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1. INTRODUCTION:

Acute lymphoblastic leukemia (ALL) is the most common form
of cancer in children, accounting for a significant burden in
pediatric oncology. In Hungary, approximately 60-70 children
are diagnosed every year. Despite advancements in treatment
strategies, challenges persist, particularly in managing disease
progression, relapse, and leukemic infiltration of the central
nervous system (CNS).

Relapse is the primary reason for treatment failure in pediatric
ALL, and it is often linked to the emergence or enrichment of
certain genetic alterations harbored by the leukemic blasts.

Leukemic involvement of the central nervous system (CNS) is
another significant concern. CNS leukemia (CNSL) is still
underdiagnosed in ALL, and meningeal relapse is a common
cause of therapy failure. The lack of sensitive diagnostic tools
and biomarkers for interrogating the cerebrospinal fluid (CSF)
is a major hurdle, preventing the precise identification of
patients with clinically significant CNS involvement and a high
risk of relapse in the CNS. Cell-based CSF diagnostic methods
have limitations, as they are not suitable for detecting blasts that
are attached to the meninges, thus CNS manifestation may
commonly remain hidden. Novel approaches, focusing on the
cell-free fraction of the CSF, such as analyzing circulating
tumor DNA (ctDNA) and microRNAs, may offer improved
disease detection and monitoring.

To address these challenges, ongoing research aims to integrate
advanced molecular techniques into clinical diagnostics. This
includes identifying prognostic biomarkers and developing
more sensitive methods for detecting CNS involvement, which
could enhance risk-adapted therapy selection and improve
patient outcomes. Early identification of molecular aberrations
contributing to disease progression can aid relapse prediction,



inform therapy adjustment, and even guide targeted treatment
against relapse-prone leukemic cell populations.

2. OBJECTIVES:
In my PhD work, we aimed:

¢ To interrogate the genomic and transcriptomic landscape of
Hungarian children with ALL.

e To develop a targeted next generation sequencing (NGS)
panel, specifically for the detection of mutations with clinical
significance in ALL.

e To identify genetic alterations with therapeutic and/or
prognostic relevance.

e To compare the landscape of genetic alterations in matching
samples obtained at the time of diagnosis and relapse.

e To investigate miR-181a-5p as a potential biomarker for the
diagnosis and monitoring of leukemic infiltration in the CNS.

¢ To investigate the associations between genetic alterations of
the leukemic blasts, miR-181a expression and CNS
involvement.

o To assess the diagnostic value and feasibility of miR-181a
quantification by droplet digital PCR in CNSL diagnostics.

3. METHODS

Blast-rich samples collected at the time of diagnosis from 150
B-cell precursor ALL (B-ALL), 3 B-cell precursor
lymphoblastic lymphoma (B-LBL), 30 T-cell precursor ALL (T-
ALL) and 9 T-cell precursor lymphoblastic lymphoma (T-LBL)
patients with a mean blast percentage of 78.4% were
investigated. Risk stratification and treatment selection were
based on ALL IC-BFM 2002, ALL IC-BFM 2009, I-BFM NHL
LL 2009, LBL 2018 and Interfant-06 protocols. Follow-up time
ranged from O to 135 months, with an average of 29 months.
Additionally, paired samples drawn at the time of diagnosis and
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relapse were analyzed from 19 patients. Measurable residual
disease (MRD) assessment on days 15, 33 and 78 of therapy
was performed on bone marrow samples using flow cytometry
(FCM). Copy number alterations (CNA) were analyzed by
multiplex ligation-dependent probe amplification (MLPA)
using the P335, P383 and P202 probemixes (MRC Holland).
digitalMLPA reactions were performed using an in-
development version of the D007 ALL probemix (version
D007-X7, MRC Holland). Reactions were carried out according
to previously published protocols. Mutational screening was
performed using QIASeq Targeted DNA Custom Panel
(Qiagen) covering 102 disease-relevant genes frequently (>2%)
altered in ALL. Gene-fusions were identified by TruSight RNA
Pan-Cancer Panel (Illumina) investigating 1,385 genes, relevant
in various malignancies. NGS libraries were pooled and
sequenced on a MiSeq platform (Illumina).

