“AAI

IntechOpen

IntechOpen Series
Oncology, Volume 15

Leukaemia
Recent Advances in Diagnosis
and Therapeutic Modalities

Edited by Marwa Zakaria, Samar Elbahy,
Al Zahraa Allam and Hanan Yousif Al-Abboh







Leukaemia - Recent
Advances in Diagnosis and

Therapeutic Modalities

Edited by Marwa Zakaria,
Samar Elbahy, Al Zahvaa Allam
and Hanan Yousif Al-Abboh

Published in London, United Kingdom




Leukaemia - Recent Advances in Diagnosis and Therapeutic Modalities
http: /dx.doi.org/10.5772/intechopen.1008633
Edited by Marwa Zakaria, Samar Elbahy, Al Zahraa Allam and Hanan Yousif A1-Abboh

Contributors

Alan Chew-Bonilla, Dao-Hai Cheng, Dmytro Gur'yanov, Emiliano Fulda Graue, Federico Graue Wiechers,
Gennadii Telegeev, Ibrahim O. Ahmed, Irene Gartovska, Jorge Morales-Navarro, Jun Du, Kaladada
I. Korubo, Lyudmyla P. Shvachko, Maria Renee Jimenez-Sotomayor, Michael Zavelevich, Muheez A.
Durosinmi, Mykhailo Dybkov, RahmanA. Bolarinwa, Shivani Golem, Svitlana Antonenko, Wen-Ling Chen,
Zou-Fang Huang

© The Editor(s) and the Author(s) 2026

The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright,
Designs and Patents Act 1988 . All rights to the book as a whole are reserved by INTECHOPEN LIMITED.
The book as a whole (compilation) cannot be reproduced, distributed or used for commercial or
non-commercial purposes without INTECHOPEN LIMITED’s written permission. Enquiries concerning
the use of the book should be directed to INTECHOPEN LIMITED rights and permissions department
(permissions@intechopen. com).

Violations are liable to prosecution under the governing Copyright Law.

@)

Individual chapters of this publication are distributed under the terms of the Creative Commons
Attribution 4.0 License which permits commercial use, distribution and reproduction of the
individual chapters, provided the original author(s) and source publication are appropriately
acknowledged. If so indicated, certain images may not be included under the Creative Commons
license. In such cases users will need to obtain permission from the license holder to reproduce
the material. More details and guidelines concerning content reuse and adaptation can be found at
http: /www . intechopen.com/ copyright-policy. html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and
not necessarily those of the editors or publisher. No responsibility is accepted for the accuracy
of information contained in the published chapters. The publisher assumes no responsibility for
any damage or injury to persons or property arising out of the use of any materials, instructions,
methods or ideas contained in the book.

First published in London, United Kingdom, 2026 by IntechOpen
IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales,
registration number: 11086078, 167-169 Great Portland Street, London, W1W 5PF, United Kingdom

For EU product safety concerns: INTECHd.o.0., Prolaz Marije Krucifikse Kozuli¢ 3, 51000 Rijeka,
Croatia, info@intechopen.com or visit our website at intechopen.com.

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Leukaemia - Recent Advances in Diagnosis and Therapeutic Modalities
Edited by Marwa Zakaria, Samar Elbahy, Al Zahraa Allam and Hanan Yousif A1l-Abboh
p.cm.

This title is part of the Oncology Book Series, Volume 15
Topic: Hemato-oncology

Series Editor: Thomas J. FitzGerald

Topic Editor: Seema Naik

Print ISBN 978-1-80631-013-5
Online ISBN 978-1-80631-012-8
eBook (PDF) ISBN 978-1-80631-014-2
ISSN 3049-8864

If disposing of this product, please recycle the paper responsibly.


http://dx.doi.org/10.5772/intechopen.1008633
mailto:permissions%40intechopen.com?subject=
https://www.intechopen.com/page/copyright-policy
mailto:info%40intechopen?subject=
http://intechopen.com

IntechOpen Book Series
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Volume 15

Aims and Scope of the Series

The field of oncology has undergone extraordinary change and progress over the
past several decades. Today, information is evolving at a rapid rate, with standards
of management far different than standards of care applied during the training of
most practicing oncologists. Oncology practitioners in all disciplines must remain
current to optimize patient care. Basic and translational science remain critical

in developing process improvements for patient care. The closer we understand
the mechanism, the more we can improve targeted therapies and apply them to
patient care. The pace of information is moving faster than at any previous time

in history, and all oncology disciplines must remain current to provide excellent
service to patients. The modern oncologist must be fluent in using big data and the
volume of information generated in clinical trials. As we move closer to personal-
ized patient care based on genomics and molecular biomarkers, the modern oncol-
ogist has to be nimble in assessing all available information and how this would be
applied to each patient, balanced by the clinical status and medical co-morbidities
of each patient. Targeted therapies can bring new and different sequelae, and
oncology teams need to remain fluent in managing the consequences of therapy
and primary management. In this book series, we will present how modern care
has progressed in multiple disease areas and how modern oncology teams need

to adapt in order to manage the cancer patients of today successfully. Surgery,
radiation therapy, and medical oncology are practiced today with the support of
exceptional modern technology, and in this series, we will review how these im-
provements are applied to each disease site to maintain excellence in patient care.
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Preface

The landscape of leukaemia research and clinical practice is transforming more
profoundly and rapidly than at any point in its history. What was once a uniformly
dire diagnosis has fragmented into a spectrum of distinct diseases, each with its own
molecular signature, prognostic profile, and, increasingly, its own tailored
therapeutic pathway. This era of unprecedented discovery, fueled by leaps in
genomics, immunology, and biotechnology, has fundamentally altered our approach
to these complex haematological malignancies. It is within this context of dynamic
change that Leukaemia - Recent Advances in Diagnosis and Therapeutic Modalities is
presented.

This volume was conceived with a clear purpose: to synthesize the cascade of
groundbreaking developments from the laboratory bench to the patient’s bedside into
a coherent, authoritative, and practical resource. We move beyond the foundations to
focus squarely on the innovations reshaping the field. From the refined application of
next-generation sequencing and minimal residual disease monitoring that guide
precision diagnostics, to the revolutionary advent of immunotherapy, CAR T-cell
therapy, and novel targeted agents that have redefined treatment paradigms, this book
aims to capture the current state of the art.

Our contributing authors, leading clinicians and scientists in their respective
domains, have distilled complex data into accessible chapters. They explore not only
the remarkable successes but also the ongoing challenges, managing resistance,
mitigating novel toxicities, and ensuring equitable access to these advanced
modalities. This book is intended for haematologists, oncologists, translational
researchers, and senior students who seek a focused update on the forces driving
modern leukaemia care.

Ultimately, this compilation is a testament to the collaborative spirit of science and
medicine. It reflects a shared commitment to converting scientific insight into tangible
hope. As we stand at this pivotal juncture, this book serves as both a snapshot of
remarkable progress and a guidepost for the future, dedicated to the patients whose
resilience inspires the pursuit of every advance chronicled within these pages.

Marwa Zakaria
Professor of Pediatrics,
Faculty of Medicine,
Zagazig University,
Zagazig, Egypt.
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Chapter 1

Perspective Chapter: Cutting-Edge
Genomic Technologies in the Field
of Cancer Cytogenetics

Shivani Golem

Abstract

Optical genome mapping (OGM), with its high resolution and comprehensive
analysis of structural and copy number abnormalities, is revolutionizing the field of
cancer cytogenomics. Traditional conventional cytogenetics or karyotyping and
fluorescent in situ hybridization are the standard-of-care (SOC) assays in cytogenetic
laboratory testing for patient care. Chromosomal microarray analysis (CMA),
which offers higher resolution than SOC methods, has been widely adopted in many
clinical genetics laboratories. It has the caveat of being unable to detect balanced
structural rearrangements, and OGM is still developing for detecting copy-neutral
loss-of-heterozygosity, which is part of the recurrent genetic abnormalities in many
cancer types, including both hematologic malignancies and solid tumor cancer
types. The World Health Organization (WHO), National Comprehensive Cancer
Network (NCCN), International Consensus Classification (ICC), and many other
international organizations have revised, year after year, the guidelines for detecting
genomic alterations in several cancers, which help in diagnosis, risk stratification,
and treatment management for patients. The number of such genetic abnormalities
continues to grow. Therefore, it is imperative to identify such clinically relevant
genomic alterations at the gene level, which is possible with CMA and OGM
technologies. This chapter will provide a general overview of how cutting-edge
technologies complement traditional cytogenetic methods, along with a few case
examples to show the need for incorporating high-resolution whole-genome
cytogenomic testing in day-to-day clinical cancer testing.

Keywords: optical genome mapping, karyotyping, FISH, structural variants, copy
number variants, chromosomal microarray, copy-neutral loss-of-heterozygosity
(CN-LOH)

1. Introduction

In 1956, Tjio and Levan first accurately counted the number of chromosomes [1].
In 1960, the first cancer-causing Philadelphia chromosome abnormality in chronic
myeloid leukemia was identified. In 1985, the genes present at the chromosome

breakpoints on the 9q and 22q chromosome arms, ABLI and BCR, were confirmed,
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respectively, resulting in an oncogenic BCR::ABL1 gene fusion [1, 2]. Several cancer-
related genetic and genomic abnormalities are being discovered every year. The list
of these abnormalities, associated with the diagnosis, prognosis, and therapy of
patients, is evaluated regularly by national and international workgroups from the
World Health Organization (WHO), the National Comprehensive Cancer Network
(NCCN), the European Leukemia Network (ELN), the International Consensus
Classification (ICC), and other cancer-specific workgroups. Extensive genomic
testing is underway in this field, contributing to the discovery of new clinically
relevant genetic and genomic abnormalities, as evidenced by the growing number of
peer-reviewed publications.

The standard of care (SOC) cytogenetic testing includes chromosome banding
analysis (CBA) and fluorescent in situ hybridization (FISH). The next-generation
cytogenomic testing includes neoplastic chromosomal microarray (CMA) and
optical genome mapping (OGM). Laboratory geneticists specialized in cytogenetics
use these tools to identify recurrent and novel genetic and genomic chromosome
abnormalities in various hematologic and solid tumor cancers. Figure 1 illustrates the
general steps involved in each technique, from sample collection to data analysis.
Table 1 provides additional preanalytical and analytical parameters, their
limitations, and advantages in detecting various genetic and genomic abnormalities,
which are biomarkers of the cancer genome.

Conventional cytogenetics, karyotyping, or chromosome band analysis (CBA) is
one of the traditional cytogenetic techniques that has been well-established in many
laboratories for over five decades. The first cancer cytogenetic abnormality was
detected in 1916. This included a 9;22 translocation involving the breakpoint cluster
(BCR) region and ABL kinase (ABLI) gene in a chronic myeloid leukemia patient.
Numerous recurrent genetic abnormalities were detected in subsequent years, which
played a transformative role in how hematological neoplasms were subtyped, risk-
stratified, and treated. This technique has low resolution (~5 Mb) and is labor-
intensive, with a high turnaround time (TAT) of 7 to 21 days. For decades, the
analysis part of the karyotyping workflow remained unchanged. A very recent
advancement was noted with artificial intelligence (AI)-associated karyotyping. This
analytical improvement has been shown to reduce analysis time by approximately
50% and improve the detection of abnormal chromosomes [3]. Chromosome band
analysis has the advantage of providing a whole-genome genetic profile and can
detect a variety of recurrent genetic structural chromosome abnormalities present in
cancer genomes, such as balanced/unbalanced translocations, inversions, insertions,
mosaicism, and ploidy changes; however, it operates at a low resolution of ~5 Mb.
Figure 2a shows the normal male karyotype, and Figure 2b shows the KMT2A
(11g23) and MLLT3 (9p21) translocation in an acute myeloid leukemia patient. CBA
cannot provide gene-level resolution and may overlook cryptic structural
chromosome abnormalities, which include focal gene deletions, duplications, and
gene rearrangements that could involve cancer genes.

Fluorescent in situ hybridization, a second common technique extensively used
in cytogenetics laboratories, is based on detecting targeted genetic abnormalities
using different FISH probe designs. The most common FISH probe types used in
hematological and solid tumor malignancies include dual-color dual-fusion, break-
apart, and enumeration probes. Figure 1 shows the typical steps involved in FISH
processing and analysis. Given its significantly reduced TAT of approximately 6 ~ 24
hours, this test is preferred for identifying chromosome abnormalities for immediate
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Parameters CBA FISH CMA OGM Comments

Acceptable cancer

specimen types

>Fresh tissue TRUE TRUE TRUE TRUE

>Fixed tissue X TRUE TRUE X

Required DNA X X 150 ng 15 pg*  *15 micrograms of ultra-

concentration non- high molecular weight

FFPE; DNA [47].
400 ng
FFPE
Processing time 24- 4 3 days 3 days
96 hours-
hours  1day
Analysis time* 3-7.5 <60 <60 30-120  Analysis time may vary if
hours minutes minutes minutes the sample has complex
genomic abnormalities
[24].
Turnaround time 5-14 6 5-10 5-10 [24].
days hours- days days
1 day
Detection
Resolution 5-10 100 kb 15-200 500 bp  *[24].
Mb kb to1l
Mbp*

Gene level resolution X TRUE TRUE TRUE  FISH is limited by probe
coverage and requires
prior knowledge of the
gene(s).

Balanced

rearrangements

> Translocations TRUE TRUE X TRUE

>>Balanced whole-arm TRUE X X X *[24].

translocations

>End-to-end telomere TRUE X X X *[24].

fusions

>>Novel balanced TRUE X X TRUE

translocations

>>Cryptic balanced X TRUE X TRUE  #FISH is limited by probe

translocations coverage and requires
prior knowledge of the
SV and genes.

>>Novel X X TRUE TRUE

intrachromosal

deletion translocations
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Parameters CBA FISH CMA OGM Comments

>Cryptic X TRUE TRUE TRUE #

intrachromosal

deletion translocations

> Insertion TRUE X X TRUE

>Inversion TRUE TRUE X TRUE #

Unbalanced

structural changes

>Deletions/ TRUE TRUE TRUE TRUE

duplications

>Partial tandem X X TRUE TRUE  PTD detected by CMA

duplications (PTDs) cannot determine its
tandem orientation, for
KMT2A PTD.

>Gene amplifications X TRUE TRUE TRUE

Novel unbalanced SVs TRUE X TRUE TRUE CMA cannot determine
the novel structural
chromosomal
architecture.

Cryptic unbalanced X TRUE TRUE TRUE  FISH detection is limited

SVs by the targeted probe
coverage; CMA cannot
determine the novel
structural chromosome
architecture.

Map gained genetic X X X TRUE [21].

material (including

marker

chromosomes).

> Complex TRUE X TRUE TRUE  CBA - Three or more
chromosome
abnormalities; Gene level
resolution not possible.
CMA - SV
characterization not
possible.

Chromoanagenesis

>>Chromothripsis X X TRUE TRUE

>>Chromoplexy X X X TRUE

>>Chromoanasynthesis X X X TRUE

LOH

>>Copy Loss — Loss-of- TRUE TRUE TRUE TRUE

Heterozygosity

(CL-LOH)
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Parameters CBA FISH CMA OGM Comments

>>Copy Neutral - Loss- X X TRUE * *LOH detection by OGM

of-Heterozygosity is limited to whole-arm

(CN-LOH) or whole-chromosome
regions.

Mosaicism and Ploidy

>>Mosaicism detection  ~14% 5% 10-20%  20%** OGM - 5% (Rare variant

% assembly); 15%-25% De
novo assembly [24], **
[47].

>>Ploidy (entire TRUE X * ** *3 n; *OGM has to rely

chromosome set) on CBA or CMA data to

make ploidy calls. CBA
might be indicated for
those OGM cases with
unusual aneuploidy and
high variant allele
fractions for SVs [24].

>>Ploidy (single TRUE TRUE TRUE TRUE
chromosome)
Others
>>Resolve clonal TRUE TRUE X X #CMA and OGM have
evolution/structure limitations due to bulk
DNA genomic analysis.
>Methylation X X X X
Profiling
>>Single nucleotide X X X X
variant detection
>>Minimal residual TRUE TRUE X X CMA and OGM testing
disease (MRD) are recommended at
detection diagnosis and relapse.
>>Cost $50  $50-150 $250- $450-  [24].
550 550
>>Bioinformatics X X X X
Table 1.

CBA, FISH, CMA, and OGM testing parameters, genetic abnormality detection characteristics, and limitations.

treatment decisions, as warranted for specific cancer types. An example is the
detection of the PML::RARA gene rearrangement in the diagnosis and treatment of
acute promyelocytic leukemia. Figure 2c—e shows the common FISH probe types
used in cancer cytogenetic laboratories and their typical abnormal signal patterns.
Comprehensive genomic analysis of the cancer genome is not possible using FISH
technology, and the FISH probe coverage for specific target regions limits its
detection of genetic abnormalities.

Chromosomal microarray analysis is a long-standing technology that has been
used clinically since the mid-2000s for its ability to provide comprehensive genome-
wide genetic analysis of both hematologic malignancies and solid tumors [4-9].
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CBFB and MYH11 EGR1 KMT24

Figure 2.

(a% Karyotype of a normal male chromosome complement; (b) t(9;11) (p21;923) as indicated by arrows in a
female patient with acute myeloid leukemia; (c-e) FISH signal patterns in interphase cells for the most commonly
used FISH probes in hematologic cancer, the normal (left) and abnormal (right) cells; (c) the dual-color dual-
fusion FISH probe covering the CBFB (red) and MYH11 (green) gene targets; (d) the deletion FISH probe
covering the EGR1 (red) and control (green) probes on chromosome 5; (e) the dual-color breakapart FISH probe
covering the KMT2A gene target. Arvows indicate abnormal FISH signal patterns associated with each of the
probe types.

Chromosomal microarray analysis detects copy number variants (CNVs) (deletions
and duplications) and copy-neutral loss-of-heterozygosity (CN-LOH) changes in
cancer specimens, along with cryptic deletions and duplications, which the CBA
misses. Chromosomal microarray analysis, compared to SOC techniques, detects
genetic changes at the gene level more effectively and efficiently, providing a more
precise definition of the cancer genome, which is well supported by published
literature, including national and international guidelines [10-12]. However, CMA
cannot detect balanced structural chromosome abnormalities, such as balanced
translocations, insertions, and inversions, which are recurrent genetic abnormalities
found in a variety of cancers. Additionally, CMA cannot determine the clonal
architecture of the genome.

OGM is revolutionizing the cytogenomics community with its ability to detect
comprehensive genome-wide structural variants (SV) and CNVs at high resolution
in both constitutional and cancer patient populations [13-24]. OGM can better
characterize and refine the complex cancer genome architecture with unbalanced,
balanced, and unknown genomic material (marker) chromosome abnormalities [21,
25]. The unique OGM technique allows for this functionality, which could be
challenging to detect by CBA due to low resolution, not possible by CMA to refine
structural chromosome changes and detect balanced genomic alterations, and by
FISH due to the limitation of the need for prior knowledge of the gene targets and the
lack of comprehensive whole genome assessment.
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2. Structural and copy number variants

Multiple studies have shown high concordance between CMA and OGM in
detecting copy number variants in both hematologic and solid tumor malignancies
compared to SOC methods. Figure 3 illustrates some case examples where OGM
detected cryptic deletions that CBA missed. An apparently balanced translocation of
2;4 by karyotype (Figure 3a, b) revealed a cryptic DNMT3A gene deletion at the 2p23
translocation breakpoint, which was detected by OGM (Figure 3c). A similar case
example of an apparent 1;7 translocation showed a cryptic IKZF1 gene deletion at the
7p translocation breakpoint, identified by CMA (Figure 4a—c). Both examples
highlight the limitations of CBA in detecting these clinically relevant gene deletions,
which are of prognostic significance [26]. In another case, the TET2 gene was
disrupted due to an intragenic cryptic inversion of 4q24q24, detected by OGM
(Figure 3d). Chromosomal Microarray Analysis would miss this balanced intragenic
inversion event. This case example underscores the limitations of CMA in
detecting balanced structural abnormalities of the genome. A 20q11.21q11.22 deletion,
2 Mb in size and involving the clinically relevant gene ASXL1 (Figure 3e), aswellasal
Mb Xp11.4 deletion involving the BCOR cancer-relevant gene (Figure 3f) were
detected by OGM and can also be detected by CMA (not shown in the image) [26].
Both CMA and OGM are capable of detecting similar unbalanced deletions and
duplications, subject to their size detection limitations/resolution (Table 1).

The t(6;9)(p22;q34) DEK::NUP214 gene rearrangement is a chromosomal
abnormality that has been identified in approximately 1% of myelodysplastic
neoplasms and acute myeloid leukemias. The t(6;9) is also frequently associated with
basophilia and is generally considered a poor-risk acute myeloid leukemia (AML)
subgroup [27, 28]. Although t(6;9) is visible by CBA, there are reported cases, such as
an AML case with a t(9;12) (q34;q15) karyotype and normal morphology for the 6p
region. RNA-sequencing confirmed a cryptic DEK::NUP214 fusion [29]. Another case
of AML with an original karyotype of add(6) (p21), add(9)(q34), add(14)(q22) was
suspicious of a 6;9 translocation with 6p21 and 9q34 breakpoints and a DEK:NUP214
fusion; FISH on an abnormal metaphase was performed. FISH confirmed DEK and
NUP214 signals on the abnormal chromosome 6, which confirmed the DEK:NUP214
fusion. Based on the FISH results, the karyotype was updated to t(6;14;9) (p22;q22;
q34). The OGM performed on this sample confirmed the FISH result with a three-way
translocation and confirmed in-frame DEK gene alignment with the NUP214 gene on
the abnormal chromosome 6 [30]. In another myeloid neoplasm case, CBA detected
a48,XY, +8, +9, t(9;9)(p21;q12) karyotype (Figure 5a), 5PDGFRp deletion by
interphase FISH (Figure 5b), and a cryptic deletion of 5q32q32.1 of < 1 Mb in size by
CMA (Figure 5c). A zoomed-in Figure 5c image shows that the deletion encompasses
the 5’ region of the PDGFRp gene as well as 19 other RefSeq genes, including the
3’'TNIP1 gene deletion, and this intrachromosomal deletion is expected to result in
TNIP1:PDGFRp gene fusion. The PDGFRp gene retains the catalytic domain (exons
13-21) of the PDGFRp protein [31]. This result is consistent with the diagnosis of
myeloid neoplasms associated with PDGFRp rearrangement per the WHO
classification of cancer subtypes. A tyrosine kinase inhibitor can target PDGFR{
rearrangement. These case examples demonstrate how CMA and OGM can identify
clinically significant cryptic fusions, thereby changing patient therapy management
based on the findings. These cases also highlight limitations and the necessity for
additional tests, such as FISH, to validate karyotype findings. Given that CMA can
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Figure 5.

(a) Chromosome G-band image showing a 48,XY,+8,+9,t(9;9) (p21;q12) karyotype. The arrow indicates an
abnormal chromosome. (b) PDGFRB breakapart FISH shows intact gene signals with 3’ (red) and 5’ (green)
fused signals in the normal nuclei (left) and deletion of the green 5’ PDGFRB signal in an abnormal nucleus
(vight, white arrow). (c) CMA result showing chromosome 5 with a <1 Mb (911 kb) deletion of 5q32.1. The
proximal and distal breakpoints of the deletion include PDGFRB and TNIP1 genes, shown as dashed lines and
boxes, respectively. This intrachromosomal deletion vesults in a TNIP1:PDGFRB fusion.

detect intrachromosomal deletions and their associated gene fusions but will miss
balanced gene fusions, OGM in such scenarios would be a better option to characterize
these cryptic and complex balanced and unbalanced fusions at the gene-level
resolution without any additional ancillary testing needs.

3. Copy-neutral loss-of-heterozygosity

Copy-neutral loss-of-heterozygosity is defined as the loss of a copy of an allele
and the duplication of the remaining allele, which results in two copies of the same
allele, known as uniparental disomy. This is an essential and common cancer
biomarker that could unmask recessive mutations or enhance oncogene expression.
CMA has proven to be a reliable test in detecting prognostically important CN-LOH
events, including the 13q chromosome region encompassing the FLT3 gene and the
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17p region encompassing the TP53 gene in AML [32]. According to recent updates of
the WHO classification of myeloid neoplasms, CN-LOH involving the TP53 gene,
along with a TP53 variant, would identify MDS diagnostic criteria as “MDS with
biallelic TP53 inactivation” or “MDS with mutated TP53” [33, 34]. OGM does not
employ single-nucleotide polymorphism (SNP) analysis, a crucial tool for detecting
CN-LOH. Consequently, current LOH detection is restricted to either the entire
chromosome or a specific chromosome arm. This limitation could significantly affect
the detection of clinically relevant and prognostically important focal CN-LOH
biomarkers that cover cancer genes, such as TP53, FLT3, RB1, JAK2, WT1, CEBPA,
RUNX1, and TET2 [35-37], which provide a growth advantage to cancer cells.
Detection of these CN-LOH events in these clinically relevant cancer genes could
change the prognostic risk group and patient management. The diagnostic challenge
of differentiating bone marrow features of acquired aplastic anemia, hypocellular
MDS, and inherited bone marrow failure is critical in selecting appropriate therapy.
The presence of CN-LOH on the 6p chromosome, which can occur in focal LOH
events, has been shown to favor a diagnosis of aplastic anemia. Copy-neutral loss-of-
heterozygosity detection testing is indicated in such scenarios [38—-40]. OGM is
still developing techniques to identify CN-LOH, making it unavailable for detecting
these important cancer biomarkers, which CMA can detect [20].

