine learning bioinformatics.

Although the cost of WGS remains relatively high, micro-costing calculations
comparing the SoC and WGS indicate that, if samples can be batched, the
additional cost of WGS is reasonable. Importantly, the cost of WGS has
decreased over time due to its increased usage. However, unlike traditional
methods, implementing WGS necessitates the creation of new infrastructure
within healthcare systems, which should be factored into the overall cost.
Ultimately, the benefits of WGS in patient management should be the main focus

when considering its value.

43



WGS enables precise identification of genetic abnormalities in individual
patients, allowing clinicians to create tailored treatment plans and targeted
therapies core components of precision medicine. However, translating this
complex genetic data into actionable clinical targets remains a challenge. It is
also important to avoid overemphasizing genetic factors, which could lead to

neglecting environmental and lifestyle influences on health.

In summary, human genetics is undergoing a revolutionary transformation, with
data-driven oncology diagnostics becoming increasingly inevitable. While our
study focused on the feasibility of using WGS in the clinical setting for ALL
diagnostics, similar studies are being conducted in other areas of human
genetics. By sharing insights on WGS data analysis and interpretation, we are
progressing toward the ultimate goal: precision medicine that saves lives and

improves the quality of life for survivors.
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