For the investigation of CNSL, diagnostic bone marrow (BM)
and CSF samples of 35 children with B-ALL (n=28) or T-
ALL/LBL (n=7) were collected and analyzed. Serial follow-up
CSF samples were collected on day 15, day 33 and around day
100 of treatment. Altogether, 92 CSF samples and 36 BM
samples were analyzed. Conventional cell counting,
microscopic cytology, and FCM were performed for analyzing
the cell fraction of the CSF samples following the ALL IC-BFM
protocols. MicroRNA (miR) was isolated from 200 ul of CSF
samples (miRNeasy Serum/Plasma Kit, Qiagen, Hilden,
Germany), and copy numbers of miR-181a, miR-532 and miR-
16 were measured by digital droplet PCR (QX200 System, Bio-
Rad). Hierarchical clustering, multiple regression and ANOVA
were used to assess the association of normalized microRNA
copy numbers and mutation data identified from diagnostic
bone marrow samples with the degree of CNS involvement.



4. RESULTS

4.1 Genetic aberrations unveiled by comprehensive
profiling

Targeted mutation screening revealed a higher number of
aberrations in T-ALL/LBL patients (B-ALL/LBL: 1.5+1.4 vs T-
ALL/LBL: 2.742.2; p<0.001). In B-ALL, variants most
frequently affected RAS-pathway genes (KRAS (18.5%), NRAS
(17.8%), FLT3 (10.3%), while NOTCHI (58.6%), PHF6
(27.6%), PTEN (17.2%) and WTI (17.2%) were the most
commonly altered genes in T-ALL. In total, 175 variants, not
previously reported in public databases, were identified, in
addition to well-known mutations hotspots and rare, but
formerly reported alterations. For instance, ZEB2 p.Q1072
(2.7%) and [KZFI p.N159Y (1.4%), with presumptive
prognostic relevance, were uncovered. Three out of six
identified 7P53 mutations emerged in the p.R282 hotspot, one
of which has not been reported previously. All detected 7P53
variants affected regions coding the DNA binding domain.
Variants affecting potentially targetable genes, e.g. NRAS,
KRAS, FLT3, JAK2, IL7R, PTPNI1I1, NFI and CRLF2 were
observed in 35.6% of high-risk and 29.8% of standard/
intermediate-risk patients (according to ALL IC-BFM 2009
protocol), with a VAF >10%.

MLPA revealed copy number alterations in 55.5% of B-ALL
and 66.7% of T-ALL patients. In B-ALL, CDKN2B (20.5%),
CDKN24 (19.9%), PAX5 (16.4%) and ETV6 (16.4%) genes
were most frequently affected by deletions. IKZF1 deletion was
present in 15.8% of B-ALL patients, while seven of them
displayed the IKZFIplus (4.8%) genotype. Most commonly
identified alterations in T-ALL involved CDKN2A4 (56.7%),
CDKN2B (53.3%) and MTAP (30.0%) deletions, indicating the
prevalent deletion of the 9p21 region in this subset of patients.
In 30 patients (24 B-ALL, 6 T-ALL), digitalMLPA unveiled
CNAs in areas not covered by MLPA probemixes. This more
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comprehensive method identified CNAs in 95.6% of B-ALL
and 91.7% of T-ALL patients. On average, 12.6 CNAs were
identified per patient (mean subchromosomal alteration: 10.6,
mean whole chromosome gain/loss: 2.0).

Targeted RNA sequencing revealed gene fusions in 34.9% of B-
ALL and 46.4% of T-ALL patients. The most common changes
found were ETV6::RUNXI, P2RY8::CRLF2, and TCF3::PBXI
in B-ALL, STIL::TALI in T-ALL. Rearrangements involving
ABLI, ABL2, CRLF2, EPOR and JAK?2 genes with a variety of
different partner genes, indicated BCR::ABL I-like phenotype in
7.7% (13/169) of B-ALL patients. Additionally, rare fusions
including DUX4 (n=2), MEF2D (n=1), NUTMI1 (n=1) and
ZNF384 (n=1) genes were also discovered. Novel chimeric
fusions affecting the JAK2, KMT2A, PAX5, RUNXI, and
NOTCHI1 genes were identified in 5 patients. Genes affected by
mutations, deletions, amplifications or gene fusions in at least
three patients, are depicted in Figure 1.