In B-cell acute lymphoblastic leukemia (ALL), proper characterization of
a seemingly hyperdiploid clone as doubled-hypodiploid by detecting the CN-LOH
for those chromosomes involved will result in a drastic change in clinical outcomes.
These CN-LOH events in this entity would occur as whole chromosome events.
A SNP-based CMA, which is well established for CN-LOH detection, and OGM using
the De Novo Assembly pipeline for LOH detection, can distinguish true hyperdiploid
from masked hypodiploid B-ALL clones [41]. In summary, CMA or NGS-based
detection of CN-LOH studies is still needed for the CN-LOH events that occur as
focal LOH and/or fall below the detection limits of the OGM.

4. Complex chromosome abnormalities and chromoanagenesis

Complex karyotypes are a common finding in cancers and indicate genomic
instability. The presence of three or more chromosome abnormalities is traditionally
considered complex. CBA has been widely used for identifying complex structural
and numerical genomic changes for over five decades. However, due to its low
resolution, the detection of complexity and the genes affected in such abnormalities
was limited, which was addressed with the implementation of CMA. CMA was able
to identify cryptic CNVs, which helped in re-stratifying the prognostic risk for
cancer patients. CMA cannot detect balanced structural changes, which are an
integral part of cancer-associated genetic changes, and these are missed. The OGM
was able to close the gap in this limitation by detecting both the CNVs and SVs
associated with the complex cancer genome. The prognostic significance of complex
karyotype, defined as the presence of three unrelated clonal changes, is well known
for its association with very poor outcomes and even higher relapse rates following
transplant [42].

The complexity of the cancer genome was further defined by chromoanagenesis,
which encompasses complex genomic alterations. Chromoanagenesis includes
chromothripsis, chromoplexy, and chromoanasynthesis genomic alterations. These
complex chromosomal rearrangements happen in a single cell cycle and indicate
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genomic instability. Chromothripsis involves the clustered shattering of the genome,
followed by random reassembly. Chromoplexy, on the other hand, involves multiple
sequential translocations across multiple chromosomes, all occurring in a single
catastrophic event. Additionally, chromoanasynthesis involves DNA replication
errors due to replication stress factors, which result in the clustered presence of CN
changes (gains and losses) and CN-LOH events [43]. These genetic changes are
reported in multiple other cancer types, including multiple myeloma [44], CLL [45],
and AML [46]. Figure 6 shows the complex genomic changes with SVs and CNVs
(Figure 6a, b) detected by OGM, along with a chromothripsis of chromosome 2
(Figure 6¢). The OGM helps resolve and better characterize the structural and copy
number abnormalities detected by karyotype [23]. Chromoanagenesis has been
associated with poor outcomes, with extensive clonal heterogeneity and refractory
disease in AML [46]. Similar complex genomes with CNVs and CN-LOH events
are also detected by the CMA, including chromothripsis events, as shown in
(Figure 7a—c). Data analysis by CBA or FISH is labor-intensive without automation
or Al assistance technology. The CMA or OGM analysis is not time-consuming
when the genomic profile is not complex; however, when complex genomic
alterations are present, it can be challenging. The entire data analysis of the CMA and
OGM output is highly visual, simplifying interpretations and analysis, and
eliminating the need for a complex bioinformatics pipeline resource, which is used
for whole exome and genome sequencing [24]. However, there are also challenges in
eliminating false calls, such as balanced translocations called by OGM but not
verified by CBA or FISH.

5. Novel SVs and CNVs tier classification

Guidelines from the American College of Medical Genetics and Genomics
(ACMG) provide a four-tier evidence-based categorization system for acquired
CNVs and CN-LOH events detected by CMA, based on the level of evidence
supported by the CEBM Oxford Centre for Evidence-Based Medicine, COG
(Children’s Oncology Group), COSMIC (Catalogue of Somatic Mutations in
Cancer), IPSS (International Prognostic Scoring System for myelodysplastic
syndromes), NCCN, WHO, and peer-reviewed publications [10]. These include Tier
1: Variants with strong clinical significance, Tier 2: Variants with some clinical
significance, Tier 3: Clonal variants with no documented neoplastic disorder
association, and Tier 4: Benign or likely benign variants [10]. These guidelines apply
to OGM’s SVs and CNVs tier classification [47]. However, the limited data on novel
OGM findings with unknown oncogenic significance will be triaged as Tier 3. All
these novel OGM findings require further studies to better characterize their roles in
diagnostic, prognostic, and therapeutic contexts in specific cancer types.

6. Clonal architecture

Historically, CBA and FISH analysis have been based on the analysis of single-cell
genetic abnormalities and are reported as a proportion of affected cells, which differ
significantly from cutting-edge cytogenomic technologies, including CMA, OGM,
and next-generation sequencing-based analysis. These newer technologies involve
multiple-cell pooled or bulk DNA analysis from a case and are reported as variant
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allele fraction (VAF) or copy number alterations, which do not represent cell-level
abnormalities but rather are values obtained after data conversion based on the
proportion of the sample. This data conversion is further complicated by acquired
homozygosity, tumor heterogeneity, and overlapping structural and copy number
variants [48].

7. Analytical sensitivity and clinical utility

OGM studies are largely focused on hematologic malignancies, including myeloid
malignancies, MDS, MPN, MDS/MPN, AML, B-cell ALL, multiple myeloma, and
chronic lymphocytic leukemia. This might be due to the need for ultra-high
molecular weight DNA, which requires fresh blood and bone marrow samples. OGM
cannot be performed on hypocellular samples or fixed cell samples. This greatly
limits its universal replacement of CBA, FISH, and CMA tests. Most of the studies
published involved comparing OGM to the low-resolution CBA and were mainly
limited to myeloid malignancies. Comparison of OGM to all the established
cytogenetic methods — CBA, FISH, and CMA - in a large patient population with
lymphoma and solid tumor cancer types is limited. There was limited analytical
sensitivity and clinical utility of OGM in MPN and MDS/MPN with a normal
karyotype in identifying additional abnormalities, except for KMT2A-PTD [47].
KMT2A-PTD can be detected by currently available CMA (Figure 8a, b) [49];
however, the tandem nature of this duplication cannot be determined by CMA.

Although OGM offers whole-genomic SVs and CNVs detection, studies have
suggested triaging hematologic malignancies to perform OGM to fully benefit from
its use. The clinical utility of OGM differed based on the specific hematologic cancer.
Reported clinical utility varies significantly — from 0% to 52% — with the greatest
impact observed in B-cell and T-cell malignancies, and more limited utility in
myeloid neoplasms, particularly myeloproliferative neoplasms (MPNs) [47]. Larger,
well-designed clinical studies are needed to evaluate the clinical utility of OGM
across a broad spectrum of myeloid, lymphoid, and solid tumor malignancies, with
comprehensive comparisons to CBA, FISH, and CMA methods.

8. Conclusion

Comprehensive cancer genome analysis using high-resolution platforms such as
chromosomal microarray analysis (CMA) and optical genome mapping (OGM) is
rapidly evolving. These technologies complement standard-of-care (SOC)
cytogenetic methods and are increasingly being adopted by clinical laboratories. As
next-generation cytogenetics tools, CMA and OGM enable detailed assessment of
genomic abnormalities across various cancer types, providing insights that are
diagnostically, prognostically, and therapeutically significant [4-6, 15-24, 50-55].
Despite their advantages, both advanced and SOC cytogenetic techniques have
inherent limitations. Therefore, a strategic and case-specific approach is essential
when selecting the most informative assay. This decision should be guided by
a thorough evaluation of the cancer type, along with consideration of preanalytical
factors, analytical sensitivity, and clinical utility. Such triaging ensures optimal
integration of cytogenetic and genomic tools into clinical practice.
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In an AML patient with a normal karyotype: (a) A virtual karyotype of CMA shows a focal 21 kb region in size on the chromosome 11q arm. (b) KMT2A copy gain involving exons 2—

10 was detected (blue box).

Figure 8.
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Abbreviations

ACMG American College of Medical Genetics and Genomics

Al artificial intelligence

ALL acute lymphoblastic leukemia

AML acute myeloid leukemia

B-ALL B-cell acute lymphoblastic leukemia

CBA chromosome banding analysis

CEBM Centre for Evidence-Based Medicine (Oxford)

CEBPA CCAAT Enhancer-Binding Protein Alpha

CLL chronic lymphocytic leukemia

CMA chromosomal microarray analysis

CN-LOH copy-neutral loss-of-heterozygosity

CNV copy number variants

COG Children’s Oncology Group

COSMIC Catalogue of Somatic Mutations in Cancer

DNA deoxyribonucleic acid

ELN European Leukemia Network

FISH fluorescent in situ hybridization

FLT3 FMS-like tyrosine kinase 3

ICC International Consensus Classification

IPSS International Prognostic Scoring System

JAK2 Janus Kinase 2

LOH loss of heterozygosity

MDS myelodysplastic syndrome

MDS/MPN overlap syndrome of myelodysplastic and myeloproliferative
neoplasms

MPN myeloproliferative neoplasm

NCCN National Comprehensive Cancer Network

NGS next-generation sequencing

OGM optical genome mapping

PDGFRf platelet-derived growth factor receptor beta

PTD partial tandem duplication

RB1 retinoblastoma 1

RefSeq reference sequence database

RNA ribonucleic acid

RUNX1 runt-related transcription factor 1

SNP single-nucleotide polymorphism
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SOC standard of care

SV structural variants

TAT turnaround time

TET2 TET methylcytosine dioxygenase 2
TNIP1 TNFAIP1 interacting protein 1
TP53 tumor protein p53

VAF variant allele fraction

WHO World Health Organization

WT1 Wilms Tumor 1
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Abstract

Chronic myeloid leukaemia (CML) is aetiologically linked to a genetic
abnormality called the Philadelphia chromosome (Ph), which results from
areciprocal translocation between the long arms of chromosomes 9 and 22, leading to
a shortened chromosome 22. This abnormality produces the BCR::ABL1 oncoprotein
with inherent tyrosine kinase activity. Over 90% of patients have both the Ph
karyotype and the BCR::ABL1 fusion protein, while 5%-10% express only the fusion
protein. Although the main cause of CML remains unknown, exposure to ionizing
radiation has been suggested as a factor. The disease’s incidence is approximately
1-2 per 100,000 annually worldwide, with a slight male predominance. Median onset
ages are 30 to 40 years in low- and middle-income countries, compared to 60 years
and older in high-income regions. CML progresses through three phases: chronic
phase (CP), accelerated phase (AP) with 10%-19% blasts, and blast phase (BP) with
over 20% blasts. The advent of tyrosine kinase inhibitors (TKIs) has greatly
improved survival rates, prompting the WHO in 2022 to reclassify CML as a two-
stage disease — CP and BP - removing the AP category from its classification of
hematolymphoid tumours. Patients successfully treated with TKIs now have
lifespans similar to age-matched healthy individuals, even in low-income countries
where these drugs are accessible. The effectiveness of TKIs has significantly reduced
the need for allogeneic stem cell transplantation (Allo-SCT) in CML treatment.
Nevertheless, other medications such as hydroxyurea and cytarabine still play a role
in managing certain cases.

Keywords: chronic myeloid leukaemia, Philadelphia chromosome, Imatinib,
tyrosine kinase inhibitors, BCR:ABL1

1. Introduction

The classic chronic myeloid leukaemia (CML), a myeloproliferative neoplasm
(MPN), is characterized as BCR::ABL1-positive or JAK2V617F-negative leukaemia. It
differs clinically from the other three MPNs - polycythaemia vera, essential
thrombocythaemia (ET), and idiopathic myelofibrosis — which show JAK2V617F and
other mutations such as MPL and calreticulin (CALR) [1]. Mutations in the MPL and
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CALR genes promote the development of MPNs. The W515L mutation in MPL
activates the thrombopoietin receptor, leading to megakaryopoiesis and ET and
primary myelofibrosis (PMF), while the CALR mutation induces PMF [2]. CML is
distinct from other myeloproliferative disorders, such as chronic myelomonocytic
leukaemia, chronic neutrophilic leukaemia (CNL), chronic eosinophilic leukaemia,
chronic basophilic leukaemia, and juvenile myelomonocytic leukaemia, which are
Ph-negative [3]. In humans, CML was the first cancer linked to a genetic
abnormality — the Philadelphia (Ph) chromosome - formed by a reciprocal
translocation between chromosomes 9 and 22, t(9;22) (q34;q11), present in over 95%
of cases. This translocation relocates the Abl tyrosine kinase gene on chromosome
9 to the BCR gene on chromosome 22, creating the oncogenic fusion gene BCR::ABL1
with strong tyrosine kinase activity, promoting tumour growth [4]. A variant
lacking the Ph chromosome and BCR::ABL1, known as Ph-negative or atypical CML
(aCML), retains an intact chromosome 22 with the breakpoint at 9q34 and occurs in
2%-5% of cases. Historically, aCML was considered a myeloproliferative subtype
of CML [5]. However, the 2008 and 2016 WHO classifications clarified that it is not
a variant of CML or BCR:ABL1-positive diseases [6, 7]. Compared to CML, aCML
is a rare and aggressive MPN, with no standard treatment, a poor prognosis, and low
survival rates [5]. In 1845, Rudolf Virchow in Berlin and John Hughes Bennet in
Edinburgh independently identified CML as a suppurative blood disorder marked by
high white blood cell (WBC) count and splenomegaly [8, 9]. The BCR::ABL1
oncoprotein varies in size from 185/190 kDa to 230 kDa, depending on the
breakpoint site in the BCR gene, but each fusion gene encodes the same part of the
Abl tyrosine kinase. The BCR genes expressed in CML produce p210 kDa in 95%,
p185/190 kDa in 1%, and p230 kDa in CNL [10].

CML primarily manifests as a triphasic clonal neoplasm, comprising the chronic
phase (CP), the more aggressive accelerated phase (AP), and the terminal blastic
phase (BP). The advent of imatinib and other TKI therapies has significantly
enhanced survival rates for CML patients, leading the WHO to update its
classification in 2022 by distinguishing CML into a biphasic clonal neoplasm — CP
and BP - effectively removing AP from its categorization [11]. Patients effectively
treated with TKIs now have lifespans comparable to their healthy, agematched
counterparts [12]. Molecular diagnosis and ongoing monitoring are crucial for
detecting mutations, evaluating treatment success, and identifying resistant clones.
Achieving a major molecular response (MMR), marked by a 3-log reduction in BCR/
ABL1 to < 0.1%, is a key goal. Additionally, treatment-free remission (TFR)
represents another major success achieved through TKI therapy [13].

2. Epidemiology and aetiology

Globally, CML accounts for approximately 15%-20% of all adult leukaemias, with
an annual incidence of about 1-2 cases per 100,000 people [13]. The reported
incidence in Africa is lower, at 0.4-1.0 per 100,000, which may result from
underdiagnosis or underreporting rather than a true lower occurrence compared to
Western countries [14]. Due to its chronic nature, CML comprises a larger share
of adult leukaemia cases in Africa, sometimes being the most common type in certain
countries, possibly linked to underdiagnosis of acute leukaemias. With advances
in targeted therapies improving survival, CML’s prevalence is rising. In the West, the
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median age at diagnosis is 55-60 years, while in low- and middle-income countries, it
is lower, at 35-40 years, with some reports noting 25%-30% of cases diagnosed
before age 30 [4]. The reasons for this age difference between Africa and the global
average remain unclear. CML is uncommon in children. In Nigeria, the median age of
patients on TKIs was 37 years (range 10-87), with a male-to-female ratio of 1.5:1 [15].
Biological and environmental risk factors include exposure to the Hiroshima and
Nagasaki bombs, which showed peak incidence about six years after exposure [16],
and benzene exposure [17]. Other potential but not confirmed risk factors are
treatment with DNA topoisomerase inhibitors like etoposide [18] and smoking [19].
CML does not run in families; monozygotic twins and relatives are not at increased
risk of developing the disease [18].

3. Pathogenesis

CML results from a spontaneous reciprocal translocation between chromosomes
9 and 22, creating the cytogenetic hallmark t(9;22) (q34;q11). This translocation fuses
the Abelson proto-oncogene 1 (ABL1) on chromosome 9 with the breakpoint cluster
region (BCR) gene on chromosome 22, transforming the latter into the Ph
chromosome [1, 5]. The process leads to the formation of the oncogenic BCR::ABL1
fusion gene, which encodes a constitutively active tyrosine kinase, driving CML
development. The BCR gene breakpoint varies, resulting in different fusion gene
variants. The most common involves the major BCR region (M-BCR), producing the
210-kilodalton (kDa) (p210) fusion protein (BCR::ABL1 P210), primarily seen in
typical CML (95%) and approximately one-third of Ph+ ALL (Ph+ acute
lymphoblastic leukaemia [ALL]). About 97%-98% of CML cases express a chimeric
mRNA with BCR exon 13 or 14 joined to ABL1 exon 2 (e13a2 and el4a2), forming
specific fusion proteins[2]. Rarely, around 5% of patients develop signs and
symptoms similar to CML, such as leukocytosis with a left shift, splenomegaly, and
significant myeloid dysplasia, but test negative for both Ph and the BCR::ABL1 fusion
gene. This aCML has a very poor prognosis [1, 5].

The frequencies of the transcript break points among the 230 Nigerian CML cases
are as follows: the major (M-BCR) 210 kDa (p210 BCR::ABL1) involving exon 2 of
ABL, el13a2, el4a2, and both e13a2 and e14a2 were 30 (13.0%), 114 (49.6%), and 82
(35.7%), respectively. The minor (190-kDa) in Ph+ ALL and micro (230-kDa) in
CNL were rare, occurring at only 0.4% and 1.3%, respectively [20].

4, Clinical features

CML is a MPN that can be biphasic or triphasic. Its three stages include the
indolent CP, the aggressive AP, and the terminal blastic phase. Clinical
manifestations vary depending on the disease stage at diagnosis. Typically, 20%-
50% of patients are asymptomatic and diagnosed via routine blood tests. Symptoms
may include signs of hyperviscosity, such as headache, dizziness, blurred vision,
tinnitus, low-grade fever, excessive sweating, and weight loss due to
hypermetabolism. Some patients experience anaemia symptoms, like fatigue and
weakness; thrombocytopenia signs, notably in the blastic stage, such as petechial and
purpuric eruptions, and sometimes mucosal bleeding. Splenomegaly is frequently
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observed and may be associated with hepatomegaly. The emergence of palpable body
masses, called chloromas, signals progression to the blastic phase [3, 10].

CML progresses through three main stages: the CP, AP, and blast crisis (BP).
Although some reports describe a biphasic pattern where the disease moves directly
from CP to BP without an intervening AP, patients can present in any of these stages.
Nonetheless, most cases are diagnosed during the CP. The transition from CP to
more advanced stages is not completely understood but is thought to be driven by
genomic instability [13].

The CP is marked by leukocytosis levels between 20 and 200 x 10° cells/L.
Peripheral blood smears typically show a dominance of differentiating granulocytes,
including myelocytes, metamyelocytes, and polymorphonuclear cells. Blast or
promyelocyte percentages are usually below 10%, and there may be mild increases in
basophils and eosinophils. Platelet counts are generally normal or increased, while
anaemia is usually mild to moderate. Most patients are asymptomatic but might
experience symptoms such as anaemia, fatigue, weight loss, and abdominal swelling
or discomfort caused by splenomegaly. No additional cytogenetic clonal evolution is
usually observed at this stage, aside from the presence of the Ph+/BCR:ABL1
fusion gene. Without treatment, the CP of CML lasts approximately two to seven
years [3, 10, 13].

The AP is characterized by one or more of these features: 10%-19% blasts and
promyelocytes in blood or bone marrow; over 20% basophils in peripheral blood,;
persistent thrombocytopenia (<100 x 107 cells/L) not related to therapy, or ongoing
thrombocytosis (1,000 x 10°/L) unresponsive to treatment; increasing spleen size
and rising WBC count that do not improve with therapy; megakaryocytic
proliferation in large sheets and clusters with significant reticulin or collagen
fibrosis; or evidence of clonal evolution. Patients in this stage often have symptoms
but can also be asymptomatic. Besides features of CML-CP, they may experience
systemic symptoms such as fever, weight loss, bone pain, and worsening anaemia or
thrombocytopenia. Without treatment, AP usually advances to the blastic phase
within one to two years [3].

The blastic phase is marked by the presence of one or more features: blast cells
making up at least 20% in the peripheral blood or nucleated bone marrow cells;
extramedullary blast growth, such as in soft tissue chloromas or lymphadenopathy;
large areas or clusters of blasts seen in a bone marrow biopsy; or evidence of clonal
evolution. It can be classified as myeloid BP (70%), lymphoid BP (20%), or
undifferentiated BP (10%). The lymphoblastic phase is more common in younger
patients [3]. Patients with BP may not show symptoms but often display signs of
hypercatabolism, a high tumour burden, bone marrow failure (leading to anaemia,
bleeding, and infections), and multiple organ failure. Rare symptoms like Sweet
syndrome (acute febrile neutrophilic dermatosis), spontaneous spleen rupture,
digital necrosis, or neurological issues from central nervous system involvement
(around 30% of lymphoid blastic phase cases) have been reported. Without
treatment, the blastic phase typically has a survival time of three to six months
[3, 10, 13].

The recent World Health Organization (WHO) definition of CML stages divides
disease progression into two phases: an AP with continuous or increasing
splenomegaly and persistent or increasing leucocytosis. Blast cell count ranges from
10% to 19%, basophil count exceeds 20%, and platelet count exceeds 1,000 x 10°/L.
AP is also characterized by the presence of additional chromosomal aberrations
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Year Chronic phase (CP) Accelerated phase (AP) Blast phase (BP)
2016  Blasts (peripheral blood [PB] and Blasts (PB or BM) 10%-19%, PB Blasts (PB or BM) > 20%
bone marrow [BM]) < 10%. basophils > 20%, platelets < 100 or extramedullary blast
>1,000 x 10°/L — unrelated or proliferation.

unresponsive to treatment.
Splenomegaly unresponsive to
treatment. Rising WCC unrespon-
sive to treatment. ACA at diagnosis,
including 3q26.2 rearrangements, +
8,1(17q), + 19, + Ph, complex kar-
yotype. ACA emerging on

treatment.
2022 Blasts (PB and BM) < 20%. High- No longer exists. Blasts (PB or BM) = 20%
risk indicators at diagnosis; high extramedullary blast
ELTS score. proliferation.
Blasts (PB and BM) 10%-19%. Bona fide lymphoblasts
PB basophils = 20%, ACA: 3q26.2 in PB or BM (even
rearrangements, - 7, i(17q) and if < 10%).

complex karyotype.

Clusters of small megakaryocytes
with fibrosis. High-risk indicators.

On treatment: No CHR on first-line
TKI; resistance to 2GTKI (unless
due to a BCR::ABL1 mutation);
development of ACA.

Compound mutations in BCR::
ABL1.

Table 1.
WHO definitions of clinical phases of CML, 2016 and 2022. Source: From literature [7, 8].

(trisomy 8, isochromosome 17q, trisomy 19) during treatment or at diagnosis, as well
as the occurrence of two or more mutations (mainly T315I) during therapy. The
blastic phase is characterized by 20% or more blasts in blood, bone marrow, and
extramedullary sites, along with splenomegaly and genomic evolution (emergence of
additional cytogenetic abnormalities) [10]. The clinical features are summarized in
Table 1 below.

Diagnostic work-up: The definitive test for diagnosing CML is identifying Ph+ [t
(9;22)(q34;q11)] using conventional cytogenetics or fluorescence in situ
hybridization (FISH), or detecting BCR::ABL1 transcripts via Q-PCR. While the
diagnostic process for CML typically starts with a full blood count, peripheral blood
film, and bone marrow examination, these are standard investigations for CML
patients [3].

(1) Full blood count/Peripheral blood film examination
The total leukocyte count is typically high at diagnosis, usually over 20 x
10°/L, with at least half of the patients exceeding 100 x 10°/L. Cyclic
fluctuations in leukocyte levels occur in 10%-20% of cases. Thrombocytosis
is seen in 30%-50% of patients and can surpass 1,000 x 10°/L, though
platelet counts may also be normal or low. Platelet aggregation issues are
common. Anaemia, defined as hemoglobin below 10 g/dL, occurs in 20% of
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cases. The absolute lymphocyte count may be elevated (average around 15 x
10°/L) at diagnosis, reflecting a balanced increase in T-helper and
T-suppressor cells, whereas B lymphocytes usually remain unchanged. The
peripheral blood smear shows increased myeloid cells across all maturation
stages, from blasts to mature neutrophils, with intermediate myelocytes and
neutrophils being predominant during the CP. Basophilia and eosinophilia
can also be present. The disease phase can be assessed by examining the
peripheral blood smear [3, 10].