Figure 1. Short somatic variations, CNAs and gene fusions
identified in diagnostic samples of 165 pediatric ALL/LBL
patients by deep targeted DNA sequencing, RNA sequencing,
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and MLPA. Immunophenotype, WHO classification, and MRD
status on days 15, 33, and 78 of therapy are also indicated.

4.2 Co-segregation of molecular alterations

Frequent co-occurrence of KRAS mutations with NRAS, BRAF,
FLT3 and CREBBP mutations were observed in B-ALL (Figure
2.A), while in T-ALL the association of STAT5B mutations with
JAKI mutations, or NOTCHI mutations with PHF6 mutations
were uncovered (Figure 2.B). These findings suggest that
recurrent clonal selection mechanisms commonly converge on
the same or interconnected pathways in individual patients. The
frequency of RAS pathway mutations (67.5%), such as NRAS,
KRAS, PTPNII, and FLT3 mutations were prominent in
patients with hyperdiploidy. UBA2 mutations (85.7%) and
ETV6 deletion (66.7%) occurred primarily in the
ETV6::RUNXI subgroup. All except for one patient with
BCR::ABL1 fusion carried [KZFI deletion, while in
BCR::ABLI-like patients, IKZF1, EBFI, PAX5 and PARI1
deletions, as well as JAK2 and ZEBZ2 mutations were enriched.
In addition to the numerous concurrent deletions of genes
located in chromosome region 9p21, several positive
associations between NOTCHI, PHF6, WT1, FBXW7, MLLT3
and MTAP alterations were present in T-ALL.
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Figure 2. A Co-occurrence and mutual exclusivity of short
somatic variants and subchromosomal CNAs in diagnostic
samples of patients with B-ALL and B with T-ALL.



4.3 Genetic aberrations at relapse

Comprehensive molecular profiling was performed on paired
samples of 19 patients (B-ALL: n=15, T-ALL: n=4), taken at
the time of diagnosis and relapse. The average number of
detected mutations was 2.4 (range: 0-5) in relapse samples,
moderately surpassing the value observed in diagnostic samples
(average: 2.0, range: 0-7). NT5C2 and CDKN2A mutations
were solely identified, and the incidence of 7P53 and CREBBP
mutations was increased in relapse samples, both affecting 21%
(4/19) of the patients. Higher variant allele frequencies at the
time of relapse (VAF: 59% vs 74% and 4% vs 63%) indicated
that both 7P53 mutant clones, which were present in two
instances at the time of diagnosis, acquired selective survival
advantage. Two patients developed 7P53 mutant clones during
relapse, with one patient at the time of the second relapse, seven
years after the initial diagnosis. In 13/19 patients, at least one
mutation prevailed from diagnosis to relapse, the treatment
eradicated additional variants in 9/19 patients, and novel
alterations arose at relapse in 8/19 patients. Four patients
presented with an entirely distinct mutational profile at the time
of relapse. Further interrogation of the development of observed
alterations over the course of the disease indicated perplexed
clonal dynamics, with concurrently rising and declining
subclones in two-thirds of the cases.

4.4 Genetic alterations associated with therapeutic response
and prognosis

Survival analysis demonstrated significantly shorter 3-year
event-free survival (EFS) in B-ALL patients with 7P53 (90%
vs 50%; p=0.008. Figure 3.A) or CREBBP mutations (91% vs
67%; p=0.010, Figure 3.B). Strikingly, 3-year EFS of MRD
negative patients on day 33 of therapy was also inferior in 7P53
mutant cases (92% vs 33%; p=0.0004, Figure 3.C).



100~

—— TP53 wild-type
— TP53mutant | p=0.008

504 |

Event-free survival (%)

0 T T

0 10 20 30 40
Time (months)

100+

CREBBP wild-type
—— CREBBPmutant ]p=0.01

Event-free survival (%)
g
1

0 T T T 1
0 10 20 30 40
Time (months)

100 =——— T TP

T

TP53 wild-type

] ]p=0.0004
—— TP53 mutant

50+

Event-free survival (%)

0 T T T
0 10 20 30 40

Time (months)



Figure 3. A Three-year event-free survival of B-ALL patients
subclassified based on 7P53 mutation status. B Three-year
event-free survival of B-ALL patients categorized based on
CREBBP mutation status. C Three-year event-free survival of
B-ALL patients MRD negative on day 33 and categorized based
on 7P53 mutation status.

Given the limited number of patients with 7P53 and CREBBP
mutations in our in-house cohort, we conducted a focused
analysis of 3-year EFS utilizing a merged dataset comprising
411 patients, including 265 patients from the TARGET ALL
Phase 2 study. Consistent with our earlier findings, survival
analysis revealed poor outcomes for B-ALL patients with 7P53
or CREBBP mutations, even among MRD negative patients in
case of TP53 mutation in this expanded cohort (93% vs 67%
p=0.0009; 93% vs 80% p=0.013; 95% vs 71% p=0.009).

Further interrogation of the subset of patients with very early or
early events (EFS<24 months) uncovered that 7 out of 13 B-
ALL patients were stratified to the intermediate risk (IR) arm of
the ALL IC-BFM 2009 protocol and treated accordingly. Four
out of these seven IR patients carried either 7P53 (n=2) or
CREBBP (n=3) mutation. Notably, in our in-house cohort, three
of the five mutations presented subclonally with a VAF of 3-
5%, which range is often precarious in terms of interpretation
using conventional sequencing coverage instead of deep
sequencing. Mutations with a VAF >10%, and fusions involving
putatively targetable genes, including NRAS, KRAS, PTPNII,
NF1, FLT3, JAK2, IL7R, SH2B3, CRLF2, EPOR, ABLI, ABL?2,
KMT2A and NUPY8 were identified in 55.9% of ALL IC-BFM
2009 high-risk patients, and 31.6% of standard/intermediate-
risk patients.
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4.5 Reclassification of the level of CNS involvement based
on the quantification of miR-181a-5p copy numbers

In my PhD work we also examined the copy numbers of miR-
181a-5p in 92 CSF samples collected at diagnosis or different
follow-up time points. Normalized copy numbers of miR-181a-
5p in samples obtained at the time of diagnosis from 28 patients
were used for generating a hierarchical cluster dendrogram
which yielded two primary branches (Figure 4). Seven samples
with ambivalent CNS status (CNSamb) and, notably, three
CNSneg samples clustered together with all three CNSpos
diagnostic samples. The samples in the left-hand branch were
classified as ‘miRsign’, indicating ‘significant’ miR-181a-5p
expression. The right-hand branch, consisting of 3 CNSamb and
12 CNSneg samples were labelled as ‘miRmin’, referring to
minimal miR-181a-5p expression.

By integrating the miR-based CNSL classification with results
of the routinely applied cellular methods, we reclassified the
patients into three distinct groups indicative of initial CNS
involvement: CNSneg or CNSamb samples on the right-hand
branch (CNSmin & miRmin), CNSneg or CNSamb samples on
the left branch (CNSmin & miRsign), and CNSpos samples
(CNSpos & miRsign). The CNSneg and CNSamb samples were
grouped together as the therapeutic consequence of CNS-2
category compared to CNS-1, with two additional intrathecal
courses, is substantially less than the CNS-directed therapy
escalation for the CNS-3 group. The two-step reclassification
process is depicted in Figure 5.
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Figure 4. Dendogram, displaying the two main subgroups
based on miR-181a-5p expression in the CSF, defined by
hierarchical clustering. Each spike represents a patient. CNS
status determined by cell-based methods is presented at the

bottom.
Classification Re-classification Re-classification
according to ALL-IC BFM 2009 based on cytospin and FCM data based on miR-181a-5p copy numbers
CNSneg: 15
CNS-1:17 CNSmin/miRmin: 17
CNSamb: 15 ~
CNS-2: 13 CNSmin/miRsign: 12
CNSpos/miRsign: 4
CNS-3:5 CNSpos: 5
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Figure 5. Sankey diagram depicting the classification of
patients according to current BFM guidelines applied in clinical
setting (column on the left), newly established categories used
in this study and reflecting the uncertainty of cell-based
methods (middle column), and a proposed re-classification,
implementing miR-181a-5p expression (column on the right)

4.6 Elevated miR-181a-5p copy numbers suggest latent
CNSL and aid the classification of patients with ambiguous
CNS status