(2) Bone marrow morphology

Bone marrow aspiration or trephine biopsy is not essential for diag-
nosing CML, but it is generally carried out to evaluate marrow fibrosis,
perform cytogenetic analysis on marrow cells, and rule out early trans-
formation. Marrow aspirates usually reveal hypercellularity with a raised
myeloid-to-erythroid ratio (10:1 to 30:1), mainly due to an abundance of
granulocytes, including basophil and eosinophil precursors.
Erythropoiesis tends to be decreased, while megakaryocytes may be nor-
mal or increased; however, they can be reduced in cases of blastic trans-
formation. Pseudo-Gaucher cells, macrophages formed by increased
cellular glucocerebroside from rapid cell turnover, may also be observed.
The marrow trephine biopsy displays a complete loss of fat spaces with
dense hypercellularity. The reticulin content might be normal or slightly
elevated [13].

(3) Conventional cytogenetics

Conventional cytogenetics typically uses bone marrow or peripheral
blood samples. It identifies the Ph + chromosome through G-banding,
which is present in about 90% of CML cases. The sample is incubated at
37°C with RPMI 1640 culture medium containing L-glutamine for 24
hours. Colchicine is then added for one to two hours to arrest cells at
metaphase. Growth factors are included to stimulate cell division. The
process continues with cell fixation, slide preparation, and G-banding. In
standard practice, only 20 metaphases are analysed, and roughly 5% of
patients may have an undetectable Ph chromosome. Conventional cyto-
genetics can also be used to detect the presence of other cytogenetic
abnormalities associated with clonal evolution in CML, such as the loss of
chromosome Y and trisomies +8 and +19 [21].

(4) Fluorescent in situ hybridization

FISH involves using specific DNA probes to detect 5'-BCR and 3'-ABL1
gene sequences on the Ph+ chromosome. The 5'-BCR probe is directly
labeled with a Spectrum Green fluorophore, while the 3'-ABL1 probe is
labeled with a Spectrum Orange fluorophore. When both probes hybri-
dize, they produce an overlapping yellow fusion signal, indicating the
BCR::ABL1 fusion gene. The close proximity of BCR and ABL1 signals
identifies CML cells. FISH allows for the detection and quantification of
the BCR::ABL1 oncogene in interphase or metaphase cells from peripheral
blood samples. Typically, up to 200 nuclei are screened, increasing sensi-
tivity and specificity compared to traditional cytogenetics, though there is
a false-positive rate of 1% to 10%. FISH can also assess minimal residual
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disease (MRD) and detect unusual variants of the BCR::ABL1 gene rear-
rangement that RT-PCR primers may miss, including masked Ph+ chro-
mosomes on chromosome 9 [21].

(5) Quantitative reverse transcriptase polymerase chain reaction

Reverse transcriptase quantitative polymerase chain reaction (RT-
qPCR) is a molecular technique that measures BCR::ABL1 transcript
levels in blood samples to evaluate the molecular response. It can detect
one BCR:ABL1 transcript among 10° normal cells and is the most
sensitive and specific test available, making it ideal for assessing MRD
in CML patients. This molecular response test can predict long-term
outcomes such as overall survival (OS) and progression-free survival
(PFS). Retrospective studies show that patients with stable MMR have
higher OS and PFS compared to those who never reach MMR. In the
IRIS trial, patients who achieved MMR by 18 months did not progress to
advanced disease and had a 7-year event-free survival rate of 7%.
Consequently, routine monitoring with RT-qPCR is an effective pre-
dictor of survival and is used to track treatment response at the mole-
cular level in CML patients on TKIs or after allogeneic stem cell
transplantation (Allo-SCT). It also allows early detection of clonal
evolution and facilitates DNA sequencing for mutational analysis [22].

5. Treatment

The treatment of CML must be comprehensive and, like any other malignancy,
should include counselling, supportive care, and definitive therapies.

6. Counselling

Counselling is crucial for patients who are newly diagnosed with CML and those
receiving treatment. It is important to discuss key aspects with both the patient and
their relatives. Counselling enhances understanding of the disease, available
treatments, and possible outcomes, which can lead to improved adherence to
therapy and follow-up appointments. Patients and their families should be educated
about CML using simple and relatable language to ensure clear understanding. It is
essential to explain that CML is a blood cancer that is neither inherited nor
contagious. It should also be communicated that CML is a chronic, non-
communicable disease manageable with TKIs, and that continuing treatment is vital
even if symptoms improve. Patients should be advised not to stop therapy without
consulting their healthcare providers [23].

7. Supportive care
Patients with CML require supportive therapies ranging from antibiotics to blood

products, such as red cell and platelet transfusions, especially during the disease’s
blastic phase. Routine prophylactic antibiotics are not standard; however, CML
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patients face a high infection risk due to immunosuppression caused by neutropenia,
hypogammaglobulinaemia, and impaired cellular function. Febrile neutropenia can
occur during blastic transformation due to bone marrow suppression. It should be
treated as an emergency, ideally with broad-spectrum antimicrobials guided by local
culture and sensitivity data. Patients in the CP may have mildly elevated serum uric
acid levels, though they are often normal. The rapid cell turnover increases the risk of
tumour lysis syndrome, so serial assessments of uric acid and kidney function are
recommended. Preventive measures include prophylaxis with xanthine oxidase
inhibitors like allopurinol, along with IV fluids and electrolyte support, particularly
in patients with markedly high WBC counts. Allopurinol should be stopped when the
WBC count drops below 20 x 10°/L. Rasburicase, an enzyme that converts uric acid
to allantoin, is highly effective for managing hyperuricemia [3, 12].

8. Cytoreductive therapy

Cytoreductive therapy uses drugs like hydroxyurea and busulphan to reduce high
WBC and, sometimes, platelet counts quickly. This approach is often vital in
hyperleukocytosis cases to prevent or treat hyperviscosity syndrome. Although it is
not a definitive solution, it provides rapid relief and helps prevent hyperviscosity
complications like deafness and dizziness. Hydroxyurea, which inhibits
ribonucleotide reductase and targets more mature myeloid progenitors in the
proliferative cycle, is frequently used and should be stopped once the WBC count
falls below 20 x 10°/L. In emergencies, leukapheresis or plasmapheresis may be
performed for urgent cytoreduction [3].

9. Prognostic scores in CML

For CML, the aim of TKI therapy is to attain and maintain remission, which can
enable TFR. To predict disease outcomes and inform treatment choices, considering
prognostic factors is crucial. This is why risk stratification at diagnosis, before
starting TKI therapy, is recommended. Several validated risk scores are used for
CML, including the Sokal score, the Hasford (Euro) score, the European Treatment
and Outcome Study (EUTOS) score, and the EUTOS long-term survival score
(ELTS). Although the Sokal score was developed prior to the availability of imatinib,
it remains relevant today for predicting PFS and cytogenetic response in CML
patients. The Hasford score, also called the Euro score, was created by Hasford and
colleagues and requires parameters such as age, spleen size, blast count, platelet
count, peripheral basophil percentage, and eosinophil counts. The EUTOS score,
introduced in 2011, is a more recent score that predicts complete cytogenetic
response and PFS in patients treated with imatinib. It is calculated using the formula:
(7 x basophil [%]) + (4 x spleen [cm]). Patients are categorized into low-risk (score
under 87) and high-risk (score of 87 or higher) groups, as per EUTOS. The ELTS
score was developed based on data from 2,205 adult patients with Ph chromosome-
positive and/or BCR-ABL1-positive chronic-phase CML, including transcript types
e13a2 and/or el4a2, who received imatinib within six months of diagnosis. All these
scoring systems have been validated for patients on TKI therapy, but no single score
has been proven superior or more user-friendly. Moreover, there is no consistent
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SOKAL [24] EURO [25] EUTOS ELTS [27]

[26]
Low risk: < 0.8 Low risk: < 780 Low < 1.5680

risk: < 87
Intermediate risk: 0.8-1.2 Intermediate risk: None 1.5680-2.2185

781-1,480

High risk: > 1.2 High risk: > 1,480 High >2.2185

risk: > 87
Exp 0.01169 (age in years 0.666 when age > 50 years +  Spleen x 0.0025 x (age/lO)3 +0.0615 x
-43.4) + 0.0345 x (spleen size (0.042 x spleen) +1.0956 4 +baso-  spleen size + 0.1052 x blast per-
-7.51) + 0.188 x ([platelet when platelet count > 1,500  phils x 7 centage + 0.4104 x (platelet
count = 700]%-0.563) x 10°L + count/1,000)-0.5.
+0.0887 x (blast cells-210) (0.0584 x blast cells) +

0.20399 when basophils >
3% + (0.0413 x eosinophils)
x 100

Table 2.
The interpretations of the prognostic scores in CML.

evidence that intermediate-risk patients behave differently from low-risk ones.
Therefore, patients are generally categorized into low- (including intermediate) and
high-risk groups regardless of the scoring system, and these tools are available online
for assessment. Table 2 summarizes the interpretations of these scores [24-27].

10. Molecular therapy with TKI

The development of BCR::ABL1-targeted therapy with imatinib revolutionized
CML treatment, turning a previously fatal disease into a manageable, chronic
condition. Since its discovery, it has been shown to induce lasting remission and
extend survival, with notable improvements over drugs like busulphan,
hydroxyurea, and IFNa [28]. In Nigeria, since 2003, imatinib (Gleevec®) has
been provided free to CML patients through the GIPAP program, now known as
the Max Solution (MAS), led by Novartis and the Max Foundation. A preliminary
report indicates durable remission with Gleevec in Nigerian patients, with OS
rates of 95%, 90%, and 75% at one, two, and five years, respectively [15].
Evidence now suggests that CML patients’ life expectancy is approaching that of
the general population [12]. Imatinib mesylate, a first-generation tyrosine
kinase inhibitor (TKI), remains the main treatment for CML. Second-generation
TKIs - dasatinib, bosutinib, and nilotinib - are typically reserved for cases
resistant or intolerant to imatinib. Resistance to imatinib can occur through BCR::
ABL1-dependent mechanisms involving kinase domain mutations or via BCR:
ABL1-independent mechanisms caused by factors such as pharmacokinetic
variability, non-adherence, incorrect drug combinations, or cytogenetic
abnormalities [29]. The recently approved third-generation agent (3GN),
ponatinib, is a multitargeted TKI designed for patients with the T315] mutation or
CML resistant to all other TKIs [30].
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Furthermore, new targeted therapies for BCR::ABL1 are being developed, mainly
for third-line treatment and patients with the T315I mutation. Vodobatinib is a novel
drug tested in CML patients resistant or intolerant to at least three TKIs or with
comorbidities that restrict TKI use. It has shown in vitro effectiveness against most
BCR::ABL1 mutations and is under investigation as a potential new treatment for
CML. Olverembatinib, a third-generation TKI, demonstrated efficacy in a phase
I study, especially for patients with the T315I mutation or those refractory or
intolerant to other TKIs. PF-114, a fourth-generation TKI structurally similar to
ponatinib, targets.

BCR:ABL1 mutations at nanomolar concentrations. It is effective in patients who
have failed two or more TKIs or carry the T315I mutation [29]. Another promising
targeted therapy is asciminib (ABL001), the first allosteric BCR::ABL1 inhibitor,
which binds to the myristoylated site of the ABL protein and allosterically inhibits
BCR::ABL1 kinase activity by stabilizing its inactive form. It received FDA
accelerated approval in 2021 and has shown good efficacy in patients who have failed
two or more TKIs or have the T315I mutation [31].

11. Definition of response to therapy

The primary treatment guidelines for monitoring CML patients on imatinib from
organizations like National Comprehensive Cancer Network (NCCN), European
Leukaemia Network (ELN), and European Society for Medical Oncology (ESMO)
recommend using tests such as full blood count/peripheral blood film, conventional
cytogenetics or FISH, and quantitative RT-PCR BCR:ABL1 mRNA transcript to
assess haematologic, cytogenetic, and molecular responses, respectively [32-34]. The
different terms used to describe responses include:

e Complete haematologic response (CHR) is defined by a WBC count less than
10 x 10°/L with a normal differential, a platelet count below 450 x 10°/L, no
circulating immature cells in peripheral blood, and the resolution of all signs and
symptoms of the disease, including palpable splenomegaly.

e Partial haematologic response (PHR) indicates the presence of immature
blood cells in the peripheral blood, a platelet count less than 50% of the pre-
treatment level but greater than 450 x 10°/L, and/or persistent splenomegaly
(but less than 50% of the pre-treatment size).

e Complete cytogenetic response (CCyR); when there are no Ph+ metaphases
(0 Ph+ out of 20 metaphases) in the bone marrow.

e Major cytogenetic response (MCyR) occurs when there are 0%-35% Ph+
metaphases (0 to 7 Ph+ out of 20 metaphases) in the bone marrow.

* Minor cytogenetic response (minor CyR); when there are > 35% Ph+ meta-
phases (8-19 Ph+ out of 20 metaphases) in the bone marrow.

e MMR; when there is a > 3-log reduction of BCR::ABL mRNA or a BCR:ABL/ABL
ratio of < 0.1% on the International Scale.
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e Deep molecular response (DMR); when there is > 4.5-log reduction of BCR::
ABL mRNA or a BCR::ABL/ABL ratio of < 0.01% on the International Scale.

e Complete molecular response (CMR); when BCR::ABL mRNA is undetectable
by RT-qPCR or the BCR::ABL/ABL ratio is < 0.001% on the International Scale.

12. TFR in CML

Currently, the management of CML is shifting from continuous TKI therapy
toward aiming for TKI discontinuation. TFR refers to a period of sustained
molecular remission in CML patients after stopping TKI therapy. While
stopping treatment after reaching control targets is uncommon in other chronic
conditions like diabetes or hypertension, it is a significant focus of research in
CML. Factors such as therapy costs, long-term TKI side effects, reduced quality
of life (QOL), and anxiety about long-term cancer treatment drive ongoing
research into TKI discontinuation [35]. Although eligibility criteria vary
between studies, the NCCN guideline states TKI cessation may be considered
when: patients are 18 or older, in the CP of CML without prior accelerated or
blast phase (BP), have a measurable BCR::ABL1 transcript, have received at least
three years of TKI therapy with a minimum of two years of stable MR 4.0, and
have access to reliable Q-PCR monitoring during follow-up. For instance, in
December 2017, the FDA updated its label for nilotinib to include indications for
stopping therapy in patients who have been on nilotinib for at least three years,
achieved a sustained MR 4.0 (BCR::ABL1 IS < 0.01%) for one year before
discontinuation, and reached MR 4.5 (BCR:ABL1 IS < 0.0032%) before stopping.
Patients must also have the major BCR::ABL1 transcript (e13a2/b2a2 or el4a2/
b3a2). Ph+ CML-CP patients resistant or intolerant to imatinib who achieve
sustained MR 4.0 while on nilotinib may qualify for TFR if they meet earlier
criteria and have no history of accelerated or BP or previous failed TFR attempts
[36]. After meeting these criteria, a thorough discussion of the benefits and risks
of TKI cessation with the patient is essential before attempting TFR. Patient
willingness is crucial; a survey by Goldberg et al. [37] of 210 CML patients at
a single centre revealed that only 42% were willing to try TKI discontinuation,
34% preferred to continue therapy, and 25% were undecided. Reasons for
discontinuation included side effects (40%), costs (30%), and inconvenience
(26%). Reasons against discontinuation included fear of disease recurrence
(58%) and absence of current toxicities (17%) [37]. During TFR, monthly
Q-PCR monitoring is recommended in the first year, then every six weeks in
the second year, and every 12 weeks thereafter [36]. Some patients experienced
musculoskeletal and joint pain after stopping imatinib therapy [38]. This was
specifically analysed in a subset of the EURO-SKI trial, where 15 out of 50
patients reported such symptoms [39]. The pain affected various body parts,
including the shoulder, hip, and extremities, sometimes resembling polymyalgia
rheumatica. Most cases were mild and managed with over-thecounter
medications like paracetamol or nonsteroidal anti-inflammatory drugs
(NSAIDs), although some patients had more severe symptoms that disrupted
daily life and required steroid treatment. Over time, these symptoms generally
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resolved. The exact mechanisms remain unclear, but prolonged c-Kit inhibition
by TKI, especially imatinib, may explain this syndrome. Long-term blocking of
c-Kit has also been linked to skin and hair hypopigmentation observed with
imatinib. Additionally, nilotinib has been used in a proof-of-concept study to
treat spondyloarthritis, suggesting that mast cells might be the target cells
involved in this syndrome. Ongoing research aims to clarify the potential
connection [38].

13. Management of suboptimal response and treatment failure

Patients who are resistant or are becoming resistant to imatinib are at risk of disease
progression. If a patient only achieves a suboptimal response or fails to respond to
imatinib, mutation testing is recommended by ELN and NCCN before switching to
another TKI or therapy. Early dose escalation of imatinib may overcome resistance.
Studies show that increasing the dose to 600-800 mg daily helped some CML-CP
patients with initial cytogenetic resistance achieve various levels of CHR and cytogenetic
response. Dose escalation was also effective in patients on 300-400 mg/day with initial
haematologic or cytogenetic resistance, with 65% and 56% achieving CHR and MCyR
after dose increases to 600 or 800 mg. A trial found that starting at 600 mg resulted in
higher response rates (55% MMR at 12 months and 77% at 24 months) than starting
below 600 mg (32% and 77%, respectively). For patients with haematologic intolerance,
increasing the dose is not appropriate and may not be feasible, necessitating a switch of
therapy. Second-line TKIs like nilotinib, dasatinib, or bosutinib are recommended for
patients with resistance or intolerance, or who do not reach treatment milestones with
imatinib. The choice depends on safety, tolerability, comorbidities, mutation status,
drug availability, cost, and clinician experience. Ponatinib, a third-generation TKI, is
suitable for T315I mutation or resistance to second-line TKIs. Asciminib, which binds to
ABL myristoyl pockets to inhibit ABL1 kinase, is approved for adults with resistant or
intolerant chronic-phase CML after two or more TKIs, or with the T315I mutation.
Omacetaxine or allogeneic stem cell transplant (SCT) are options for patients resistant
or intolerant to imatinib and other TKIs [32-34].

14. TKI and fertility

Since TKI use has been linked to improved OS and QOL for CML patients, concerns
about their impact on fertility have increased. Emerging evidence indicates that TKIs
may impair fertility by blocking cKIT and platelet-derived growth factor receptor alpha
(PDGFR-a), which are targeted by imatinib and other TKIs. c-KIT is present on human
ovaries, and PDGFR-« is found on ovarian follicles. As a result, TKIs can interfere with
primary follicle development, decreasing the overall follicle count by inhibiting these
receptors [40]. Studies have shown that imatinib and other TKIs can impair oogenesis
and follicular development [41]. However, there are reports of successful pregnancies
and childbirth among women taking imatinib. Despite these findings, it is advisable to
plan or delay pregnancy until the patient is in remission. Some patients have effectively
used nonhormonal contraception or abstinence. In cases of unplanned pregnancyi, it is
recommended to temporarily stop TKIs during the first trimester and replace them
with less teratogenic options like interferon alpha [42-44].

38



//dx.doi.org/10.5772/intechopen.1014112

http

Chronic Myelogenous Leukaemia in the Era of Molecular Therapy

DOI

‘2In[rey Jo ysu1 pasearour ue o} anp A3orens Jusureay

Jo 93ueyd jo uoneiapisuod d[qissod aq Aeur Ao} 10 JuSUIILI)
JUDLIND 3} WO IND20 ABWI JJOUSQ PANUNUOD 3SNEI] SULIOIUOU
juanbaiy axowr axmbar syusned asayy pue ‘A10857ed Jururem, oy
st s1y ], :asuodsai Jo A103a1e0 ajerpaurtaur ue saugep ewndo-qng

%I-%L0

TI19Vv=y¥0dg syiuour 81<

"%l

—%1°0 T1dV-ygD4g syjuow ¢
"%01~%T T1dV-4D4d

%59~%T +Yd syruout XI§
%01 <1dV

“¥D4g 1o/pue %G6—%9¢ +4d 10
YHD UeY3 SSOT SYIUOUI Y],

‘%l

—%T'0 TTdV:=yD4d syjuowr 7T
"(MADd) %S€-T + Ud 10 %01
-1 TIdV:40d SyIuoW XIg
'%S6—%9¢€ +Ud

10 %0T <TT1dV+4D49d 10 YHO
UBY]) SS9 :SYIUOUT I,

%1

~%T1°0 T1dV-yOd syuowr 71
“(44Dd) %SE-%T +yd 1o/pue
%0T-T T1dV:¥D4 :syiuout XIg
%S6=%9¢ +Ud

1o/pue %01 < T1dV-¥Dg 10
YHD uey} SS9 SYIUOUW 931y ],

‘y13US] [BAIAINS [BULIOU
JsouI[e UB PUE SUIOINO JUI[[20Xa Ue $101pa1d asuodsax o) asnesaq
panunuod 3q p[noys juswiea) Ay} yey sueaw ssuodsar eundo

%10°0 T1dV

gD4g syuouwr gT>

%10 T1dV

D4 syruowt g1 >
"%T TT1dVU0d ‘%0
+ Y Syluowt XIg >
%01 > 1T1dV-40d

10 ‘9%G6S 10 YHD
+T Syjuowr 921y ],

AN But

-aoxdur 10 9[qelg own Auy
‘(sypuow

T13e YADD Bunpe pue YWIN
u1 j0u J1) YADOD syauow g1
*(paaatyoe uaaq A[snora

-o1d sey [YININ] Tou YADD
PYILU 1) (YADD syauow g1
“gADd 2 70 %01 5 T1gV=4Dd
sypuour XI§

“(440d)

10 %0T > TTdV+=¥Dd 10 YHO
SYIUOUT 93IY],

%10 > T1dV=0d

2w Auy

%10 > T1dV-40d

syjuowt 71

%1 > 11dV=4Dd

I0/pue ‘%( +yJ Syruouwr XIg
"%0T

S 114V40d 10/Pue ‘%S¢

S +{d 10 YHD syruouwr 221y,

sy reway

[v€]

OISH [€€] NDON

[ce]l NTH

asuodsay
saurpPpmy

39



Leukaemia — Recent Advances in Diagnosis and Thevapeutic Modalities

“asuodsas Juauiivasg
Jo suornurfop (ONST) €8oj0ouQ [warpapy 4of 121208 uvadoinsy ay1 puv “(NDDN) J40MIN 422uv)) 2a1susyarduo)) [puolvN ay1 “(NTH) J40mIaN vrutavyna] uvadoinsg a1y,
'€ 9IqEL

“U0ISSIULIA 2179U230140 232]dUL00 2D D) UOLSSTULIL AVINIF[OUL AO[DUL NN Dsuodsau 2110u250160 13and LD darnsod swosoworys viydjapviry : yJ uoissimal 2130j01pwavy 212jduiod JHD A2y

NN
Jo ssof 10 asdefay :pwn Auy

“9%T 2 Yd Syruour g1

NN
JO sso[ pawLIjuod “YADD jo

SSO] “gHD JO ssoT :pwn Auy

"% 2 +yd 1o/pue
%T < TTEV:RIDE SyIuow ¢]

(9440d>)

+4d/VDD suonemp
ININ O $50] pawaguod g&nD
JO sSO[ YHD JO sso :own Auy

"%T 2 + Ud Io/pue
9T < TTAVIDE syjuow ¢]

‘%01 <114V %GE < +4d Io/pue %01 "(48Dd>) %SE <+ 4d 1o/pue
“yyeap pue uorssaioxd aseastp jo ysit jueoyrudis e “YOH %SE < +Ud SPUOW XIg <1IgV=y0d syruow XIS %01 < 1'1dV-yOd syruout XIg
7e st Juaned a1 1ey) s35933ns asuodsax 2y} asnedaq padueys aq ‘%G6 < ‘0656 < +Ud 10/pue ‘0656 < +Ud 10 aImjrey
PINOYS JUSUIILII] Y} JBY) SIILIIPUI JUSWIILdI]} 0} asuodsax pafie  +d YHD-UON :SYIUOU 1Y ], YHD-UON SYIUOW d2IY [,  /pue YHD-UON SYIUOW 2IY[], JusuIIeaI ],
[¥€] asuodsay
syprewy  OWSH [€€] NOON [cel NTa saurpPpmy

40



Chronic Myelogenous Leukaemia in the Eva of Molecular Therapy
DOI: http://dx.doi.org/10.5772/intechopen.1014112

15. Treatment monitoring

Monitoring patients’ response to imatinib or other TKIs is crucial because it
guides clinical judgment and appropriate treatment. The guidelines generally
classify patients into three groups: good responders (optimal response), poor
responders (failed response or treatment failure), and the intermediate group
(suboptimal response). These categories are based on the extent of haematologic,
cytogenetic, and molecular response. Table 3 summarizes the ELN, NCCN, and
ESMO definitions of treatment response (optimal response, suboptimal response,
and treatment failure) and the guidelines for monitoring response to imatinib in
CML patients [32-34].