Using linear regression, miR-181a-5p copy numbers of samples
obtained at diagnosis were compared. Higher levels of miR-
181a-5p were found in the CNSmin/miRsign group and the
CNSpos/miRsign group, as opposed to the CNSmin/miRmin
group (mean copy number =+ standard error (SE):
2503.504+275.89,  3300.70+809.69 and  744.02+86.81,
respectively; p=1.13E-6 and p=2.16E-5 when comparing
miRsign groups to CNSmin/miRmin group) (Figure 6.A).
Patients with FCM positivity exhibited significantly elevated
miR-181a-5p expression relative to those with negative CSF
analysis by FCM (p=0.016; Figure 6.B).

i
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.......... CNSminmiRsign

................ [ CNSpos/miRsign
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T T T
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Figure 6. A Violin plot displaying the distribution of the
logarithm of miR181-a-5p copy numbers of CSF samples
collected at the time of diagnosis, measured by ddPCR.

* p=1.13E-6; * p=2.16E-5B Violin plot illustrating the
distribution of the logarithm of miR181-a-5p copy numbers of
CSF samples collected at the time of diagnosis in patients with
either negative or positive CSF flow cytometry. * p=0.016.

4.7 Diagnostic value of ddPCR-based miR-181a-5p
quantification

To evaluate the diagnostic value of miR-181a-5p copy number
assessment by ddPCR, ROC analysis was conducted,
comparing the feasibility of the novel biomarker with cell-based
techniques, such as cytospin and FCM. A cut-off value for miR-
181a-5p copies was determined statistically, and as a result,
copy numbers above 1,454 copies were considered positive in
the consecutive binary transformation. Analysis of the curves
indicated that our innovative miR-181a-5p copy number-based
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methodology outperformed cytospin and was non-inferior to
FCM.
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Figure 7. Heatmap, displaying the logarithm of miR-181a-5p
copy numbers and genes altered in a minimum of two patients,
illustrated by groups. Grey shaded fields indicate no mutation
in the gene of interest identified in the respective groups. The
mean logarithm of miR-181a-5p copy number is presented for
genes altered in several patients within a certain field.

4.8 SH2B3 alteration identified as CNSL-associated genetic
feature

We also investigated the possible relations between miR-181a-
5p copy numbers and small sequence variations (single
nucleotide variants and small insertions/deletions) in disease-
relevant genes detected in blast-rich BM samples. Twelve out
of the 103 leukemia-relevant genes were mutated in at least 2
patients (Figure 7). Strikingly, SH2B3 mutations solely affected
patients classified in miRsign groups (CNSmin/miRsign or
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CNSpos/miRsign), with no SH2B3 mutation found in the
miRmin group.
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S.

CONCLUSIONS

Novel findings of my thesis are the following:

We present a systematic comprehensive molecular profiling
approach as part of the diagnostic workflow in a nationwide
consecutive cohort of children with ALL.

We demonstrated that targeted RNA-seq complemented by
(digita)MLPA is a powerful method for identifying
recently introduced genetic subtypes of ALL and offers a
viable alternative to existing diagnostic techniques.

We conducted mutational screening using targeted deep
DNA-seq and detected small genomic variants in ALL,
even if those were present with a low variant allele
frequency, which may have clinical relevance, as
exemplified in other hematological malignancies.

We observed inferior outcome among B-ALL patients
harboring TP53 or CREBBP mutation.

We found shorter event-free survival in 7P53 mutant B-
ALL patients, even among those testing negative for MRD
by flow cytometry on day 33 of therapy.

We compared the genomic profile of matched diagnostic
and relapse samples of 19 ALL patients and shed light to
the manifold evolutionary process and entangled clonal
selection mechanisms.

We propose miR-181a-5p as a novel biomarker in the
cerebrospinal fluid for the diagnosis of CNSL and
demonstrate a feasible quantification method by ddPCR.
We tested the diagnostic power of miR-181a-5p
quantification by ddPCR, and found that it is non-inferior
to FCM, and overperforms cytospin in identifying CNSL.
We discovered an association between SH2B3 mutations
and miR-181a-5p expression, indicating a potential role of
SH2B3 mutations in the leukemic invasion of CNS.
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