16. Stem cell transplantation

The NCCN guidelines recommend allogeneic SCT for patients who do not
achieve certain treatment milestones with Tkis — such as a CHR within 3 months,
partial CyR at 6 months, or CCyR within 12 months — or who are in the accelerated
or BPs of the disease. Allogeneic SCT should also be considered for transplant-
eligible patients who fail second- or third-line TKI therapy, and it is the preferred
option for those showing clonal progression. While allogeneic SCT offers
excellent long-term event-free survival rates of 40% to 80%, the one-year
mortality can vary from 5% to 50%, influenced by factors such as age, stem cell
source (related versus unrelated donor), mismatch degree, cytomegalovirus
status, and prophylactic measures for infections and GVHD. The phase of the
disease at SCT also impacts outcomes: relapse rates during transplantation in the
CP are 5% to 20%, whereas in the accelerated or BPs, relapse may reach 30% to
60%. Relapse post-SCT can be managed with donor lymphocyte infusion (DLI),
interferon therapy, or additional transplantation, although each has limitations.
DLI can achieve CMRs (eliminating the BCR::ABL1 oncoprotein) in 60% to 70%
of CP CML cases, but it may also lead to GVHD, myelosuppression, and
potentially death.

The role of BCR:ABL1 testing after allogeneic SCT in predicting overall outcomes
is significant. A positive QPCR result for BCR::ABL1 within 6 to 12 months post-
transplant indicates a high relapse risk, whereas a positive result at much later times
suggests a lower risk. Consequently, early detection of BCR::ABL1 transcripts
posttransplant can help identify patients who may benefit from alternative
treatments before a full relapse develops [45-47].
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Chapter 3

Molecular Biological Insights into
Large Granular Lymphocyte
Leukemia

Zou-Fang Huang and Jun Du

Abstract

Large granular lymphocytic leukemia (LGLL) represents a rare, indolent T-cell
lymphoproliferative disorder. Clinically, it frequently manifests as cytopenia and
organ infiltration. First-line immunosuppressive therapy induces clinical remission
in approximately one-third to one-half of patients. Nevertheless, a significant
proportion of patients experience a chronic disease course, necessitating long-term
disease management. Precision medicine emerges as the pivotal future direction
for this disease, with advances in molecular biology serving as the most potent
driving force. In recent years, facilitated by the widespread adoption of next-
generation sequencing technologies, the diagnostic and prognostic significance of
gene mutations — such as those in STAT3 and STAT5B - has become increasingly
elucidated within LGLL. These discoveries concurrently provide a rational
foundation for exploring targeted therapeutic approaches, notably JAK inhibitors.
However, the molecular landscape of LGLL remains substantially uncharted
territory, warranting dedicated research efforts. This review synthesizes current
progress in the molecular biology of LGLL, aiming to stimulate further investigation
and offer insights for researchers in the field.

Keywords: large granular lymphocyte leukemia, molecular biology, indolent course,
precision medicine, targeted therapy

1. Introduction

Large granular lymphocytic leukemia (LGLL) is a rare and indolent chronic
hematologic malignancy characterized by the clonal proliferation of cytotoxic T cells
or natural killer (NK) cells in the blood, bone marrow, and spleen. The clinical
manifestations of LGLL are highly variable, ranging from asymptomatic cases to
severe complications. Neutropenia is one of the most common presentations,
occurring in 50-80% of patients. Affected individuals are prone to recurrent bacterial
infections, such as skin infections, sinusitis, pneumonia, and oral ulcers. Severe
neutropenia may lead to life-threatening sepsis.

Approximately 50% of patients develop anemia (a reduction in red blood cells),
which may present with fatigue, weakness, dizziness, pallor, palpitations, and
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shortness of breath upon exertion. Some patients (about 20%) experience
thrombocytopenia, manifesting as petechiae, bruising, epistaxis, gingival bleeding,
or, in severe cases, visceral hemorrhage. A significant proportion of patients (around
30%) are asymptomatic at diagnosis, and their leukemic cell count may be very low.
The disease typically follows an indolent course, and many cases are incidentally
detected during routine blood tests performed for other reasons, prompted by
persistent lymphocytosis or cytopenia.

LGLL is often associated with various autoimmune disorders, which may
occasionally serve as the initial presenting manifestations; rheumatoid arthritis (RA)
represents the most frequently observed comorbidity, with patients exhibiting
symptoms such as symmetric joint pain, swelling, and morning stiffness closely
resembling classic RA, while other autoimmune conditions such as systemic lupus
erythematosus and autoimmune hemolytic anemia may also coexist. Additionally,
a subset of patients experiences systemic “B symptoms” commonly associated with
lymphoma, including unexplained fever (>38°C), drenching night sweats, and
significant weight loss (exceeding 10% within 6 months). Splenomegaly is relatively
common, occurring in 20-50% of cases and potentially leading to left upper quadrant
abdominal fullness or discomfort, whereas hepatomegaly is less frequently
encountered, and lymphadenopathy — generally mild and less prominent compared
to other lymphomas — may also be present.

The first-line management of LGLL is primarily aimed at controlling symptoms,
improving hematologic parameters, reducing clonal lymphocyte proliferation, and
enhancing quality of life. For asymptomatic patients or those with only mild
cytopenia and no signs of severe infections, a watch-and-wait approach with regular
monitoring may be adopted instead of immediate active intervention. In cases
requiring therapeutic intervention, immunosuppressive agents such as
methotrexate, cyclophosphamide, and cyclosporine are commonly employed as
first-line regimens. Only approximately half of patients derive clinical benefit from
first-line immunosuppressive therapy. Most studies report a complete remission rate
of about 20-30% and a partial remission rate of 20-40%. Notably, hematologic
improvement is usually observed only after 2-4 months of treatment, and
approximately 30-40% of patients experience relapse or drug resistance within 1-3
years. Notably, immunomodulatory therapy based on thalidomide has demonstrated
promising efficacy; Chinese researchers have reported an overall response rate as
high as 90% in preliminary clinical trials using the TPM regimen (thalidomide,
prednisone, and methotrexate) for LGLL (NCT04453345) [1, 2], offering a novel
therapeutic strategy for LGLL.

Despite its typically indolent course, a subset of patients with LGLL face refractory
cytopenia and significant therapeutic challenges, underscoring the urgent need to
elucidate its underlying molecular mechanisms. The T-LGLL clone comprises long-
lived, activated, cytotoxic, and apoptosis-resistant T cells, which exhibit considerable
heterogeneity across different patients [3]. The pathogenesis of LGLL is driven by
persistent antigenic stimulation and constitutive activation of the JAK/STAT signaling
pathway, coupled with a range of epigenetic alterations and resistance to apoptosis.
LGLL originates from cytotoxic T cells or NK cells, which are typically involved in
immune responses against viruses (such as EBV or CMV) or autoantigens. It is
hypothesized that chronic antigen exposure serves as the initial driver of clonal
selection, creating a selective pressure and microenvironment conducive to the
acquisition of oncogenic mutations, such as those in STAT3. Elevated levels of
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inflammatory cytokines - including IL-15, IL-2, and IFN-y — are frequently detected in
patient sera. These cytokines not only activate the JAK/STAT pathway through their
respective receptors but also foster a pro-inflammatory, pro-survival niche within
the microenvironment that further supports the proliferation and survival of LGLL
cells. These insights not only enhance the understanding of the disease mechanism but
also open new avenues for targeted therapeutic interventions.

2. Narrative text
2.1 Driving mutations in the JAK/STAT signaling pathway

The JAK/STAT signaling pathway plays a critical role in regulating clonal
development of T cells, and the presence of genetic mutations within this pathway
serves as key evidence supporting clonal proliferation and confirming diagnosis. As
early as 2001, researchers identified STAT3 mutations as central to LGLL
pathogenesis, observing not only significantly elevated phosphorylation levels but
also that inhibition using antisense oligonucleotides restored Fas/Fas-L-dependent
apoptotic mechanisms [4]. Subsequent studies identified gain-of-function mutations
in STAT3 in both T-cell and NK-cell variants of LGLL, elucidating a shared molecular
mechanism between these two disease subtypes at the genetic level and providing
compelling evidence for their classification under a single disease entity. According
to large-scale clinical data, approximately 40-60% of T-LGLL and 30% of NK-LGLL
cases harbor STAT3 mutations, a finding that establishes a critical rationale for
molecularly targeted therapies [5].

Research has confirmed that STAT3 mutations represent the most prevalent
driver alterations in T-LGLL and are also present in a subset of NK-LGLL
patients. These mutations are typically missense variants located within the
region encoding the Src homology 2 (SH2) domain, with the D661Y and Y640F
mutations in the SH2 domain accounting for approximately 80% of these genetic
changes [6]. The associated mutations lead to constitutive dimerization and
phosphorylation of STAT3, resulting in upregulated transcription of anti-
apoptotic genes (such as BCLXL and FLIP), cell-cycle-related genes (including
CDKNI1D and CMYC), as well as pro-inflammatory cytokine-encoding genes
(e.g., IL-6, IL-12, IL-17, IL-21, IL-10, and IFN-y) [7]. Notably, STAT3 mutations
also exhibit significant heterogeneity, suggesting the potential presence of
subclonal evolution within LGLL. From a clinical perspective, these gain-of-
function mutations enhance T-cell cytotoxicity, which manifests as an increase in
large granular lymphocytes in peripheral blood and subsequently leads to clinical
features such as cytopenia.

In murine models, gain-of-function mutations in STAT3 induce the expansion of
NKG2D*CD8*CD62L"CD44* T cells, which subsequently upregulate cell cycle
progression and expression of cytotoxic effector genes — such as GZMA and GZMB -
via the NKG2D/IL-2-IL-15 signaling axis [8]. Furthermore, the clonal expansion of
large granular lymphocytes may play a pivotal role in the pathogenesis and
progression of autoimmune diseases, with LGL clones directly contributing to the
proliferation of CD8" T lymphocytes [9]. Beyond mutational activation, the JAK/
STAT pathway can also be dysregulated through non-mutational mechanisms, such
as cytokine-mediated stimulation and epigenetic silencing of negative
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regulators — including microRNA-mediated modifications, with miR-181a and miR-
146b implicated as potential contributors [10, 11].

Certainly, in addition to STAT3 mutations, STAT5B also represents a frequently
mutated gene in this context, and both STAT3 and STAT5B mutations are
significantly associated with clinical manifestations such as neutropenia and
autoimmune features, including RA [12]. Building upon this, STAT5B mutations are
observed in approximately 6% of y5-T-LGLL cases, while their frequency rises
strikingly to as high as 45% in the rarer indolent CD4-positive of-T-LGLL subtype
[13]. Some researchers suggest that STAT5B gene mutations may be associated with
a more aggressive clinical phenotype.

2.2 How do epigenetic alterations influence T-cell function?

Understanding the impact of epigenetic alterations on the clonal proliferation of
T cells constitutes a critical foundation for advancing molecularly targeted therapies
in LGLL. In the development of NK-LGLL, DNA methylation appears to be a key
event, a view strongly supported by the high-frequency mutation of the TET2 gene —
observed in approximately 28% to 34% of cases [14, 15]. It is important to emphasize,
however, that TET2 mutations are not specific to LGLL and may also occur in age-
related clonal hematopoiesis or clonal hematopoiesis of indeterminate potential. In
the context of NK-LGLL, TET2 mutations drive an aberrant methylation pattern
distinct from that of normal NK cells, characterized notably by hypermethylation of
PTPRD - a key negative regulator of STAT3 — as well as SOCS3, a suppressor of JAK
signaling; these epigenetic alterations collectively facilitate constitutive activation of
the JAK/STAT pathway [16].

TET2 mutations can occur at an early stage and coexist simultaneously in both NK
cells and myeloid cells. TET2 may promote clonal bias selection in NK cells, with the
evolving clones subsequently acquiring STAT3 mutations, thereby exhibiting
a cytotoxic NK-cell phenotype and ultimately leading to the development of
clinically significant NK-LGLL. Supporting evidence includes the observation that
approximately one-third of TET2-mutated cases also harbor concurrent STAT3 or
CCL2 mutations. TET2 mutations may facilitate STAT3 activation through the
epigenetic silencing of negative regulators of the JAK/STAT pathway [17]. Although
TET2 mutations are also observed in T-LGLL, they appear to play a more pivotal role
in the pathogenesis of NK-LGLL. This is evidenced by a more pronounced
thrombocytopenia and a stronger association with malignant comorbidities.

Furthermore, in T-LGLL, mutations in the histone mono-methyltransferase
KMT2D are observed in up to 20% of cases. While the precise role of KMT2D in the
pathogenesis of LGLL remains elusive, chromatin accessibility analysis holds value in
the differential diagnosis of mature T-cell malignancies [18].

Of particular note is that epigenetic modifications are increasingly emerging as
a frontier in elucidating the pathogenesis of LGLL, where the application of single-
cell multi-omics sequencing holds significant promise for unraveling the underlying
molecular mechanisms.

2.3 CCL22 mutations are frequently identified in patients with NK-LGLL

Of particular significance is the observation that genetic alterations within
the JAK/STAT signaling pathway extend beyond the canonical STAT3 and STAT5B
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mutations, with infrequent reports involving JAK1, JAK3, IL6R, PTPRT, and GNAS.
Furthermore, mutations in genes such as NRAS, KRAS, PI3KCD, and TNFAIP3 also
contribute to the genomic landscape of LGLL, though the pathogenic implications of
many of these variants remain to be fully elucidated.

It has been reported that approximately 27% of NK-LGLL patients harbor
mutations in the CCL22 coding gene, with these genetic alterations being correlated
with an immunophenotype characterized by CD16*CD56"" 8" expression [19, 20].
These mutations are highly concentrated at evolutionarily conserved residue sites
and exhibit mutual exclusivity with STAT3 mutations. CCL22 mutations represent
gain-of-function alterations that result in defective CCR4 internalization in target
cells, thereby enhancing cellular chemotaxis and disrupting normal interactions with
the hematopoietic microenvironment. In vitro experiments demonstrate that
myeloid and dendritic cells harboring CCL22 mutations produce elevated levels of
IL-15, which drives clonal expansion of NK cells. Additionally, the cytokine CCL5,
secreted by LGL clonal cells, induces monocytes to release high levels of IL-6, further
promoting cellular proliferation [21]. However, there are currently no available
drugs targeting CCL22, and research progress in this area remains limited.

2.4 Clonal hematopoiesis represents a pathogenic mechanism of critical
importance that demands rigorous attention

A study by Shi M et al. revealed that T-cell clonopathy of undetermined
significance (T-CUS) - defined as the detection of T-cell clonal expansion via high-
sensitivity techniques in patients not meeting diagnostic criteria for lymphoma or
leukemia - is a frequently encountered phenomenon in clinical practice, with
a detection rate even higher than that of confirmed T-LGLL cases [22]. Patients with
T-CUS and those diagnosed with T-LGLL exhibit highly overlapping features across
multiple dimensions, including age, neutropenia, concomitant autoimmune
disorders such as RA, and immunophenotypic profiles of clonal T cells - particularly
the CD8*/CD57* phenotype. Notably, driver gene mutations closely associated with
T-LGLL, such as STAT3 mutations, have also been detected in a subset of T-CUS
patients, challenging the conventional view that these genetic alterations are
definitive markers of malignancy. These findings collectively indicate that the mere
detection of T-cell clonality — or even the presence of a STAT3 mutation — can no
longer be considered sufficient as absolute diagnostic criteria for T-LGLL. Rather,
T-CUS and T-LGLL may represent different evolutionary stages within a single
disease spectrum, rather than two distinct pathological entities.

The prevalence of clonal hematopoiesis (CH) is significantly higher in patients with
LGLL compared to age-matched general populations, suggesting that the chronic
immune stimulation, inflammatory milieu, or intrinsic biology of LGLL may provide
a favorable niche for clonal expansion. A retrospective molecular analysis of 349 LGLL/
T-CUS patients by Kawashima N et al. revealed CH in 19% of cases, with TET2 and
DNMT3A mutations detected in 23% and 14% of patients, respectively. Multivariate
analysis identified advanced age, splenomegaly, cytopenia, and STAT3/STAT5B
mutations as factors positively associated with CH. Importantly, LGLL patients with
CH exhibited a significantly elevated risk of developing myeloid neoplasms (10% vs.
2% at 5years; p = 0.02), establishing CH as an independent adverse prognostic factor
for both survival quality and secondary malignant transformation. CH may thus
represent a “premalignant state” that heightens the risk of secondary oncogenesis.
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Rather than a mere epiphenomenon, CH plays a pivotal role in LGLL pathogenesis,
serving as both a critical prognostic biomarker and a potential therapeutic target.
Routine screening for CH-associated gene mutations in LGLL patients could help
identify high-risk subgroups prone to poor outcomes and secondary cancers, enabling
closer monitoring and more aggressive clinical management.

2.5 Genetic mutations hold some, albeit limited, prognostic value in the context
of disease outcomes

STAT3 mutations are strongly associated with the classic clinical features of
LGLL, particularly neutropenia (which is both highly prevalent and severe), RA, and
pure red cell aplasia (PRCA). Patients harboring STAT3 mutations demonstrate
improved response rates to immunosuppressive therapies such as methotrexate,
cyclophosphamide, and cyclosporine, allowing for more targeted therapeutic
decision-making. Although STAT?3 is recognized as a driver mutation, patients with
these mutations exhibit relatively favorable overall survival (OS) compared to those
with other molecular alterations, with a median survival often exceeding 10 years.
Mortality risk is primarily attributed to severe infections secondary to neutropenia
rather than direct transformation or progression of the disease itself.

STATS5B mutations, which are relatively uncommon (occurring in approximately
2-10% of cases) and most frequently represent gain-of-function alterations such as
the N642H variant, constitute a well-established negative prognostic factor. These
mutations are more prevalent in the CD4* T-LGLL subtype — as opposed to the more
common CD8* phenotype — and are associated with a more aggressive clinical course,
younger age of onset, splenomegaly, and overlapping features with other T-cell
malignancies such as T-PLL. Patients with STAT5B mutations respond poorly to
conventional first-line immunosuppressive therapies, often exhibiting limited
clinical efficacy. Multiple studies have confirmed STATSB mutations as an
independent adverse prognostic marker, correlating with significantly shortened
overall survival (OS). Affected individuals generally experience shorter survival
times and a more aggressive disease phenotype.

Mutations in epigenetic regulators are present in over 40% of LGLL patients,
often emerging prior to STAT3 mutations and regarded as “founding mutations” that
shape disease progression and prognosis. Commonly affected genes include TET?2,
DNMT3A, and ASXL1 frequently associated with clonal hematopoiesis (CHIP-
related mutations). The presence of these alterations is generally correlated with
amore complex disease phenotype and diminished treatment response. In particular,
patients harboring concurrent STAT3 and TET2 or DNMT3A mutations may require
dual therapeutic targeting of both clonal hematopoiesis and LGLL, and typically
exhibit a less favorable prognosis compared to those with STAT3 mutation alone.

Additionally, SF3B1 mutations are more frequently observed in LGLL patients with
concomitant PRCA. While their independent prognostic significance remains under
investigation, these mutations are generally associated with specific clinical subtypes.

Currently, STATS5B mutations represent a well-established negative prognostic
marker in LGLL. In contrast, although STAT3 mutations are driver alterations, they
are associated with a relatively “indolent” disease course and greater responsiveness
to therapy. Co-occurring epigenetic mutations, such as those in TET2, further
increase disease complexity and are indicative of a potentially poorer prognosis.
Therefore, comprehensive genetic profiling — including STAT3, STAT5B, and
a broader panel of accompanying mutations — has become an essential component of
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modern precision management for newly diagnosed LGLL patients. This approach
not only facilitates accurate prognostic stratification but also provides critical
guidance for treatment selection, suggesting, for example, that patients with
STATS5B mutations may require more aggressive or innovative therapeutic strategies.

Emerging research has demonstrated that T-LGLL patients harboring STAT3
mutations exhibit significantly elevated surface CD38 expression on leukemic cells.
Molecular studies have confirmed that activated STAT3 protein directly binds to the
promoter region of the CD38 gene. The observed positive correlation between CD38
expression levels and STAT3 phosphorylation — a marker of activation — further
supports a causal relationship between these two molecules. Given that STAT3
mutations directly drive CD38 overexpression, CD38 represents a highly promising
therapeutic target in STAT3-mutated T-LGLL, as demonstrated by its direct
transcriptional upregulation by STAT3. Theoretically, existing anti-CD38 monoclonal
antibodies, such as daratumumab, could be leveraged to specifically recognize and
eliminate these CD38-high leukemic cells [23]. Daratumumab binds to CD38 and
mediates antibody-dependent cytotoxicity, complement activation, and phagocytosis,
leading to selective depletion of CD38" leukemic clones. This approach represents
a novel precision immunotherapy targeting the STAT3-CD38 axis in LGLL.

It is important to note that STAT3 and STAT5B mutations are hallmark driver
alterations in LGLL. However, these mutations are occasionally also detected in the
sequencing results of patients with myeloproliferative neoplasms (MPNs), such as
MDS or MPN. This poses diagnostic challenges, as it remains clinically ambiguous
whether such mutations originate from an underlying LGL clone or from the MPN
itself. LGLL patients with STAT3 or STATS5B mutations typically exhibit a relatively
straightforward mutational profile, often characterized by the presence of STAT3 or
STATS5B alone or accompanied by a limited number of age-related clonal
hematopoiesis (CHIP)-associated mutations, such as TET2 or DNMT3A. In contrast,
MPN patients with coincident STAT3 or STAT5B mutations generally display
a notably more complex molecular landscape, enriched with multiple driver
mutations specific to myeloid malignancies — including ASXL1, SRSF2, U2AF1, JAK2,
CALR, and MPL, among others [24]. Therefore, STAT3 and STAT5B mutations
should not be interpreted in isolation. When these mutations are detected in
a patient’s bone marrow or peripheral blood samples, they must be evaluated within
the broader mutational context. It is essential to recognize that LGLL is
fundamentally characterized by an indolent clonal expansion of T or NK cells.

A simple mutational profile supports the diagnosis of LGLL, whereas a complex
genetic background - especially one enriched with characteristic mutations of
myeloid neoplasms - favors a diagnosis of a myeloproliferative disorder.

2.6 Persistent activation of the JAK/STAT signaling pathway and its role in
autoimmune pathogenesis

LGLL is fundamentally a clonal disorder, yet it is also intimately associated with
autoimmune manifestations. These two aspects are intricately intertwined,
collectively defining the disease phenotype. This autoimmune component is
primarily driven by the constitutive activation of the STAT3 signaling pathway.
STAT3 mutations are not only frequent driver events but also cause dysregulation of
cytokine signaling — including IL-6, IL-15, and IL-21 - fostering a chronic
inflammatory milieu. This environment supports the survival and expansion of

53



Leukaemia — Recent Advances in Diagnosis and Thevapeutic Modalities

7W JAK/STAT gain-of-
UL {/ | function mutation

STAT3: Y640F, D661V; STATSB: N642H; JAK1 and JAK2

’ Bridge: JAK/STAT and Autoimmune damage

7 Autoimmune Disorders:

o/ 600
STAT3/STAT5B 20%-60%

Constitutive activation

® Rheumatoid arthritis 15-25%

i )

:/ i Attt ) dutai \ Pe Autoimmune thyroid 5-10%
! activation 1 protein 7 tmmunomodulation 4 : disease :
; E X i ® Sjogren’s syndrome 59 !
| Bel-2 CD38 1 i : :
il};le I;IglKl | ! ® Systemic lupus 2-5% |
| i / : erythematosus '
_______________________________________________________ E ® Psoriasis, Inflammatory Bowel E
It N 1 Disease (IBD), Scleroderma, 1
' Q% Pro-inflammatory [ \ Vasculitis, 2-5%
i & microenvironment [ . Polymyositis/Dermatomyositis S

Resistance to Fas/FasL apoptosis  Targeted therapy T—>| Ruxolitinib, Golidocitinib, etc.
Figure 1.

The JAK/STAT signaling pathway mediates autoimmune pathological injury in LGLL patients. Persistent anti-
genic stimulation and elevated cytokines (e.g., IL-6, IL-15, IL-21) activate the JAK/STAT pathway in cytotoxic
T or NK cells. Gain-of-function mutations in STAT3 and STAT5B promote constitutive phosphorylation, dimer-
ization, and nuclear translocation of STAT proteins, leading to transcriptional upregulation of anti-apoptotic
(BCL-XL, MCL-1), pro-inflammatory (IL-6, IFN-v, IL-21), and cell-cycle-related genes (MYC, CDKN1D).
These events confer resistance to apoptosis, clonal expansion of cytotoxic lymphocytes, and overproduction of
inflammatory cytokines that disrupt immune tolerance, resulting in autoimmune cytopenia and tissue injury.
Therapeutically, JAK inhibitors can interrupt this pathogenic loop and restore immune homeostasis.

leukemic cells while simultaneously disrupting immune tolerance, thereby
promoting autoimmune attack [25].

Approximately one-third of patients with LGLL present with concomitant
autoimmune diseases, most commonly RA. Correspondingly, first-line treatment for
LGLL consists of oral immunosuppressive agents, reflecting a direct therapeutic
targeting of its autoimmune nature. Targeted agents directed against key pathogenic
mechanisms - particularly the JAK/STAT signaling pathway, such as JAK inhibitors —
are emerging as promising therapeutic options, especially in relapsed or refractory
cases. In a recent report by Hao H et al., a case of successful treatment of NK-LGLL
with golidocitinib was described. The patient was a 53-year-old male diagnosed with
NK-LGLL and harboring a STAT3 mutation. He had exhibited inadequate responses to
multiple prior therapies, including methotrexate, cyclosporine, cyclophosphamide,
thalidomide, and glucocorticoids. However, significant clinical improvement was
achieved following treatment with the JAK1 inhibitor golidocitinib [26]. Not only was
the patient’s NK-LGLL effectively controlled, but a marked improvement was also
observed in the concurrent hemolytic anemia. Therapy targeting the JAK/STAT
signaling pathway thereby represents a novel and effective potential targeted strategy
for managing this refractory condition, as illustrated in Figure 1.

3. Conclusion(s)

In summary, research on the molecular biology of LGLL has progressed from
a purely descriptive discipline into an era of precision medicine grounded in
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signaling pathways and genetic mutations. The biological investigation of LGLL has
transformed its diagnosis from a morphology-based nosology to a functional
disorder driven by specific dysregulated signaling pathways. These molecular
insights are not only of theoretical importance but are also poised to continually
revolutionize precision diagnosis, risk stratification, and targeted therapy for LGLL.
A deeper understanding of the JAK/STAT pathway mechanism represents
a cornerstone in this field, offering new hope for disease control in affected patients.
LGLL is not a homogeneous disease; rather, diverse driver mutations define
distinct subtypes with varying biological behaviors and clinical trajectories. Future
research will remain focused on elucidating the disease origin, tracing clonal
evolutionary history, and developing strategies to overcome resistance to targeted
therapies. Patient mutation-informed animal and organoid models hold significant
value for preclinical validation and novel drug exploration. Furthermore, given the
immune characteristics of LGLL, whether immunotherapies such as CAR-T and
bispecific antibodies hold potential for relapsed/refractory patients remains an open
question worthy of further investigation.
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Abstract

Leukemia comprises a heterogeneous group of hematologic malignancies
characterized by uncontrolled proliferation of abnormal leukocytes, leading to bone
marrow failure and systemic manifestations. Ocular involvement is common and may
represent the first sign of disease, relapse, or systemic progression. The eye, considered an
extension of the central nervous system, is susceptible to direct leukemic infiltration as
well as secondary effects from hematologic abnormalities and treatment complications.
Clinical manifestations range from anterior segment signs such as conjunctival
infiltration, pseudohypopyon, and hyphema to posterior segment findings including
retinal hemorrhages, cotton-wool spots, venous tortuosity, and serous retinal detachment
due to choroidal infiltration. Orbital involvement, particularly in pediatric acute
leukemias, can present with myeloid sarcoma, leading to unilateral or bilateral proptosis
and diplopia. Optic nerve infiltration represents a neuro-oncologic emergency with
potentially irreversible visual loss if untreated. Diagnosis requires a multidisciplinary
approach involving complete ophthalmic examination, multimodal imaging, and
occasionally tissue biopsy. Management is primarily systemic chemotherapy. Ocular
involvement carries significant prognostic implications, correlating with higher relapse
rates and reduced survival. Early recognition of ocular signs by ophthalmologists is
critical for timely diagnosis, systemic evaluation, and initiation of appropriate therapy,
which may preserve vision and improve overall outcomes.

Keywords: leukemia, ocular manifestations, choroidal infiltration, optic nerve
involvement, orbital infiltration

1. Introduction
Leukemia represents a heterogeneous group of malignant hematologic neoplasms

originating from the abnormal and dysfunctional proliferation of developing
leukocytes or hematopoietic stem cells in the bone marrow. This uncontrolled
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expansion of immature cells disrupts normal hematopoiesis, compromising the
production of healthy blood cells and resulting in a wide spectrum of clinical
manifestations [1].

Ocular involvement is more common in acute leukemias than in chronic ones,
and more frequently in the myeloid than the lymphoid variant. Reported prevalence
ranges between 32% and 35% in clinical series, although histopathological studies
suggest intraocular involvement in up to 90% of cases [2].

Leukemia classification is based on proliferation rate and cell type. Acute forms,
defined by more than 20% blasts in bone marrow or blood, evolve rapidly and can be
fatal within months if untreated. Chronic forms have less than 20% blasts, progress
slowly, and feature partially mature but ineffective cells.

According to the cell lineage of origin, the disease may be myeloid or lymphoid.
Combining both criteria yields the four classic subtypes:

* Acute lymphoblastic leukemia (ALL): blast transformation of lymphoid pro-
genitors (B or T), representing up to 80% of cases in the pediatric population.

e Acute myeloid leukemia (AML): defined by more than 20% myeloid blasts, is
the most common acute form in adults and typically has an aggressive course.

e Chronic lymphocytic leukemia (CLL): proliferation of monoclonal lympho-
cytes predominates between 60 and 70 years of age and usually follows an
indolent course.

e Chronic myeloid leukemia (CML): associated with the reciprocal BCR-ABL1
translocation, which gives rise to the Philadelphia chromosome and leads to the
expansion of dysfunctional granulocytes [1].

From an epidemiological standpoint, leukemia ranks tenth among the most
common cancers in the United States of America, with approximately 61,000 new
cases annually. Its etiology is multifactorial, including genetic predisposition
(syndromes such as Down, Klinefelter, Bloom, Li-Fraumeni), germline mutations in
genes such as RUNX1 or CEBPA, viral infections (Epstein-Barr, HTLV-1), as well as
exposure to ionizing radiation, benzene, smoking, and prior chemotherapy.

Initial symptoms are often nonspecific: fever, fatigue, weight loss, bone pain,
anemia and hemorrhagic syndromes, as well as signs of systemic infiltration such as
hepatosplenomegaly or lymphadenopathy [1].

Ocular manifestations of Leukemia

Ophthalmological manifestations are highly relevant, as they may constitute the
first evidence of the disease, a relapse, or systemic progression. The eye, considered
an extension of the central nervous system, allows direct infiltration by leukemic
cells and makes therapeutic control more challenging.

Two main pathophysiological mechanisms are distinguished:

e Direct leukemic infiltration: invasion of ocular and orbital tissues by blasts.
* Secondary involvement: resulting from hematologic alterations (anemia,

thrombocytopenia, hyperviscosity) or from complications of chemotherapy and
immunosuppression (opportunistic infections) [2].
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Diagnosis and treatment

Diagnosis requires interdisciplinary collaboration. A complete blood count (CBC)
with differential and the presence of blasts in peripheral blood raise suspicion,
confirmed by a bone marrow aspirate and biopsy. A lumbar puncture assesses CNS
involvement, which may be negative even with ocular infiltration.

The treatment of ocular manifestations is based on the systemic control of leukemia:

e Systemic chemotherapy: the therapeutic cornerstone, is used with regimens
tailored to the leukemia subtype.

e Immunotherapy: particularly useful in cases of minimal residual disease or
relapses.

e Local radiotherapy: reserved for refractory cases, though it carries the risk of
ocular toxicity (retinopathy, cataracts).

¢ Hematopoietic stem cell transplantation: indicated in high-risk scenarios or
relapses.

¢ Adjunctive therapies: (leukapheresis, hydroxyurea) in the context of hyper-
leukocytosis [1].

2. Orbital involvement in leukemia

The orbit can be affected during the course of leukemia, although orbital
leukemic infiltration is considered relatively uncommon. Its incidence in the
pediatric population ranges from 2% to 13%, being more frequent in acute leukemias
(ALL and AML) than in chronic forms.

In children, the orbit is one of the most common sites of presentation, and it is
estimated that 2% to 6% of orbital tumors in childhood correspond to leukemia.
Orbital involvement is also associated with a poorer prognosis and a higher risk of
relapse.

Clinical manifestations

AML can initially present with orbital involvement, even before the underlying
leukemia is diagnosed. The accumulation of leukemic cells in soft tissues — previously
referred to as granulocytic sarcoma — is now termed myeloid sarcoma [3]. This
entity occurs in 2.5-9.1% of patients with AML [4]. Unilateral proptosis is the
predominant sign, sometimes accompanied by ptosis, eyelid edema, decreased visual
acuity, and diplopia. Bilateral involvement, although less common, is considered
a clinical marker of high-risk myeloid sarcoma. The typical location is superior or
superotemporal [5], and there may be involvement of the lacrimal gland and
extraocular muscles.

Other, less common presentations have been reported, such as acute
dacryocystitis secondary to leukemic infiltration [6], or diffuse eyelid thickening
with eyelid swelling [7].

Diagnosis

Diagnosis requires a multidisciplinary approach. A complete ophthalmic
examination is the first step, complemented by imaging studies:
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Figure 1.

(a) External photograph of a 17-year-old male showing right upper eyelid swelling, downward displacement of
his right eye globe, and proptosis; (b and c) computed tomography scan (coronal and sagittal views); and (d and
e) magnetic resonance imaging (coronals TIWI and T2WI) demonstrate an evidence of a uniform, well-
demarcated lesion occupying the superior orbit and compressing the globe downward and outward. Complete
excision of the tumor and histopathologic diagnosis revealed evidence of acute myeloid leukemia (AML).

CC BY-NC-ND 3.0.

Magnetic resonance imaging (MRI) of the orbits and brain: useful to rule out
compressive lesions and to assess local extension. On T1-weighted images, orbital
masses appear isointense relative to gray matter and muscle, while on T2-weighted
images, the masses are isointense relative to white matter and muscle [5]

(Figure 1).

Computed tomography (CT): orbital leukemic involvement appears as a well-
defined, homogeneous mass, isodense or hyperdense compared to brain tissue, with
mild homogeneous enhancement after contrast injection. It may arise in either an
intraconal or extraconal location. The mass molds to the bone and orbital
structures [4].

Orbital biopsy: indicated when clinical and imaging findings are inconclusive or
when the orbital lesion is the only apparent manifestation of leukemia. Thanks to
advances in imaging techniques and the understanding of hematologic neoplasms,
we no longer have to rely as frequently on confirmatory biopsies to establish the
diagnosis of leukemic tumors [5].

Treatment

Management focuses on systemic control of the underlying leukemia through
chemotherapy. In selected cases — such as the development of compressive optic
neuropathy despite systemic chemotherapy - local radiotherapy may be
necessary [5].

3. Anterior segment involvement
Manifestations in the anterior segment are less frequent than those in the

posterior segment but can become clinically significant and, in some cases, represent
the initial presentation of leukemia.
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Conjunctiva

Conjunctival infiltration is rarely encountered in acute leukemia. An autopsy
study reported conjunctival involvement in 4% of leukemia patients [8]. It appears as
a raised, fleshy, salmon-colored mass. Conjunctival myeloid sarcoma is rare but has
been described in the literature. Bilateral subconjunctival hemorrhages have also
been reported as an initial manifestation of AML. In CLL, venous “comma-shaped”
irregularities can be seen, probably secondary to hyperviscosity.

Cornea

Because of its avascular nature, the cornea is rarely a site of direct leukemic
infiltration. However, cases of sterile ring corneal ulcer with iritis and pannus as an
initial presentation of AML have been reported [9]. Chemotherapy-related epithelial
changes, such as corneal thinning, may also be observed [10].

Anterior chamber

Pseudohypopyon is a rare manifestation at AML onset but is more frequently
observed in recurrent disease. In pediatric ALL, it may occur in up to 2.5% of
relapses. Leukemic hypopyon is often associated with extramedullary infiltration,
particularly of the CNS, although isolated ocular relapse has been reported. Another
possible manifestation is increased intraocular pressure due to trabecular infiltration
[11]. In pediatric patients, leukemia can also be a cause of spontaneous hyphema [8].

Iris

Iris infiltration often coexists with choroidal and ciliary body involvement and is
not always clinically apparent. When it does manifest, it may cause changes in iris
coloration [8].

Diagnosis

Diagnosis requires a comprehensive approach. Slit-lamp examination is essential
for detecting conjunctival, corneal, or inflammatory lesions.

Conjunctival biopsy: although ocular manifestations of leukemia are rarely
biopsied, conjunctival biopsy can be a useful diagnostic procedure to identify the
etiology of lesions, particularly when clinical and imaging findings are inconclusive
or when ocular manifestations represent the initial symptom [12]. Lesions can
sometimes be the first sign of the primary disease or of relapse, even in the absence of
documented systemic recurrence [11].

Anterior chamber paracentesis with cytology and flow cytometry studies:
recommended when leukemic or tumoral infiltration is suspected, particularly if
pseudohypopyon or visible cells are present [13].

Treatment

The cornerstone of management is systemic leukemia control with
chemotherapy.

4, Retinal and choroidal involvement

The retina and choroid are the most commonly affected ocular tissues in leukemia
[14]. Up to 90% of patients are estimated to present with fundus abnormalities at
some point during their disease course. Posterior segment involvement is associated
with a worse systemic prognosis and a higher risk of bone marrow or CNS relapse.

Retina

Retinal hemorrhages are the most frequent manifestation of leukemic retinopathy
[2, 15]. They can appear in different forms: dot-and-blot, flame-shaped, preretinal,
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Figure 2.
Fundus picture of the right eye showing Roth spots and subhyaloid hemorrhage at the macula, and fundus picture
of the left eye showing Roth spots. CC BY-NC-SA 4.0.

subretinal, or subhyaloid hemorrhages. Roth spots — hemorrhages with a white
center — are characteristic and result from capillary rupture with fibrin-platelet
thrombus formation, sometimes with accumulation of leukemic cells. Macular
involvement can cause significant visual impairment [2] (Figure 2). In AML, the
presence of intraretinal hemorrhages correlates closely with thrombocytopenia.

Cotton-wool spots occur due to the occlusion of precapillary arterioles and
consequent retinal nerve fiber layer ischemia or focal leukemic infiltrates. In acute
leukemia, their presence is associated with a poor prognosis, increasing three-month
mortality up to eightfold [16].

Leukemic infiltrates have diverse clinical presentations, including large whitish-
gray nodules of various sizes in the retina, whitish-gray streaks along vessels from
perivascular infiltrates, subretinal infiltrates, optic nerve infiltration, choroidal
infiltrates leading to serous retinal detachment, retinal pigment epithelium
detachments, and vitreous infiltrates. These are associated with elevated
leukocytosis and local tissue damage [17].

Blood hyperviscosity can result in vascular tortuosity and central retinal vein
or artery occlusions [15]. Vascular sheathing may also occur due to perivascular
blast infiltration [17]. Peripheral microaneurysms — more common in chronic
leukemias — have been reported [17]. Peripheral neovascularization resembling
sickle-cell retinopathy can occur in CML, associated with chronic
leukocytosis [17].

Choroid

The choroid is one of the most commonly infiltrated sites by leukemic cells, often
subclinically. Postmortem histopathological studies report choroidal infiltration in
up to 65% of patients and in 31% of eyes from patients who died of leukemia. This
involvement is more common in relapse settings and is usually associated with
systemic and CNS disease [18].

Serous retinal detachment is the most frequent clinical manifestation of
choroidal infiltration. It is attributed to choroidal hypoperfusion and retinal
pigment epithelium dysfunction, with disruption of the outer blood-retinal
barrier. It has been documented as the initial presentation of AML in both adults
and children [19].
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Diagnosis
Diagnosis requires a complete ophthalmic examination with pupillary dilation.

e Optical coherence tomography (OCT): crucial for identifying subfoveal ser-
ous detachments and measuring choroidal thickness, which may be increased,
suggesting infiltration. EDI-OCT (enhanced depth imaging OCT) allows precise
evaluation of the choroid. OCT also documents intraretinal, sub-ILM hemor-
rhages, and macular structural changes.

¢ Fluorescein angiography: may demonstrate a multifocal leakage pattern within
the macular area [19].

Treatment

The mainstay of therapy is systemic leukemia control, which resolves leukemic
retinopathy in most cases. However, local or adjunctive interventions have been
reported in cases of persistent vitreoretinal infiltration despite systemic
therapy [15].

o Intravitreal methotrexate: evaluated in intraocular infiltration; while visual
acuity did not change, anterior chamber inflammation decreased, optic disc
edema resolved, and tumor cell infiltrates were absorbed. However, it has not
been shown to resolve retinal hemorrhages [13].

¢ Pars plana vitrectomy: indicated for persistent vitreous hemorrhage, vitreo-
macular traction, or tractional retinal detachment [20].

Prognostic implications

Posterior segment involvement correlates with a worse systemic prognosis. In
particular, the presence of leukemic retinopathy at diagnosis is associated with
a five-year survival rate of 21.4%, compared with 45.7% in patients without ocular
involvement. Cotton-wool spots, specifically, are strongly associated with increased
mortality [21].

5. Neuro-ophthalmologic manifestations

Optic nerve infiltration by leukemia or lymphoma constitutes a neuro-oncologic
emergency. Postmortem studies have demonstrated optic nerve involvement in up to
18% of acute leukemias and 16% of chronic leukemias, with higher prevalence in
ALL and pediatric patients [8].

Leukemic optic neuropathy can result from direct leukemic cell infiltration of the
optic nerve head or retrolaminar portion, CNS infiltration with raised intracranial
pressure presenting as papilledema, or local extension of blasts causing retrolaminar
invasion [22].

Although it is often accompanied by other neurologic or systemic findings, optic
nerve infiltration can occasionally be the first sign of relapse [22].

In children, ALL is the most common cause of isolated infiltrative neuropathy
(=75% of cases), followed by B-cell non-Hodgkin lymphoma. In adults, it has been
reported with ALL, AML, CLL, and CML [22].
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Clinical manifestations

Presentation is variable, but the most common symptoms are rapidly progressive
visual loss, retro-ocular pain or pain with eye movements, optic disc edema -
typically accompanied by hemorrhages — diplopia, or cranial nerve palsies when
there is involvement of oculomotor nerves [23]. Associated neurologic symptoms,
such as nausea, vomiting, lethargy, or seizures, may occur in the context of CNS
involvement (Figures 3 and 4).

Diagnosis

A thorough, multimodal diagnostic approach is required:

Complete ophthalmic examination with visual acuity assessment, pupillary
examination (looking for a relative afferent pupillary defect), and fundus evaluation
for disc edema, hemorrhages, or perivascular infiltrates.

Brain and orbital MRI: essential to exclude compressive lesions and assess
dissemination. It may show optic nerve thickening and enhancement, with T2
hyperintensity or restricted diffusion; however, findings can be normal in some
cases.

CT scan: may reveal optic nerve thickening and enhancement.

Lumbar puncture with cerebrospinal fluid analysis: may be required to detect
CNS involvement, although CSF can be negative even in the presence of optic nerve
infiltration [22].

Treatment

Management must be initiated urgently to preserve vision:

o Systemic corticosteroids: may facilitate rapid visual recovery, but early
administration can mask clinical and pathological findings, making diagnosis
more challenging. Intravenous methylprednisolone pulse therapy, followed by
a tapering course of oral prednisone, has been used [22].

Figure 3.

(a) MRI T1-weighted brain and ovbits. Surrounding the right optic nerve, pronounced gadolinium uptake
can be seen. (b) MRI orbit scan repeated after completion of therapy. The right optic nerve is no longer
thickened.
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Figure 4.

(a) Fundus photographs at initial presentation: vight eye and left eye, respectively. The left eye was normal,
while the right showed significant disc edema, tortuosity of the retinal vessels and hemorrhages. (b) Fundus
photographs of the right and left eye, 3 months following bone marrow transplant. Resolution of disc edema can
be noted.

Prognosis

Optic nerve infiltration in leukemia is a marker of poor prognosis, associated with
higher rates of bone marrow relapse and CNS involvement. Visual loss may be severe
and irreversible despite prompt treatment [11].

A 14-year-old male with T-cell ALL in remission presented with the sudden onset
of right eye pain and visual acuity impairment.

Fundoscopic examination of the eye and MRI of the orbits were consistent with
optic nerve infiltration. The patient was treated with salvage chemotherapy, orbital
radiation, and eventual bone marrow transplantation, with notable improvement in
vision and regression of retinal and optic nerve findings. CC BY-NC 4.0.
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6. Conclusion(s)

Management of ocular leukemia relies primarily on systemic chemotherapy to
control the underlying disease. Multidisciplinary collaboration between
hematologists, oncologists, and ophthalmologists is essential for accurate diagnosis,
timely treatment, and preservation of vision. Awareness of the diverse spectrum of
ocular presentations and their prognostic implications can improve patient outcomes
and support comprehensive care for individuals with leukemia.
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Abstract

While the specific inhibitors of BCR-ABL tyrosine kinase activity have gained
well-deserved recognition in the frontline therapy of chronic myeloid leukemia
(CML), acquired therapy resistance represents a serious problem, preventing long-
term remission in CML patients. Moreover, in some patients, the resistance
mechanisms are BCR-ABL-independent. Therefore, the search for alternative and
complementary therapies is currently in the spotlight. The differentiation therapy
may represent one of the possible approaches. Alpha-tocopherol may be one of the
agents possessing differentiation potential in CML blast cells. We demonstrated that
alpha-tocopherol and G-CSF upregulate the expression of several genes associated
with the differentiation of K562 CML cells in vitro, in particular, the gene coding for
the myeloid master regulator transcription factor C/EBPa. At the same time,

a significant down-regulation of the expression of genes associated with the stemness
phenotype, such as SNAI1, ALPP, and POU5F1 was observed. Other possible targets
may be searched among the enzymes preventing the degradation of the BCR-ABL
protein. The data on the specific inhibition of deubiquitinase USP1 activity in vitro in
K562 cells have been presented. A vast array of other targetable enzymes interacting
with the BCR-ABL protein and affecting its stability and activity remains an
extensive field for further study. A putative role of protein phosphatase 2A in this
context is discussed.

Keywords: chronic myeloid therapy, BCR-ABL, differentiation therapy, stemness
phenotype, USP1 deubiquitinase, K562 cells

1. Introduction

Chronic myeloid leukemia (CML) is a clonal hematopoietic stem cell (HSC)
disorder characterized by a reciprocal translocation (t(9;22)(q34;q11)) resulting in
a BCR-ABL1 fusion gene and the chimeric p210 BCR-ABL1 protein possessing
constitutive kinase activity [1, 2]. The specific inhibitors of tyrosine kinase activity
(TKI), such as imatinib, have found deserved recognition in the frontline therapy of
CML [3]. Nevertheless, acquired therapy resistance represents a serious problem,
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preventing long-term remission in CML patients despite advances in the
development of more potent TKIs [4]. Meanwhile, various mechanisms are involved
in the development of resistance to therapy that are not completely dependent on
BCR-ABL1 activity [5]. Therefore, the search for alternative therapies, including
differentiation therapy, is currently in the limelight. Over the past years, the
inadequacy of many CML therapies has been shown to result from their failure to
target LSCs. The control over the differentiation of CML LSCs may represent a useful
therapeutic approach [6]. In fact, various agents, including growth factors,
cytokines, chemical substances, etc., have been identified as differentiating agents
for CML cells in vitro. Nevertheless, the mechanisms mediating the differentiation
effects may be diverse, affecting different regulatory pathways in leukemic cells. The
analysis of the signaling pathways and their components as targets of the induced
differentiation of CML cells is an important step in developing novel therapeutic
strategies in the context of cell differentiation therapy. Here, we present our recent
data on the expression of the genes involved in the differentiation of CML cells and
the genes coding for stemness biomarkers in K562 cells exposed to alpha-tocopherol
as a putative agent capable of contributing to CML cell differentiation.

Actually, several alternative and complementary approaches for CML treatments
are currently underway in the hope of overcoming resistance to TKI, as well as
identifying different pathways and molecular targets that prevent uncontrolled
proliferation of leukemic blast cells in CML. Such strategies are directed not at the
inhibition of the constitutively activated tyrosine kinase but rather at the
degradation of this chimeric protein and the eventual elimination of cells from the
pathological clone [7]. Although various modalities of BCR-ABL1 degradation are
being developed and tested in in vitro systems, the lack of sufficient specificity is still
a problem to be solved. Targeting deubiquitinating enzymes may provide an
alternative strategy for the selective modulation of BCR-ABL1 protein levels in CML
cells, which has proven to be effective in in vitro studies [8]. The data on the use of
specific inhibitors of the deubiquitinase USP1 activity in vitro in K562 cells will be
discussed.

The future prospects of the research should be based on the analysis of the
proteins interacting with BCR-ABL in hematopoietic stem cells and leukemic blasts
[9]. Some challenging novel strategies, such as the specific reactivation of protein
phosphatase 2A (PP2A), have been proposed [10]. The recent literature data on the
interplay between the activity of BCR-ABL1 and PP2A in CML cells and the putative
ways to modulate PP2A activity will be disclosed in the context of further studies of
PP2A-reactivating modalities. Moreover, the recent literature data on the interplay
between the activity of BCR-ABL1 and PP2A in CML cells and the putative ways to
modulate PP2A activity suggest that alpha-tocopherol is among the known
PP2A-reactivating molecules.

2. Alpha-tocopherol and G-CSF change the expression of genes
associated with the differentiation of K562 CML cells while
downregulating EMT-associated stemness biomarkers

Myeloid master regulator transcription factor CCAAT/enhancer-binding protein

alpha (C/EBPa) is considered as a major molecular trigger of myelopoiesis, however,
CML blast cells lose their differentiation potential and acquire uncontrolled
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proliferation [11]. Down-regulation of C/EBPa is correlated with the progression of
CML to blast crisis, while the restoration of C/EBPa expression in the BCR-ABL + cell
line by TKI results in terminal granulocytic differentiation [12]. These findings,
along with many others, suggest that C/EBPa could be considered a putative target in
differentiation therapies for myeloid leukemias, including CML.

Historically, a variety of chemical agents were found to be able to induce
differentiation of CML cells in vitro, many of them being rather toxic and not
intended for any practical purposes [13]. Meanwhile, it has long been known that
some of the hematopoietic leukemia cell lines of myeloid origin, such as K562 or CML
blasts, may be induced to differentiate by various cytokines [14].

In our previous chapter in the IntechOpen monograph [15], we presented data on
the putative role of alpha-tocopherol in the targeted induction of the myeloid master
regulator transcription factor C/EBPa in K562 cells. Earlier, we also demonstrated
the ability of alpha-tocopherol to restore C/EBPa expression, resulting in C/EBPa-
mediated expression of the gene for the G-CSF receptor (CSF3R) in K562 cells [16].
Meanwhile, G-CSF-R is expressed not only on myeloid cells such as neutrophils but
also on HSCs and progenitor cells [17]. Taken together, these facts suggest
a functional interrelationship between C/EBPa, G-CSF-R, and G-CSF [18, 19].

The possible involvement of G-CSF in the differentiation of CML blast cells has
not yet been studied in detail. The loss of G-CSF and G-CSFR is a characteristic
feature associated with the arrested differentiation of CML blast cells. G-CSF is
currently used in CML patients, improving responsiveness to TKI therapy. It is
known that normal myelopoiesis in bone marrow is supported by G-CSF, which is
constitutively produced by bone-forming osteoblasts [20-22]. Meanwhile, tissue
non-specific (liver/bone/kidney) alkaline phosphatase (TNAP), representing an
osteogenic differentiation regulator of osteoblasts, seems to be important in
supporting the HSC niche in bone marrow [23]. G-CSF and TNAP can be suggested
as mutually dependent markers of HSC differentiation. Moreover, TNAP, encoded
by the ALPL gene, is detectable in differentiated neutrophils and monocytes and is
induced by G-CSF treatment [24].

Previously, we have shown that in K562 CML cells, the ALPL gene was not
expressed, while the expression of the aberrant isoform of alkaline phosphatase,
namely leukemic stem cell-associated placental-like alkaline phosphatase (PLAP),
was observed [15, 25]. This aberrant isoform of alkaline phosphatase is considered
potentially useful as a tumor-associated marker [26]. Moreover, according to our
data, alpha-tocopherol is effective in restoring the expression of C/EBPa and TNAP
in K562 cells, both being tightly associated with the possible reactivation of myeloid
differentiation potential [25].

In the present study, we further explored the differentiation potential of alpha-
tocopherol and G-CSF by analyzing the expression of CEBPB and ALPL genes, which
encode factors critical for myeloid differentiation, versus the expression of genes
encoding leukemic stemness-associated transcription factors SNAIL and OCT4 in
K562 CML cells.

K562 cells were treated for 72 hours either with alpha-tocopherol acetate at a dose
of 100 uM (300 mg/mL stock solution; Lekchim, Ukraine) or G-CSF (Filstim,
Biofarma, Ukraine) at a dose of 1 ug/mL (10,000 IU). A real-time RT-PCR was
performed using the following primers (Table 1). The gene expression was
quantified using the 2A-Ct method with normalization to GAPDH mRNA
expression.
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Gene Forward primer Reverse primer
ALPL 5'-TGGCCGGAAATACATGTACCC-3’ 5'-TTCCGTGCGGTTCCAGATG-3'
ALPP 5'-AAGGGCAGAAGAAGGACAAA 5'-GTCGTGTTGCACTGGTTAAAG
CEBPB 5'-CAA GAA CAG CAA CGA GTA CCG-3' 5'-GTC ACT GGT CAA CTC CAG CAC-3’
CDH1 5'-TGCCCAGAAAATGAAAAAGG-3’ 5'-GTGTATGTGGCAATGCGTTC-3'
SNAI1 5'-CAGACCCACTCAGATGTCAA-3’ 5'-CATAGTTAGTCACACCTCGT-3’
POU5F1  5'-GCACTGTACTCCTCGGTCCCTTTCCC-3’ 5'-CTTCCCTCCAACCAGTTGCCCCAAAC-3'
GAPDH  5'-CGCTCTCTGCTCCTCCTGTT-3’ 5'-CCATGGTGTCTGAGCGATGT-3’

Table 1.

Primers used in the study.

Our findings demonstrate that either alpha-tocopherol or G-CSF upregulated
CEBPB expression, but alpha-tocopherol caused 2.54 times higher upregulation of
the gene compared to G-CSF (Figure 1A). Both single agents also upregulated ALPL
expression to the same extent (Figure 1B). Coincidentally, with the expression of
factors affecting differentiation of myeloid cells, we observed a significant increase
in the expression of the CDH1 gene (E-cadherin) (Figure 1C).

Although E-cadherin is not associated directly with the differentiation of myeloid
cells, the treatment of K562 cells with a differentiating agent such as phorbol ether
results in an increasing expression of E-cadherin [27]. Such upregulation of the CDH1
gene, coinciding with the increasing expression of markers of myeloid differentiation
such as C/EBP and TNAP induced by alpha-tocopherol or G-CSF, prompted us to
analyze the expression of several transcription factors that are usually upregulated in
the setting of the loss of E-cadherin. It is known that the activation of transcription
factors such as SNAIL, SLUG, TWIST1, ZEB1, ZEB2, and several others, which bind to
E-box sequences in the CDH1 gene promoter, negatively regulates E-cadherin
expression [28]. Moreover, these factors have been found to be associated with the
maintenance of cell pluripotency and stemness in hematological malignancies [29].

While EMT has been implicated in promoting the stemness of cancer cells, which
is important for tumorigenesis and metastasis in solid tumors, the role of EMT and
the major transcription factors involved in this process in the case of hematopoietic
malignancies remains to be elucidated. Several studies have assumed a role for such
EMT-related factors as SNAIL, TWIST, and others in the pathogenesis of myeloid
malignancies [30, 31].

We found a significant down-regulation of SNAI1, ALPP, and POU5F1 expression
in K562 cells incubated with alpha-tocopherol or G-CSF. Alpha-tocopherol was as
effective as G-CSF in decreasing ALPP and POU5F1 RNA expression, while its effect
on SNAI1 expression was less noticeable compared to G-CSF (Figure 2).

Earlier, we have already found PLAP expression in peripheral blood cells of
patients with CML in blast crisis, acute myeloid leukemia, and polycythemia vera, as
well as in K562 cells [25]. In this study, we showed that PLAP downregulation is
triggered not only by alpha-tocopherol but also by G-CSF as a specific inducer of
myeloid differentiation. Moreover, the changes in the expression of PLAP caused by
the differentiation agents are paralleled by the downregulation of the transcription
factors SNAIL and OCT4 which are associated with the maintenance of CSC
stemness.
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Figure 1.
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The relative mRNA expression levels of the CEBPB (A), ALPL (B), and CDH1 (C) genes. K562 cells were
incubated either with alpha-tocopherol acetate at a dose of 100 uM (300 mg/mL stock solution; Lekchim,
Ukraine) or G-CSF (Filstim, Biofarma, Ukraine) at a dose of 1 ug/mL (10,000 IU) for 72 h. Total RNA was
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time RT-PCR was performed using the SYBR Green protocol. All the experiments were conducted in triplicate.
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method with normalization to GAPDH mRNA expression. * p

< 0.01 compared to control cells; ™ p < 0.01 between the effects of alpha-tocopherol and G-CSF treatments.
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The relative mRNA expression levels of SNAIL (A), ALPP (B), and POUSF1 (C) genes. K562 cells were incubated
either with alpha-tocopherol acetate at a dose of 100 uM (300 mg/mL stock solution; Lekchim, Ukraine) or G-CSF
(Filstim, Biofarma, Ukraine) at a dose of 1 ug/mL (10,000 IU) for 72 h. Total RNA was extracted and converted to
cDNA using Qiagen’s QuantiTect Rev. Transcription Kit (Qiagen, Germany). A real-time RT-PCR was performed
using the SYBR Green protocol. All the experiments were conducted in triplicate. The gene expression was quantified
using the 2~ AC ynethod with normalization to GAPDH mRNA expression. * p < 0.01 (A, C) or p < 0.05 (B)
compared to control cells; ™ p < 0.01 between the effects of alpha-tocopherol and G-CSF treatments.
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Figure 3.

Schematic diagram of the stimulated diffeventiation potential in CML blast cells by alpha-tocopherol and
G-CSF. The repression of the stemness biomarkers SNAIL, OKT4, and PLAP results in the activation of the
differentiation biomarkers E-cadherin, C/EBPa, and TNAP. Alpha-tocopherol decreases stemness markers
expression with accompanying increase in differentiation potential. The diagram illustrates the reciprocal
relations between stemness phenotype of stem-like blast cells and their differentiation potential with the balance
between the transcription factors involved in cell differentiation and cell stemness.

Taken together, the results obtained have emphasized that the detected in vitro
downregulation of the stemness biomarkers SNAIL, PLAP, and OKT4 at the RNA
level in K562 CML cells, induced by alpha-tocopherol or G-CSF exposure, is
accompanied by the activation of the expression of the differentiation biomarkers
E-cadherin, C/EBPa, and TNAP. This suggests a complementary approach to CML
therapy using agents that change the balance between the transcription factors
involved in cell differentiation, on the one hand, and cell stemness, on the other
hand, as part of differentiation therapy for myeloid leukemias. This is summarized
schematically in Figure 3, illustrating the reciprocal relations between the leukemic
pluripotent stemness phenotype and the differentiation potential of leukemic stem-
like blast cells in CML myeloid differentiation, outlining the future strategies for
differentiation therapy of CML.

3. USP1-targeted therapy as a novel strategy for chronic myeloid
leukemia

While TKI therapy remains a mainstream approach in the treatment of CML in
the chronic phase, the development of treatment resistance necessitates the search
for novel strategies that involve numerous targets in cells other than BCR-ABL1
itself. Meanwhile, one of the major challenges in modern oncology is the
pharmacological inaccessibility of many oncoproteins, primarily due to the absence
of well-defined ligand-binding pockets or specific molecular targets.
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Deubiquitinating enzymes (DUBs) provide an alternative strategy for the selective
modulation of oncoprotein levels, as DUBs remove ubiquitin moieties from protein
substrates, thereby regulating their stability, functional activity, and involvement in
diverse cellular processes. DUBs play a pivotal role in maintaining cellular
homeostasis by controlling a broad spectrum of essential functions, including the
preservation of genomic integrity, regulation of gene expression, stem cell
proliferation and differentiation, cell cycle progression, chromosome segregation
during mitosis, and signal transduction pathways, particularly those mediated by
growth factors. Alterations in their expression or enzymatic activity disrupt cellular
equilibrium, ultimately contributing to the onset and progression of various
pathological states, such as neurodegenerative disorders, immune system
dysfunctions, and malignant neoplasms [32-34].

DUB inhibition may restore sensitivity to cytotoxic agents, a factor of particular
importance for aggressive and recurrent cancer forms. Incorporating DUB inhibitors
into therapeutic regimens holds the potential to enhance the efficacy of conventional
chemo and radiotherapy. This synergistic interaction positions DUB-targeted
strategies as a promising component of the next generation of anticancer
therapies [35].

The role of several DUBs as putative targets for CML therapy has been
demonstrated in various in vitro studies. In particular, DUBs are shown to be
associated with the BCR-ABL1 signaling pathway, and the suppression of these
enzymes may be an effective way to induce BCR-ABL1 ubiquitination and
degradation [36, 37]. Thus, for example, the use of an inhibitor of USP9X results in
BCR-ABL1 ubiquitination followed by the apoptosis of both TKI-sensitive and
resistant CML cells [38]. Numerous data provide evidence that targeting DABs, in
particular, USP7, USP9X, USP10, USP15, USP25, and USP47, can effectively
overcome TKIs resistance in CML, which may represent a novel strategy for CML
treatment [39].

Among approximately 100 DUBs, ubiquitin-specific protease 1 (USP1) stands out
as one of the most extensively studied members. USP1 has emerged as a promising
therapeutic target for various cancer types. Several inhibitors of USP1 slow down the
growth of leukemic cell lines, including CML [40]. In our previous studies, we
demonstrated that USP1 forms a protein complex with BCR-ABL1, a key driver of
CML pathogenesis. Immunofluorescence analysis, followed by confocal microscopy,
revealed that this protein complex localizes within the nuclei of CML cells [41]. The
discovery of the USP1-BCR-ABL interaction prompted an investigation into the
phosphorylation status of USP1. To this end, the phosphorylated USP1 isoforms were
examined through immunoprecipitation of tyrosine-phosphorylated proteins,
followed by immunofluorescence analysis in K562 cells, to assess their subcellular
distribution. These experiments confirmed the presence of USP1 phosphorylated on
tyrosine residues in CML cells [42]. Notably, the USP1 isoforms most prominently
represented were those interacting with BCR-ABL1. Tyrosine-phosphorylated
proteins were predominantly localized at the cell periphery, which likely reflects the
high kinase activity of BCR-ABL1, as a substantial fraction of this oncoprotein also
accumulates in these regions. Based on these findings, we hypothesize that BCR-
ABL1 phosphorylates the deubiquitinase USP1, enhancing its catalytic activity. This
post-translational modification may alter the balance of ubiquitination and
deubiquitination processes, contributing to the disruption of cellular homeostasis
and supporting leukemogenic signaling [8, 41, 42].
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By deubiquitinating specific substrate proteins, USP1 plays a critical role in their
stabilization, which is of particular interest for the development of novel therapeutic
strategies in CML. In our study, we found that inhibition of USP1 deubiquitinating
activity by a highly selective inhibitor, ML323 used in concentrations of 52 nM and 76
nM, resulted in a marked reduction of BCR-ABLI1 levels in CML cells. A noticeable
decrease in BCR-ABL1 levels was observed as early as 1.5 hours after ML323
administration, and the maximal effect was achieved in 3 hours. After 6 hours of
exposure, BCR-ABL1 levels began to rise and returned to near-control levels by 12
hours (Figure 4). We hypothesize that this rebound may be attributed to either a loss
of ML323 inhibitory activity or compensatory reactivation of USP1 via alternative
mechanisms unaffected by the compound. Another plausible factor could be
proteasomal overload, characterized by the impaired degradation of an abnormally
large pool of misfolded proteins. This phenomenon, while extensively described in
neurodegenerative diseases, remains insufficiently explored in cancer, despite the fact
that malignantly transformed cells are characterized by elevated protein synthesis
rates and significant accumulation of misfolded proteins [41, 43, 44].

The immunofluorescence analysis further revealed that ML323 treatment
substantially reduced the colocalization of BCR-ABL and USP1, with the lowest
levels detected at 1.5h and 3 h of incubation, coinciding with the time points of
minimal BCR-ABL1 abundance in cells [44].

Based on the results obtained, we believe that USP1 removes ubiquitin from the
oncoprotein BCR-ABL1, thereby preventing its proteasomal degradation, which
leads to its accumulation and subsequent disease progression. Therefore, USP1 could
be considered a promising therapeutic target in CML. Lowering BCR-ABL levels
through activation of cellular degradation systems represents a novel therapeutic
approach for CML that does not depend on the mutational variability of ABL kinase
domains and enables highly selective modulation of oncoprotein abundance,
opening new avenues for USP1-targeted CML therapy.

It is also worth mentioning that, apart from the use of selective inhibitors of the
DABs, one of the promising directions in developing targeted CML therapy involving
the ubiquitin-proteasome system is represented by constructing bifunctional

| — ]
o8 og
o 4 I '_' o - -Z-
I? J | ) I I
@ @
L5k Ih Eh 4] 24 bk C 1.3k Ik 1] I h 24h '

Figure 4.

Effects of ML323 — low-molecular-weight USP1 inhibitor — on BCR-ABL protein level after 24-h incubation
with 52 nM (A) or 76 nM (B) ML323. The normalized values of band areas in Western blot of the lysates of
CML K562 cells treated with ML323 ave presented. Anti-BCR-ABL antibody (1:1000; MA1-153, Thermo Fisher
Scientific, USA) was used for detection. The effect of ML323 was reversible, and in 12 h, the BCR-ABL level
returned to the control values. * p < 0.01, ™ p < 0.001 as compared to controls.
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inhibitors that simultaneously target the BCR-ABL1 molecule and recruit E3
ubiquitin ligase [45]. Therefore, specific degradation of BCR-ABL1 may be achieved
in several alternative ways.

4. Protein phosphatase 2A (PP2A) as an important node in kinase-
phosphatase homeostasis and a presumable therapeutic target in CML

The prospective therapeutic modalities for CML targeted at BCR-ABL1 should
consider various networks guiding the balance between the synthesis and
degradation of this tyrosine kinase and the interactions of this oncoprotein with
dozens of other molecules. One such molecule is protein phosphatase 2A (PP2A),
which possesses tumor suppressor function [46]. This serine/threonine-specific
phosphatase plays a key role in the regulation of multiple signaling pathways that
control cell proliferation, differentiation, and apoptosis. PP2A exists as
a heterotrimeric holoenzyme that includes three subunits: A (structural),

B (regulatory), and C (catalytic) [47] (Figure 5)

PP2A functions primarily as a heterotrimer composed of a scaffold
A (PPP2R1A/PPP2R1B), a catalytic C (PPP2CA/PPP2CB), and one of multiple
regulatory B subunits (B/B55/PR55; B'/B56/PR61; B”/PR72/PPP2R3; B"”/striatin
family/STRN). The combinatorial pairing of A/C with the numerous B-subunits
yields more than 100 distinct holoenzymes, providing substrate specificity and
directing PP2A to nuclear, cytoplasmic, or membrane-proximal locales [48].
The PP2A-A and PP2A-C exist in the form of a dimeric complex - core enzyme,
while the regulatory B subunit exists as a single unit. The combination of the
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Figure 5.

Schematic representation of the formation of holoenzyme PP2A from subunits and modulators affecting the
enzyme action. Each heterotrimeric PP2A holoenzyme consists of heterodimeric core engyme, comprising a
scaffolding subunit (A) and a catalytic subunit (C), and a variable regulatory subunit (B). Serine/threonine (S/
T) phosphorylated (P) proteins intevact with substrate-specific regulatory subunit (B), which subsequently
recruits the substrate protein to the core enzyme. Holoenzyme formation is stabilized by the binding of the
phosphorylated substrate to B subunit. The subunit C then dephosphorylates the substrate. The direct and indirect
PP2A activators as well as PP2A inhibitors affecting the activity of PP2A are depicted.
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dimer and trimer results in the formation of an active holoenzyme. PP2A
thereby governs Wnt, mTOR, PI3K-AKT, and MAPK signaling, and regulates
G1—S transition, DNA synthesis, and mitotic entry.

PP2A acts as a tumor suppressor, limiting the activity of oncogenic signaling
cascades, including PI3K/AKT, MAPK, and JAK/STAT. PP2A inactivation is
observed in many hematologic tumors and is associated with mutations,
expression of endogenous inhibitors (e.g., SET), or interaction with oncoproteins
[49]. In CML, BCR-ABL1 promotes PP2A inactivation via the activation of the
SET inhibitor, which enhances oncogenic signaling [50]. It should be noted that
A and C subunits are usually expressed unchanged in CML, and the suppression of
PP2A activity is entirely determined by a significant decrease in B56a and
partially in B55a subunits. B56a primarily affects the signaling pathways Wnt and
P53, and B55a affects the pathways related to the mitotic cycle and metabolism
(CDK1, Akt) [51, 52]. Detailing these interactions will further identify a specific
subunit of PP2A complex as a possible therapeutic target. The restoration of PP2A
activity leads to the suppression of clonal CML cells, including TKI-resistant ones.

Besides CML, in Ph-positive AML, the role of PP2A is also critical. Inactivation of
the enzyme is associated with disruption of cell cycle control and increased
proliferative potential. Experimental data indicate that activation of PP2A can lead to
remission in preclinical models [53].

Therefore, the restoration of PP2A activity is considered a promising strategy for
the treatment of CML and AML. The PP2A activators include FTY720 (fingolimod),
OP449, DT-061, and small molecules that stabilize the holoenzyme [54, 55]. On the
other hand, PP2A inhibitors, such as okadaic acid and cantharidin, are used in
experimental studies to investigate the biological functions of the enzyme [56].

It is intriguing that PP2A in CML cells may be reactivated by targeting various
molecules rather than PP2A itself. Among such targets, one can mention JAK [57].
The suppression of SET (PP2A inhibitor) in CML cells also brings about PP2A
reactivation [58]. O’Connor et al. [59] stated that several different strategies aimed at
PP2A reactivation may exist, namely inhibition of endogenous inhibitors of PP2A,
targeted disruption of posttranslational modifications on PP2A subunits, and direct
targeting of PP2A.

Combination approach to therapy seems to be the most optimal. Bringing the
main first-line drug to the forefront, and based on this, possible practical
recommendations for their use can be proposed. Foremost, priority should be given
to identify the particular B-subunits expressed and involved in the disease setting
(e.g., B56a vs. B56 6 vs. B55a), since their substrate specificity and localization may
differ substantially. Finally, the rational combination should be tailored. Because
PP2A intersects with Wnt/mTOR/PI3K-AKT/MAPK, PP2A modulators may be
combined with the appropriate kinase inhibitors or DNA-damaging agents, using
biomarkers to avoid inactivation of tumor suppressor holoenzymes.

PP2A is at the center of cellular signaling homeostasis. Its heterotrimeric,
B-subunit-directed organization explains both its reach and its tractability: by
learning which holoenzymes are pathologically silenced (e.g., via SET or CIP2A)
and which pathways they police, one can reactivate the right PP2A complexes or —
in select contexts — transiently inhibit them to amplify therapeutic efficacy. This
strategy is rapidly becoming actionable as better holoenzyme-selective chemical
tools and robust methylation/B-subunit biomarkers emerge. Further research in
this area is necessary to design clinically applicable drugs [59, 60].
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5. Conclusion

While the introduction of TKIs into clinical practice turned out to be
arevolution in CML treatment, being at the frontline of CML therapy for several
decades, the acquired resistance to the therapy has become a growing source of
concern. This brings to the forefront the development of novel treatment
strategies and complementary therapies that may be helpful in overcoming
treatment resistance, especially during the phase of the blast crisis. These novel
approaches envisage the in-depth study of the BCR-ABL1 signaling pathways and
the molecules interacting with this constitutively active tyrosine kinase. The
differentiation therapy, proven as a valuable tool in the treatment of some types
of cancer, may also be useful for CML treatment. It is of practical interest that
several biologically active molecules, such as alpha-tocopherol, are as effective
in vitro as G-CSF in upregulating the expression of factors associated with
granulocyte differentiation. We demonstrated that the upregulation of the
expression of the myeloid master regulator transcription factor C/EBPa«, induced
in CML cells by alpha-tocopherol or G-CSF, is accompanied by the
downregulation of the stemness-related factors SNAIL, PLAP, and OKT4. The
further search for applicable inducers of differentiation in CML cells should take
into account that such substances may affect the balance between the
transcription factors involved in cell differentiation and the factors involved in
the maintenance of cell stemness.

Several methods that could be useful in CML therapy are focused not on the
inhibition of the activity of the uncontrollably expressed BCR-ABL1 in CML
cells but on the increased degradation of this tyrosine kinase, which finally
leads to the decreased burden of the oncoprotein in the leukemic cells. Among
such novel strategies are the methods targeting DUBs and PP2A since these
enzymes are components of two major regulatory pathways determining the
turnover of proteins and their activity. The challenging task in the practical
development of these approaches is the search for the corresponding inhibitors
possessing increased specificity, as well as the identification of the most
appropriate components of the ubiquitin-proteasome system and the
specific subunits of the PP2A system to serve as specific targets directed toward
BCR-ABL1. Finally, combination therapy will open new prospects in CML
treatment.
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Chapter 6

Treatment Modifications Due to
Toxicities During Chemotherapy
in Leukemia

Dao-Hai Cheng and Wen-Ling Chen

Abstract

Leukemia poses serious threats to human health among adults and children, and
combination chemotherapy is widely used to treat the acute forms of the disease.
However, the toxicity of chemotherapy remains a concern, as it is a common cause of
treatment modifications — delay or interruption, dose reduction, drug substitution, or
even omission of specific medications — throughout the treatment period. Here, we
provide an overview of treatment modifications due to chemotherapy-induced
toxicities in leukemia. Literature on PubMed and Google Scholar was searched using
relevant keywords up to March 2025. Overall, toxicity-induced treatment modifica-
tions were common during chemotherapy in leukemia, with frequency varying
across patients, regimens, and disease subtypes. Despite some conflicting results, the
limited data available in the literature suggest that treatment delays during intensive
phases are associated with inferior survival outcomes or an increased risk of relapse.
Toxicity-induced treatment modifications remain a concern during chemotherapy in
acute leukemia. Given its potential impact on clinical outcomes, further attention
should be paid to this issue throughout the course of treatment in the future.

Keywords: chemotherapy, leukemia, toxicity, treatment, modification, delay

1. Introduction

Hematological malignancies are myeloid and lymphoid neoplasms that can affect
the bone marrow, blood cells, and lymphatic system. They are estimated to account
for 6.5% of all cancer cases worldwide, with around 9% in economically developed
regions such as the United States and Europe [1]. The age-standardized incidence
rate of hematological malignancies globally is estimated at 17 per 100,000
individuals, with over 700,000 deaths annually [2]. Hematological malignancies
comprise a diverse group of neoplastic disorders that can be broadly categorized into
four basic types based on the cell of origin, clinical behavior, and primary anatomical
site of involvement: leukemia, multiple myeloma, non-Hodgkin lymphoma (NHL),
and Hodgkin lymphoma (HL). Out of these categories, leukemia can further be
classified into four main subtypes according to the cell lineage from which they arise
and the speed of disease progression: acute lymphoblastic leukemia (ALL), acute
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myeloid leukemia (AML), chronic lymphocytic leukemia (CLL), and chronic
myeloid leukemia (CML), among which ALL is the most common cancer during
childhood, while AML, CLL, and CML primarily affect adults.

With the advancement in understanding of disease pathogenesis and the
application of contemporary treatment approaches and supportive measures,
remarkable progress in clinical outcomes has been achieved over the past several
decades for hematologic malignancies, such as childhood ALL [2], HL [3], and
certain subsets of AML (e.g., acute promyelocytic leukemia [APL], core-binding
factor AML) [4], a unique subtype of AML. Nevertheless, treatment outcomes for
hematologic malignancies in lower-income regions are less impressive compared to
developed countries [5]. In addition, there are distinct differences in overall
prognosis among disease subtypes or patient populations. For instance, while the
long-term survival and cure rate of ALL in children, especially in low-risk patients,
currently exceed 90% when using front-line therapeutic approaches [6], the
outcomes for children with high-risk disease are relatively disappointing compared
to the results achieved in low-risk subjects, with five-year overall survival (OS)
ranging from 50% to 70%[5]. Furthermore, the prognosis for ALL or AML in elderly
adults remains poor, with less than 20%-50% achieving five-year OS [7, 8]. Thus,
there remains a need for more effective strategies to improve the treatment
outcomes of patients with hematologic malignancies.

There are a number of therapeutic options available for the treatment of patients
with leukemia, including systemic combination chemotherapy, immunotherapy,
molecular targeted therapy, and sometimes stem cell transplantation or radiation
therapy [9]. Selection of a treatment regimen for specific patients is individualized
based on the clinical features of the patients (age, performance status, and
concomitant comorbidities), morphological appearances of the disease, such as
subtypes (ALL, AML, CLL, and CML), risk groups (low-risk, intermediate-risk, and
high-risk), and disease stages (newly diagnosed, in remission, and refractory or
recurrent) that the patients are at. Personal choice, cost considerations, and drug
availability may also influence this choice.

During the treatment of leukemia, a number of factors can influence whether
predetermined criteria established in the protocols can be strictly adhered to. These
factors may include varied access to health services or drugs, the presence of
treatment-related toxicities or medical events, the existence of comorbid conditions,
the compliance of health professionals or patients with protocols or guidelines, and
the regional socioeconomic level (e.g., financial condition, insurance status).
Consequently, in clinical practice, delays in scheduled therapy, reductions in dose
intensity, premature termination of treatment, and substitution or even omission of
specific chemotherapy agents in subsequent phases may be required.

It is generally considered that maintaining treatment intensity is one of the
determinants of clinical outcomes in patients with leukemia. However, treatment-
related toxicities can increase with the enhancement of chemotherapy. Toxicity-
induced modification of treatment, possibly leading to lower dose intensity and
potentially compromising treatment outcomes, is a common source of anxiety for
health care professionals, patients, and/or their guardians.

In view of the role of chemotherapy in the treatment of leukemia, toxicity
associated with chemotherapy remains a concern, as it is a common factor leading to
dose reduction, temporary interruption, treatment delay, discontinuation of
therapy, or switching to alternative drugs throughout the treatment period. In this
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chapter, we provide an overview of toxicity-induced modifications of treatment
during chemotherapy in patients with leukemia. Literature searches were conducted
in PubMed and Google Scholar for relevant articles, limited to the English language,
using appropriate keywords up to March 2025. This review specifically focuses on
conventional chemotherapy, and targeted therapeutic agents (e.g., immunotherapies
or molecularly targeted drugs) are beyond the scope of this article and thus will not
be discussed here.

2. Overview of toxicity-induced treatment modifications during
chemotherapy in leukemia

Combination chemotherapy is the cornerstone for the treatment of acute
leukemia (see Table 1). Throughout the course of treatment, patients often
experience a wide variety of side effects, including hematological [10, 11] and non-
hematological events [12-14], which not only impair the patient’s quality of life and
increase the cost of treatment but may also lead to treatment modifications (e.g.,
dose reduction, temporary interruption, drug substitution, or therapy
discontinuation), potentially affecting the patient’s prognosis [15, 16]. There is wide
variability in the frequency of dose adjustments across patients, regimens, and
malignancy types, potentially due to differences in the regimens administered,
patient characteristics, supportive care measures adopted per institution, and
analytical methods used (e.g., based on patients or cycles, criteria for definition of
the dose-adjustment indicators).

2.1 Acute lymphoblastic leukemia

Although various novel treatment options (e.g., targeted therapies, chimeric
antigen receptor T-cell (CAR-T) therapy, and other immunotherapies) are available,
conventional intensive chemotherapy remains the main treatment approach for
ALL, primarily based on the synergy of several effective chemotherapeutic drugs.

Treatment for ALL can generally be classified into induction, consolidation,
intensification, and maintenance phases [6], although protocols may vary across
clinical trials, patient populations, or geographic regions. Induction (remission
induction), the first phase of treatment, aims to reduce disease burden and restore
normal hematopoiesis to achieve complete remission. Treatment in remission
induction is usually based on combination chemotherapy that may include
vincristine, glucocorticoids (e.g., prednisone, dexamethasone), anthracyclines (e.g.,
daunorubicin, doxorubicin), L-asparaginase, and cyclophosphamide [6]. Intrathecal
(IT) chemotherapy is often used as a strategy for central nervous system (CNS)
prophylaxis and treatment. Consolidation, also called postremission or intensive
therapy, is a phase of treatment to eliminate residual leukemic cells potentially
remaining after achieving remission. The treatment approach used in this phase is
based on risk status and comprises four to six cycles of short-term, relatively
intensive combination chemotherapy every two weeks, usually involving agents
with different mechanisms of action, such as cytarabine (Ara-C), high-dose
methotrexate (MTX) (5500 mg/mz), vincristine, L-asparaginase, 6-mercaptopurine
(6-MP), and glucocorticoids [6]. IT chemotherapy is typically continued at this
stage. Intensification (reinduction) uses drugs similar to those used in induction
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Leukemia Treatment Typical treatment regimen Overall treatment modifications
phase or during chemotherapy
disease stage
ALL Induction Regimen typically comprising vincris- A substantial proportion (e.g., 50%—
tine, glucocorticoids (e.g., prednisone, 90%) of patients underwent treatment
dexamethasone), and anthracyclines modifications (dose reductions,
(e.g., daunorubicin, doxorubicin); delays, and omissions) during the
other chemotherapy drugs, such as intensive phases due to toxicities [5,
L-asparaginase or cyclophosphamide, ~ 17-21]. Despite some inconsistent or
may also be added; intrathecal conflicting results [21-23], the limited
chemotherapy data available in the literature suggest
Consolidation  Several cycles of combination che- that treatm'ent delays [,18_20’ 24-26]
motherapy every two weeks, usually or s:ubstantlal changes in tr‘eaft.ment
including Ara-C, high—dose MTX, regimens due to 'severe jcox%cltle? [5,
vincristine, L-asparaginase, 6-MP, and 27, 2,8] are associated WIFh inferior .
glucocorticoids; intrathecal survival outcomes or an increased risk
hemothera of relapse
chemo Py
Intensification  Use drugs similar to those used in
induction therapy
Maintenance Daily oral 6-MP and weekly oral low-  40%-90% of patients experienced
dose MTX, with or without pulses of treatment interruptions or therapy
vincristine and glucocorticoids (e.g., delays during the maintenance phase,
dexamethasone), intrathecal and there was a tendency for fewer
chemotherapy relapses in patients who had longer
delays [19, 21, 29]
AML Induction “7 + 3” regimen: the combination of 0%-2% of patients discontinued
Ara-C for seven days and a three-day  treatment due to death or toxicity in
course of an anthracycline (e.g., dau-  standard induction regimens [30]
norubicin, idarubicin), with or with-
out targeted therapy agents;
intrathecal Ara-C or MTX may be used
to treat CNS leukemia
Consolidation ~ Treatment with several cycles of more  Toxicities cause longer durations of
dose-intensive Ara-C-based regimens; hospitalization, withdrawal from
intrathecal chemotherapy further consolidation cycles (15% due
to infection or persisting cytopenia),
or even treatment-related deaths (5%—
7% of patients); less than 60% of the
patients completed all four planned
cycles of chemotherapy [31, 32]
Maintenance Maintenance therapy with targeted Temporary treatment interruptions,
agents (e.g., FLT3 inhibitors) or oral dose reductions, and permanent dis-
azacitidine continuations due to toxicities were
noted in 43%, 16%, and 13% of AML
patients receiving oral azacitidine
therapy [33]
CLL Symptomatic With the introduction of highly effec- Dose modifications (e.g., reductions,
progression tive targeted agents, traditional che- delays, or omissions) were applied to

motherapy is less commonly used; the
FCR regimen (fludarabine, cyclopho-
sphamide, and rituximab) may be
indicated for patients with mutated
IGHV

75% of patients due to toxicity or
organ function [34]; 40%-75% of the
patients completed all six cycles of
FCR therapy [34, 35]
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Leukemia Treatment Typical treatment regimen Overall treatment modifications
phase or during chemotherapy
disease stage

CML Whole phases  Treatment mainly involves targeted Temporary treatment interruption,
therapies (e.g., TKIs) and allogeneic dose reduction, and discontinuation of
HSCT; conventional cytotoxic therapy occurred in 50%, 25%-30%,
drugs (i.e., non-TKI anti-CML agents)  and 7%-10% of patients receiving
are less commonly used but may be chemotherapy-based regimens,
considered in certain circumstances respectively [36, 37, 56]

Abbreviations: ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; CLL, chronic lymphocytic leukemia;
IGHYV, immunoglobulin heavy-chain variable region gene; CML, chronic myeloid leukemia; TKI, tyrosine kinase
inhibitor; MTX, methotrexate; Ara-C, cytarabine; 6-MP, 6-mercaptopurine; FLT3, FMS-like tyrosine kinase 3; EFS,
event-free survival; OS, overall survival.

Table 1.
Typical treatment regimens and overall toxicity-induced treatment modifications during chemotherapy in
leukemia.

therapy. Maintenance is delivered for two to three years following reinduction, with
the aim of preventing disease relapse after consolidation and reinduction therapy.
Treatment for ALL in the maintenance phase typically comprises a lower intensity of
antimetabolite therapy, such as daily oral 6-MP and weekly oral low-dose MTX, with
or without periodic administration of vincristine-glucocorticoid pulses. IT treatment
with MTX continues during the maintenance phase.

Patients receiving ALL treatment are often burdened with a wide range of
toxicities that may impair quality of life and cause longer lengths of stay, higher
readmission rates, or even worse survival [12, 39]. In addition to causing
approximately 1%-3% of deaths in pediatric ALL patients and possibly a higher
frequency in adults [40, 41], severe toxicity often leads to various forms of treatment
modifications, such as early discontinuation of therapy, schedule delays, drug
substitution, and dose reduction in subsequent cycles. Based on a retrospective
analysis of toxicity registration from children treated with the NOPHO ALL-2008
protocol, more than half of the patients (37/73) underwent treatment modifications
due to toxicities, among which 59% (22/37), 24% (9/37), and 16% (6/37) were dose
omission or reduction, treatment delay, and delay combined with dose modification,
respectively [17]. The most common toxicities causing treatment modifications in
the cohort were vincristine-induced peripheral neuropathy and asparaginase-
associated toxicities (e.g., anaphylaxis and allergy, acute pancreatitis, and
thrombosis). Skeletal complications (e.g., osteonecrosis) and CNS toxicities (e.g.,
MTX-related stroke-like syndrome) were less frequently reported as reasons for
treatment modifications during chemotherapy. Toxicity-induced modifications
appear to be more frequent in low- and middle-income countries. During the
chemotherapy period for pediatric ALL across four South American centers,
treatment delays of greater that two weeks occurred in 56% of patients, with 63%
and 47% of these delays attributed to infections and other drug-related toxicities,
respectively [5]. Modifications to treatment regimens (e.g., dose omission,
discontinuation of asparaginase or MTX) were also present throughout all phases of
therapy. In pediatric patients with ALL or lymphoblastic lymphoma during the
COVID-19 pandemic, chemotherapy interruptions occurred in up to 87% of patients
in response to toxicities and COVID-19 [42].
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Although the definition of treatment delay varies across studies, a substantial
proportion (e.g., 50%-90%) of patients has been reported to experience some delay
(see Table 2). The effect of treatment delay on clinical prognosis has been
investigated in a number of studies. In a large prospective study conducted by
Kumar et al. [18], delays in postremission intensification therapy were observed in
99.5% (1071/1076) of the patients and negatively affected survival outcomes (e.g.,
OS or event-free survival (EFS)) in those receiving allografting or nontransplant
therapy. A similar association between treatment delay during the intensive phase
(induction or consolidation) and clinical outcomes was reported in several other
studies [19, 20, 24-26]. However, a lack of effect [21, 22] or even a beneficial effect
[23] of treatment delay on clinical prognosis (relapse or survival) has also been
described during the intensive phases. Despite this, it should be noted that
substantial changes in treatment regimens due to severe toxicities could be
associated with inferior survival outcomes, as evidenced by significantly lower
three-year EFS (51.4% vs. 73.2%) and OS (65.6% vs. 81.1%) in patients with
substantial changes to the original treatment regimen [5], or demonstrated by
markedly reduced relapse-free survival (RFS) (2.9 vs. 4.7 years; p < 0.001) and OS
(3.2 vs. 4.9 years; p < 0.001) in patients experiencing extreme treatment-related
toxicities requiring significant therapy modification [27].

Regarding treatment delay during maintenance, according to the study by de
Oliveira et al. [29], 84% of pediatric patients (61/73) experienced chemotherapy
interruptions due to bone marrow or liver toxicity. Patients with chemotherapy
interruptions for a period exceeding 2% of the total duration of the maintenance
phase had a significantly higher probability of EFS (80.3% vs. 33.3%) and a 4.9-fold
lower risk of relapse than those with interruptions below 2% (p = 0.0001 and p =
0.001, respectively) [29]. Similar results were observed by Yeoh et al. [21], who
reported that longer treatment delays during maintenance were associated with
a trend toward fewer relapses, with a significant difference observed between the
lowest and highest quartiles. However, in the study by Agrawal et al. [19], treatment
delays in maintenance therapy were not found to affect survival outcomes (e.g., EFS,
RFS, and OS).

To reduce treatment-related morbidity and mortality while maintaining efficacy,
researchers have sought proactively to refine therapy regimens, including
modifications in chemotherapeutic drug doses, timing of administration, duration of
therapy, and combination with other effective agents. For example, as a front-line
pediatric ALL protocol, St. Jude Total Therapy has evolved greatly over the past 60
years, during which many modifications (e.g., reduction in or removal of more toxic
treatments such as VP16 or CNS irradiation in certain patients) were introduced to
improve OS and maintain safety [43]. For adult patients with ALL, using a reduced
dose of pegaspargase (<1,000, median 500 IU/(m” dose)) as part of the pediatric-
inspired induction regimen (CALGB 10,403), the total grade 3/4 toxicity observed
during induction was lower than with the standard dose (>1,000, median 2,500 1U/
(m? dose) ), while the majority of patients (84.6%, 22/26) receiving the reduced dose
still achieved therapeutic asparaginase activity levels [44]. In infants with ALL,
treatment approaches have changed continuously over the past three decades, which
include modifications in chemotherapy regimens such as lowering doses of drugs
(e.g., daunorubicin), substitution with less toxic agents (e.g., replacement of native
asparaginase with pegaspargase), or omission of specific chemotherapy agents (e.g.,
cyclophosphamide) during induction [45, 46].
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2.2 Acute myeloid leukemia

The treatment of patients with AML is based on whether the disease is newly
diagnosed or recurrent. Chemotherapy for newly diagnosed AML can be divided into
remission induction and consolidation (also called postremission) therapy. The
backbone of chemotherapy for remission induction is anthracycline and Ara-
C-based therapy, most commonly as the “7 + 3” regimen, using the combination of
Ara-C for seven days and a three-day course of an anthracycline (e.g., daunorubicin,
idarubicin), with or without targeted therapy agents [47]. Consolidation therapy for
AML patients in remission is usually based on regimens consisting of different doses
of Ara-C [48]. Maintenance therapy is less commonly included in many current
treatment protocols and clinical trials, but therapy with targeted agents (e.g., FLT3
inhibitors) or oral azacitidine may improve outcomes [49]. For refractory or
recurrent AML, intensive salvage chemotherapy or reduced-intensity therapy,
including targeted therapy, can be considered. IT Ara-C or MTX may be used to treat
CNS leukemia.

During the induction phase, approximately 3%-9% of patients discontinued
treatment due to death or toxicity when using the standard regimen (“7 + 3” or high-
dose Ara-C + idarubicin, IA) [30]. Toxicities associated with consolidation therapy
for patients with AML mainly manifest as febrile neutropenia, gastrointestinal
complications (nausea and vomiting, oral mucositis, and diarrhea), and
neurotoxicity, which can cause longer durations of hospitalization, withdrawal from
further consolidation cycles, or even treatment-related deaths [31, 32]. In the
maintenance treatment of oral azacitidine therapy, temporary treatment
interruptions, dose reductions, and permanent discontinuation due to adverse
events (AEs) were noted in 43%, 16%, and 13% of AML patients, respectively. The
most common AEs leading to dosing modifications were severe myelosuppression,
high-grade gastrointestinal toxicity, and other AEs [33].

2.3 Chronic lymphocytic leukemia

Given the indolent nature of the disease, treatment is not indicated for
asymptomatic or minimally affected patients with CLL, and clinical observation is
generally considered the standard of care [50]. However, for patients who are
experiencing symptomatic or progressive CLL, treatment is usually required. With
the introduction of highly effective targeted agents such as covalent Bruton tyrosine
kinase (BTK) inhibitors, B-cell leukemia/lymphoma 2 (BCL2) inhibitors, and
monoclonal anti-CD20 antibodies, conventional chemotherapy is less commonly
used. Purine analogs (e.g., fludarabine) and alkylating agents (e.g.,
cyclophosphamide, bendamustine, chlorambucil) are used in conjunction with
monoclonal antibodies as chemoimmunotherapy for CLL. Chemoimmunotherapy
with several cycles of the FCR regimen (fludarabine, cyclophosphamide, and
rituximab) may be considered as a treatment option for patients with mutated
IGHV [51].

Although effective for CLL, the FCR regimen can also cause a variety of AEs (e.g.,
myelosuppression, gastrointestinal toxicity, infusion-related reactions, and skin
rash), and treatment modifications may be required in severe cases [34, 52].
According to the study by Hillmen et al. [34], 54%, 14%, and 12% of CLL patients
receiving the chemoimmunotherapy regimen of FCR developed grade >3 leukopenia,
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anemia, and sepsis during the first year after treatment, respectively, and dose
modifications (e.g., reductions, delays, and omissions) were applied based on
toxicity and organ function in 75% of patients throughout treatment. The occurrence
of toxicity may also lead to some patients being unable to complete all planned
therapy. In a survey evaluating outcomes after FCR therapy in CLL patients from
five centers in Spain, less than half of the patients completed all six cycles of FCR
therapy, with the main reasons for discontinuation being cytopenia and

infection [35].

2.4 Chronic myeloid leukemia

CML is traditionally classified into three phases: chronic phase (CP), accelerated
phase (AP), and blast phase (BP). The most commonly used agents for CML therapy
nowadays are different generations of BCR-ABLI1 tyrosine kinase inhibitors (TKIs)
[53]. Non-TKI drugs (hydroxyurea, omacetaxine, interferon, hypomethylating
agents, and others) are less commonly used but may be considered in certain
circumstances. For example, hydroxyurea is used in symptomatic patients to reduce
white blood cell counts and shrink enlarged spleens. Omacetaxine may be
administered to patients with refractory CML or intolerance to TKI therapies. For
patients with CML-BP or those not responding to TKIs, treatment options are rather
limited, and the prognosis is generally poor. Although there is no complete
consensus, intensive chemotherapy or a less toxic regimen may be used as induction
therapy or as a conditioning regimen before allogeneic hematopoietic stem cell
transplantation (HSCT) for such patients [54-56]. IT chemotherapy is considered for
prophylaxis or treatment of CNS involvement.

Toxicities can be severe during induction chemotherapy, and treatment
modifications may be required. Using a time-sequenced regimen consisting of
a purine analog (fludarabine or cladribine) plus high-dose Ara-C and an
anthracycline (idarubicin or mitoxantrone), or a “7 + 3” regimen (standard-dose
Ara-C plus an anthracycline (idarubicin or daunorubicin)) as induction
chemotherapy (both plus a TKI) for patients with CML-BP myeloid phenotype,

a substantial number of patients experienced febrile neutropenia (100%) or at least
one grade = 3 non-hematologic toxicity (66.7%) [57]. A higher incidence of toxicity
was also observed when dasatinib and decitabine were used in combination in
patients with advanced CML, which led to temporary treatment interruption, dose
reduction, and discontinuation of therapy in 50%, 27%, and 10% of patients,
respectively [36]. Similarly, when using combination therapy with imatinib and low-
dose decitabine, more than a quarter of patients with CML-AP or myeloid CML-BP
had a reduced dose of decitabine in the second or later treatment cycle due to
prolonged myelosuppression [37]. In patients with lymphoid CML-BP who were
treated with Hyper-CVAD (cyclophosphamide, vincristine, doxorubicin,
dexamethasone, alternating with MTX and Ara-C) plus a TKI (imatinib or
dasatinib), high rates of grade 3-4 hematological toxicity (100%) and infections
(59%) were recorded, with 7% and 9% of patients discontinuing treatment,
respectively [38].

With regards to the conditioning regimen, there is wide variability in the dosing
of chemotherapy and the agents employed. In general, a higher-intensity regimen is
associated with more toxic effects and less relapse. Adopting a personalized
conditioning regimen to achieve an appropriate balance between efficacy and safety
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(specifically non-hematological toxicities) is critical for patients receiving HSCT
[58]. To reduce the toxicity of conditioning regimens, the introduction of reduced-
intensity conditioning, less toxic agents (e.g., replacement of busulfan with
treosulfan), or control of serum concentrations through therapeutic drug monitoring
(TDM) may be considered [59].

3. Toxicity-induced treatment modifications for commonly used
chemotherapeutic agents in leukemia

The treatment of many hematologic malignancies is grounded in a broad
spectrum of effective chemotherapeutic agents, such as asparaginase,
antimetabolites (e.g., MTX, Ara-C, thiopurines), anthracyclines, vinca alkaloids
(e.g., vincristine, vindesine, vinblastine), alkylating agents, and corticosteroids.
Table 3 outlines toxicity-induced treatment modifications for commonly used
chemotherapeutic agents in leukemia.

3.1 Asparaginase

Administration of multiple doses of asparaginase is an important component of
a multi-agent chemotherapeutic regimen for the treatment of ALL in pediatric and
young adult patients. Asparaginase has a distinctive toxicity profile, including
hypersensitivity, pancreatitis, thrombosis, hepatotoxicity, and encephalopathy [74].
Although the majority of asparaginase-related AEs are reversible, manageable, and
nonfatal [75], there are still some toxicities that require modifications of drug
therapy. According to the study by Duffy et al. [5], asparaginase-related toxicities
requiring intermittent dose omission or permanent discontinuation were observed in
approximately one-fifth of pediatric ALL patients. For mild-to-moderate laboratory
abnormalities (e.g., <Grade 2 transaminitis, hyperbilirubinemia, hyperglycemia,
hyperlipidemia) that are commonly observed in chemotherapy, asparaginase
therapy is usually not discontinued or delayed [75]. Certain high-grade asparaginase
toxicities, including hypertriglyceridemia, hyperglycemia, and thrombosis, can be
managed with symptomatic or supportive measures; in this situation, asparaginase
therapy may also be continued in subsequent cycles without dose reduction. For
instance, continuation of asparaginase therapy is recommended with the
concomitant use of low-molecular-weight-heparin anticoagulation therapy for
patients with thrombosis [60]; asparaginase can be continued if blood glucose
returns to the normal range when treated with insulin in severe hyperglycemia cases
[75]. For patients at high risk for hypertriglyceridemia, asparaginase treatment can
be continued with careful monitoring, and severe hypertriglyceridemia may resolve
with appropriate management (e.g., hydration, low-fat diet, and pharmacological
interventions) without requiring an interruption or modification in treatment [76].

The common asparaginase-related toxicities that may lead to dose modification or
schedule delay include clinical pancreatitis, high-grade hepatotoxicity,
hypersensitivity reactions, and serious thrombotic or hemorrhagic events. In a recent
study conducted by Ishida et al., asparaginase discontinuation was reported in 8.9%
(16/179) and 14.3% (19/133) of pediatric patients with T-ALL and T-lymphoblastic
lymphoma, respectively, and the most common reasons for discontinuation of
asparaginase were pancreatitis, thrombosis, and allergy [28]. Importantly, the effect
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Chemotherapy  Toxicity Potential treatment modification Reference
drug associated with toxicity
Asparaginase >Grade 3 hypersensitivity to aspara-  Discontinue and switch to Erwinia [60-62]
ginase or pegaspargase asparaginase
Clinical pancreatitis Permanently discontinue asparagi- [60-62]
nase use
Hepatotoxicity, thrombohemorrha- Treatment delay may be required in [60, 61,
gic complications subsequent chemotherapy 63]
High-dose MTX  Acute kidney injury, high-grade Withhold, reduce the dose, or delay [64]
myelosuppression, and severe subsequent chemotherapy
mucositis
Combined Moderate-to-severe hematological Withhold, reduce the dose, or delay [65]
6-MP/low-dose toxicities, infections, and non- subsequent chemotherapy
MTX therapy infectious toxicities (e.g., oral ulcers,
cholestatic jaundice)
Cytarabine High-dose: myelotoxicity, gastroin- In severe cases: withhold, reduce the [66]
testinal toxicity (e.g., oral mucositis,  drug dose, or delay subsequent
diarrhea, and intestinal injury), chemotherapy
infections, and neurotoxicity
Standard-dose: myelosuppression In severe cases: withhold, reduce the [66]
and gastrointestinal toxicity drug dose, or delay subsequent
chemotherapy
Low-dose: myelosuppression In severe cases: withhold, reduce the [66]
drug dose, or delay subsequent
chemotherapy
Thiopurines Myelosuppression, hepatotoxicity, In severe cases: withhold, reduce the [67]
gastrointestinal toxicity, and dose, or add allopurinol
hypoglycemia
Azacitidine Severe myelosuppression, high-grade  Interrupt treatment, reduce the dose [33]
gastrointestinal toxicity, and other or the treatment duration, or discon-
adverse reactions tinue the drug
Anthracyclines Myelosuppression, cardiotoxicity Reducing the dose, controlling the [68, 69]
and gastrointestinal toxicity infusion rate, using cardioprotective
agents (e.g., iron chelator dexrazox-
ane), or substituting them with novel
anthracycline analogues, liposomal
preparations, or even non-
anthracycline chemotherapeutic
drugs
Vinca alkaloids Neurotoxicity, gastrointestinal dis- In cases with severe toxicities: dis- [70]

tress, hepatotoxicity, hematological
abnormalities, and cardiovascular
toxicity

continuing or delaying chemother-
apy, adjusting the dose, using
alternative therapy (e.g., replace-
ment of vincristine with vindesine in
patients with Charcot-Marie-Tooth
disease), or substitution with specific
dosage forms (e.g., liposomal
vincristine)
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Chemotherapy  Toxicity Potential treatment modification Reference
drug associated with toxicity

Alkylating Severe hematologic adverse events, Treatment suspension or dose [71]
agents infections, gastrointestinal intoler- reduction

ance, urinary tract toxicity, and neu-
rologic adverse effects

Corticosteroids ~ Infections, psychological abnormal- ~ Dose reduction, treatment disconti- [72]
ities, and bone toxicities nuation, alternating daily schedules,
or substitution of steroids (e.g.,
replacement of dexamethasone with

prednisone)
Intrathecal Chemical arachnoiditis, spinal cord Reducing the intrathecal (IT) drug [95]
chemotherapy lesions, seizures, and encephalopathy  dose or prolonging the intervals

between IT chemotherapy cycles;
dose adjustment of the systemically
administered medications may also
be considered

Abbreviations: MTX, methotrexate; 6-MP, 6-mercaptopurine.

Table 3.
Toxicity-induced treatment modifications for commonly used chemotherapeutic agents in leukemia.

of asparaginase discontinuation on patient outcomes was evaluated in that study,
and their results showed that discontinuation compromised EFS in T-ALL patients,
which was in line with another study [5], but such an effect was not observed in
those with T-lymphoblastic lymphoma [28].

Asparaginase-induced pancreatitis can be severe and life-threatening if not
recognized and treated promptly. Usually, elevation in serum amylase and/or lipase
alone, without clinical symptoms or imaging signs (i.e., chemical pancreatitis), does
not necessitate asparaginase discontinuation [75]. However, for severe pancreatitis
(i.e., clinical pancreatitis or symptomatic pancreatitis), permanent discontinuation
is often required due to the high rate (approximately 50% or greater) of recurrence
after re-exposure in subsequent chemotherapy cycles [60].

Patients treated with asparaginase may experience hypersensitivity reactions
such as anaphylaxis, bronchospasm, angioedema, and urticaria, which often lead to
modifications in treatment [77]. In addition to premedicating patients with anti-
allergic agents such as antihistamines and corticosteroids before starting
asparaginase, switching to a different preparation may be considered to alleviate
clinical hypersensitivity reactions. There are three main formulations of
asparaginase used in clinical applications. The pegylated form of Escherichia coli
(E. coli)-derived asparaginase (pegaspargase) is a common choice of preparation due
to its prolonged retention time and potentially reduced immunogenicity relative to
native E. coli asparaginase. The asparaginase preparation derived from Erwinia
chrysanthemi (Erwinia asparaginase), with only limited cross-reactivity, may be used
as a substitute to reduce the subsequent risk of hypersensitivity reactions to native
E. coli asparaginase or pegaspargase [78].

Hepatotoxicity and thrombohemorrhagic complications are the other two
common AEs associated with asparaginase administration [79]. Both toxicities are
usually thought to be dose-related. For severe acute hepatotoxicity (e.g., high-grade
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transaminitis, hyperbilirubinemia, or liver steatosis) or high-grade thrombotic and
hemorrhagic complications, treatment delay may be required for subsequent
chemotherapy. Considering asparaginase is a critical component of contemporary
ALL regimens and unnecessary treatment modification may compromise the
regimen’s efficacy, dose reduction or discontinuation of asparaginase should be
performed with caution [60, 61, 63]. The choice of intervention depends on the
severity and resolution of toxicity, as well as the approach of the local protocol
followed by the clinician.

3.2 Methotrexate

MTX, given intravenously in high doses (defined as a dose >500 mg/m?), or orally
(e.g., 20 mg/mz) and intrathecally (e.g., 12 mg) in low doses, is an essential
component of the intensive or maintenance treatment phase for ALL and lymphoma.
MTX-associated toxicity carries the potential for treatment modifications, such as
subsequent chemotherapy delays and dose reductions.

Patients receiving high-dose MTX (HD-MTX) therapy can experience serious
toxicities such as acute kidney injury (AKI), high-grade myelosuppression,
hepatotoxicity, and gastrointestinal toxicity, even with appropriate supportive care
measures. MTX is eliminated primarily through the kidneys, so prolonged renal
dysfunction leads to delayed clearance of MTX, which can further worsen or
exacerbate its other toxicities. In patients with effusions, MTX is distributed in the
effusion and leaks out continuously, exposing normal tissues to cumulative toxic
amounts of the drug. Under these circumstances, aggressive management
approaches (e.g., adequate hydration, urinary alkalinization to a urine pH >7, high-
dose leucovorin rescue, timely glucarpidase administration, and/or hemodialysis)
might be indicated [64]. Besides causing interruption or delaying cancer treatment,
renal injury or MTX excretion delay can also lead to dose reduction or omission in
subsequent chemotherapy, but treatment outcomes may be adversely affected [64].
Almost all patients treated with HD-MTX have some degree of acute elevations in
serum transaminases or bilirubin, but these increments are usually transient, resolve
spontaneously within one to two weeks, and do not lead to chronic liver disease.
Therefore, it is unlikely that further intervention or dose adjustment in subsequent
courses of HD-MTX will be needed. Accordingly, most study protocols do not
recommend dose reduction or discontinuation in cases of high liver enzymes without
evidence of severe hepatic dysfunction. Evident myelosuppression and mucositis can
pose significant burdens for patients that may indicate the need for prompt
interventions to reduce toxicity. In severe cases, suspending MTX infusion or
delaying subsequent chemotherapy may be warranted, but these treatment
modifications are largely empirical.

The combination of daily oral (e.g., 50 to 75 mg/m?) 6-MP and weekly oral low-
dose (20 to 40 mg/m?) MTX, typically delivered for two to three years, is the mainstay
in the maintenance treatment phase of ALL [80]. Although dose intensities in this
phase are relatively lower, patients continue to experience a variety of side effects.
Toxicities associated with this treatment modality include hematological toxicities
(e.g., leukopenia, thrombocytopenia), hepatotoxicity, and mucositis [65]. During
maintenance therapy, suitably lower white blood cell levels (e.g., between 1.5 and 3.0
(or 3.5) x 10°/L) and/or absolute neutrophil count (e.g., 0.75 to 1.5 x 10°/L) have been
shown to be associated with a reduced risk of disease relapse [65, 80]. Accordingly,
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dose adjustments of 6-MP and MTX require individualization based on clinical status
and blood count parameters (in particular, absolute neutrophil count), endeavoring to
titrate and modify doses based on patients’ tolerance [65]. For moderate-to-severe
hematological toxicities, infections necessitating hospitalization, and clinically
significant non-hematological toxicities (e.g., oral ulcers, cholestatic jaundice), doses
of 6-MP and MTX may be reduced, or treatment may be delayed or withheld [65].

3.3 Thiopurines

The thiopurine antimetabolites 6-MP and 6-thioguanine (6-TG) have long been
used for the treatment of acute leukemias. They are often prescribed as
a component of regimens for the intensive and/or maintenance phase of treatment
in patients with ALL and AML [67, 81]. Thiopurines are generally well tolerated,
with myelotoxicity being the most common AE that potentially necessitates dose
adjustment depending on the degree of myelosuppression. Non-hematological
toxicities, such as hepatotoxicity, gastrointestinal toxicity (e.g., nausea, mucositis,
and abdominal pain), and hypoglycemia, have also been associated with thiopurine
treatment. Hepatotoxicity mainly manifests as mild elevations of serum
aminotransferases without signs of severe hepatic dysfunction. In severe cases of
such toxicities, discontinuation of therapy or dose reduction of the drugs may be
required to allow recovery. For patients intolerant to 6-MP due to high
6-methylmercaptopurine (6-MMP) levels, the addition of allopurinol may also be
considered [67, 82]. As the polymorphisms of the metabolizing enzymes (e.g.,
thiopurine methyltransferase (TPMT) and nudix hydrolase 15 (NUDT15)) and the
levels of metabolites are implicated in the occurrence of certain thiopurine
toxicities, genotype/phenotype status testing and TDM are often used to guide the
dosing of these drugs [83].

3.4 Cytarabine

Different schedules and dose-intensities of Ara-C are widely used as a component
of multi-agent chemotherapy regimens for the treatment of leukemias and
lymphomas [84]. For instance, intermediate to high-dose (e.g., 2 to 6 g/(m? day) for
several cycles) Ara-C is frequently used in consolidation and salvage programs or as
a remission induction component in relapsed or refractory acute leukemias, while
low to standard-dose schemes (e.g., <200 mg/(m” day) for consecutive days) are
often adopted as essential components of induction schemes for AML patients.

The toxicity profile of Ara-C is contingent on the schedule and dose of
administration [66]. When Ara-C is used at high doses, the potential side effects that
may limit dosage and duration include severe myelotoxicity, gastrointestinal toxicity
(e.g., oral mucositis, diarrhea, and intestinal injury), infections, and neurotoxicity
[31]. Other adverse effects, such as ocular toxicity, skin rash, and elevation of hepatic
enzymes, are also relatively frequent, but they usually do not lead to treatment
modifications since the majority of them are reversible or can be prevented by
prophylactic measures. With standard-dose regimens, the major serious toxicities of
Ara-C are myelosuppression and gastrointestinal toxicity. Low-dose Ara-C is
generally well tolerated, with the principal toxicity being myelosuppression. When
these severe toxicities occur, withholding, reducing the drug dose, or delaying
subsequent chemotherapy may be warranted.
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3.5 Anthracyclines

Anthracyclines (e.g., daunorubicin, doxorubicin, idarubicin, or mitoxantrone)
rank among the most effective and widely used anti-neoplastic agents in hematologic
malignancies. They are often included in the regimens for remission induction or
consolidation chemotherapy of ALL, AML, and APL. However, their clinical use is
limited by a variety of toxic effects. Typical toxicities that often limit the maximum
dose and the overall length of treatment include acute myelosuppression,
cardiotoxicity, and gastrointestinal toxicities (e.g., oral ulcers, diarrhea) [68, 69].
Other adverse effects of this class of agents are liver injury and kidney damage, the
majority of which are mild and reversible.

Despite the use of treatment measures such as hematopoietic colony-stimulating
factors (CSFs) or platelet transfusions, recovery of blood cells in patients with
myelosuppression can still take a longer time, potentially leading to delays in
subsequent chemotherapy courses and/or reductions in relative dose intensity [85].

The development of cardiotoxicity from antineoplastic therapy is associated with
certain important risk factors, such as higher cumulative dose, infusion schedule,
and preexisting cardiac disorder [86]. In clinical practice, anthracyclines are usually
not given in excess of the recommended maximum cumulative dose (e.g.,
doxorubicin 450 to 550 mg/mz, epirubicin 900 to 1,000 mg/mz) [69, 87]. In addition
to limiting drug doses, other approaches, such as controlling the infusion rate, using
cardioprotective agents (e.g., the iron chelator dexrazoxane), or substituting them
with novel anthracycline analogues, liposomal preparations, or even non-
anthracycline chemotherapeutic drugs (e.g., gemcitabine), may also serve as
adjustment strategies for subsequent chemotherapy, although the benefits of these
strategies are controversial in some settings [87, 88].

3.6 Vinca alkaloids

Vinca alkaloids (e.g., vincristine, vindesine, and vinblastine) are commonly used
as part of multidrug combination regimens for the treatment of hematologic
malignancies. However, vinca alkaloid therapies are associated with a variety of side
effects that can affect treatment adherence or impair clinical benefit.

Neurotoxicities, specifically peripheral and autonomic neuropathy, are among
the most common AEs associated with vinca alkaloid therapy. Higher doses of drugs,
the presence of preexisting neuropathy, hepatic and renal dysfunction, genetic
polymorphisms in drug-metabolizing enzymes (e.g., lower expression of CYP3A4
and CYP3A5), and the concomitant use of certain agents, such as azole antifungals,
have been shown to increase the risk of neurotoxicity [70]. For example, to reduce
the probability of developing acute neurotoxicity, a maximum single dose of 2 mg is
recommended for vincristine [89]. Additionally, potential neuroprotectants such as
glutamine, acetyl-L-carnitine, and vitamins B12 and B6 can also be applied to relieve
vinca alkaloid-induced neuropathy, although more convincing clinical evidence is
needed to confirm their effectiveness [89].

Apart from neurotoxicity, other acute toxicities, such as gastrointestinal distress,
hepatotoxicity, bone marrow suppression, and cardiovascular effects, may also
present during treatment with vinca alkaloid chemotherapeutic agents. In cases of
severe toxicity effects, discontinuing or delaying chemotherapy, adjusting the dose,
using alternative therapy (e.g., replacement of vincristine with vindesine in patients
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with Charcot-Marie-Tooth disease), or substitution with specific dosage forms (e.g.,
liposomal vincristine) may be considered to control the AEs.

3.7 Alkylating agents

Alkylating agents, in particular nitrogen mustards (e.g., cyclophosphamide,
ifosfamide, bendamustine, chlorambucil, and melphalan), are among the most
valuable cytotoxic drugs for the treatment of patients with hematologic
malignancies, including multiple myeloma, lymphomas, and certain leukemias [90].
For example, alkylating agents, usually in combination with other agents such as
corticosteroids, nucleoside analogues, or monoclonal antibodies (e.g., rituximab),
are an essential component of standard therapy in B-cell CLL (B-CLL) [91].
However, the use of alkylating agents is constrained by several severe side effects.
Acute toxicities that may warrant treatment modifications (e.g., treatment
suspension, dose reduction) of these compounds include severe hematologic AEs
(leukopenia or neutropenia, thrombocytopenia or anemia), infections,
gastrointestinal intolerance (nausea, vomiting, and diarrhea), urinary tract toxicity
(nephrotoxicity, hemorrhagic cystitis, dysuria, and hematuria), and neurologic
adverse effects [71]. For example, in advanced CLL patients treated with
bendamustine or chlorambucil, approximately one-third of patients required at least
one dose reduction, primarily due to neutropenia and thrombocytopenia [92].
Treatment suspension or discontinuation may also be considered according to
patient performance status and comorbidities, for instance, in the setting of severe
AEs, including hematological and non-hematological toxicities [93, 94].

In addition to antineoplastic drug modifications that are commonly used during
toxicity management, other preventive or treatment measures, such as the use of
prophylactic hyperuricemic and anti-infective therapy, and the concurrent
application of an acrolein metabolite-inactivating agent (e.g., mesna), granulocyte
CSFs (G-CSFs), erythropoietin, and antiemetics, may also be considered for patients
undergoing alkylator-based therapy.

3.8 Corticosteroids

In addition to being employed for anaphylaxis management and symptom
control/prophylaxis of cancer or chemotherapy-related complications, including
nausea and vomiting, cerebral edema, pain, and fatigue, corticosteroids are widely
used as a part of the anticancer treatment in various hematologic malignancies, such
as induction or maintenance therapy for acute leukemia. Common corticosteroids
used for the treatment of hematologic malignancies include hydrocortisone,
prednisone, dexamethasone, and methylprednisolone.

Numerous short- and long-term side effects may occur during corticosteroid
therapy, such as infection, hypertension, hyperglycemia, hyperlipidemia,
psychological abnormalities, and osteonecrosis [72]. The toxic effects of
glucocorticoids vary based on patient characteristics (e.g., performance status, organ
function), dose administered, treatment duration, and the specific combination
chemotherapy regimen used [95]. For mild-to-moderate adverse reactions (e.g.,
hypertension, hyperglycemia, hyperlipidemia), the symptoms usually return to
normal when treatment finishes. When severe AEs occur, clinical decisions are often
adjusted based on the clinician’s experience and local policies to be followed. Other
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than symptomatic treatment and supportive care, interventions to cope with these
complications may also include treatment modification approaches, such as dose
reduction, treatment cessation, alternating daily schedules, or substitution of
steroids in the treatment program (e.g., replacement of dexamethasone with
prednisone) [72]. In addition, prophylactic or concomitant treatment with
antimicrobials (e.g., antibiotics and antifungal drugs) might be indicated in patients
with high-risk or known infections undergoing corticosteroid therapy [96].

3.9 IT chemotherapy

The CNS is considered a unique sanctuary site for hematologic malignancies.
Apart from intensive systemic chemotherapy, repeated IT chemotherapy has been an
important approach for the prophylaxis and treatment of CNS involvement in
patients with ALL or aggressive lymphoma [73]. Different IT chemotherapy
regimens have been formulated, which may depend on the type of disease, patient
characteristics, and whether they are used for prophylaxis or treatment.
Traditionally, the drugs used for IT administration have been MTX, Ara-C, and
glucocorticoids (e.g., hydrocortisone, prednisolone, dexamethasone, and
methylprednisolone), often used in combination and administered based on age
rather than body weight or body surface area, called Triple IT therapy (TIT) [97].
Other medications used for IT administration in hematologic malignancies include
the controlled-release formulations of Ara-C (liposomal cytarabine), monoclonal
antibodies (e.g., rituximab), and thiotepa [97, 98].

Although IT chemotherapy is generally safe, toxicities associated with it have
also been observed, especially when administered in conjunction with other drugs
that can cross the blood-brain barrier. Among adult patients receiving IT
chemotherapy, at least one adverse reaction may occur after approximately one-
third of IT treatment doses [99]. The most common and potentially serious effects
of IT chemotherapy are headache, nausea, vomiting, and fever, which may be
associated with chemical arachnoiditis [97, 99]. More severe neurological
complications associated with IT administration have also been reported, such as
spinal cord lesions, encephalopathy, convulsions, and long-term neurocognitive
deficits [73, 97, 100].

Risk factors for the development of neurotoxicity related to IT treatment include
the use of high doses, more frequent administrations, and CNS involvement [99,
101]. Therefore, the management of neurotoxicity mainly relies on reducing the IT
drug dose or prolonging the intervals between IT chemotherapy cycles. In addition,
as IT treatment is usually used in combination with high-dose intravenous therapy
with good CNS penetration, dose adjustment of the systemically administered
medications may also be considered.

4. Discussion

Hematologic malignancies pose a serious threat to human health. Due to
constraints such as age, availability of suitable donors, socioeconomic status,
treatment facilities, and other infrastructures, the majority of patients with
hematologic malignancies still opt for non-transplant therapy. Multi-agent
combination chemotherapy is widely used for the treatment of many hematologic
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malignancies (e.g., ALL, AML, NHL, and HL). For symptomatic or progressive CLL
or CML, chemotherapy and alternative regimens, including molecular targeted
therapy and immunotherapeutic approaches, may be recommended as strategies to
improve survival.

Chemotherapy is a double-edged sword. While chemotherapeutic drugs are
effective at killing tumor cells, they also inevitably cause damage to healthy tissues.
Therefore, patients undergoing chemotherapy for hematologic malignancies often
experience a variety of toxicities, the occurrence of which may be associated with
multiple factors, including treatment regimens, timing of drug administration,
patient-related factors (e.g., clinical status, comorbidities, and genetic
polymorphisms affecting drug metabolism and clearance), as well as the quality of
supportive care measures. The development of toxicities not only increases mortality
rates but can also lead to dose reductions, treatment delays, premature
discontinuation of therapy, or even substitution or omission of specific
chemotherapy agents in subsequent treatment phases.

For the sake of safety, good patient performance status is usually required before
starting each course or cycle of treatment (e.g., no severe infection, absolute
neutrophil count 20.5 x 10°/L or platelet count =100 x 10°/L) [22]. Therefore,

a mandatory rest period (e.g., two to four weeks) between chemotherapy cycles or
treatment stages is necessary to allow normal tissues to recover from toxic events
[10, 18, 102]. However, for a specific individual, the timing of initiating the next
chemotherapy cycle depends on their overall health status and bone marrow
recovery. Due to challenges in predicting treatment-related toxicities in advance, in
most cases, when patients do not have serious complications before chemotherapy,
drugs are often initially given at conventional dosages or intervals without
modification.

Apart from conventional prognostic factors (e.g., adverse clinical and biological
features, lack of access to effective treatment approaches, and inadequate supportive
care), treatment-related morbidity events and consequent chemotherapy
modifications are additional concerns that may influence outcomes in hematologic
malignancies. However, potential biases may exist when evaluating treatment
modifications, such as the definitions of dose reduction, treatment delay, and
survival outcomes, which may contribute to the inconsistent findings regarding the
impact of such adjustments on clinical outcomes [19, 29, 41].

The discrepancy in the impact of delay on outcomes may reflect differences in
treatment intensity or drug exposure across studies. Most studies hold that treatment
delay during intensive phases would cause inferior survival outcomes, potentially
due to insufficient systemic exposure to therapeutic medications during the
prolonged overall therapy duration caused by treatment interruptions. This suggests
that, to maintain dose-intense chemotherapy, unnecessary treatment interruptions
should be avoided, and protocol adherence should be ensured when mild toxicities
occur. The seemingly paradoxical observation that children with longer treatment
interruptions due to toxicity during the maintenance phase of ALL had better
survival outcomes or fewer relapses [21, 29] implies that the intensity of
maintenance chemotherapy may not have been sufficient for certain pediatric
patients, possibly due to suboptimal chemotherapy exposure and reduced early
toxicity. On the contrary, in the study conducted by Mangum et al. [27], who
evaluated the impact of treatment delays on clinical outcomes, the authors found
that prolonged delays before maintenance therapy did not affect survival, but
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extreme toxicities necessitating major therapy modifications were associated with
significantly worse survival outcomes. However, it should be noted that most of the
aforementioned studies are single-institutional and retrospective, with a relatively
limited number of cases. Broader analyses involving larger patient cohorts and multi-
center studies would be highly beneficial.

It should be noted that treatment modifications, such as schedule delays, drug
substitutions, or dose omissions, can be caused not only by treatment-related
toxicities (e.g., infections or organ damage) but also by non-medical reasons, such as
financial difficulties, delayed insurance approval, lack of logistical support resources
(e.g., drug shortages, bed unavailability, limited laboratory capacity, unavailable
appointments), weekend admissions, and delays in the pre-chemotherapy phase
(e.g., visit delays, diagnosis delays, treatment initiation delays) [103, 104].
Therefore, an important consideration in investigating treatment modifications
during combination chemotherapy is identifying the drug causing toxicity and ruling
out noncompliance. However, many studies failed to make a strict distinction
between toxicity-induced delays and those caused by non-medical reasons when
investigating the association of delays and clinical outcomes [5, 20]. Suarez et al. [26]
pointed out that treatment delays, irrespective of their cause, are a major predictor of
treatment failure.

As treatment modifications may signal poor patient performance status or
intolerance to cytotoxic agents, and may also indicate suboptimal dose-intensive
therapy, accurate risk stratification is often required to predict disease outcomes and
guide treatment strategy selection. Individualizing chemotherapy regimens based on
genetic characteristics and environmental factors to optimize dose intensity may
help reduce the risk of severe complications and thus lower the likelihood of
treatment modifications.

This review has several limitations. First, due to significant heterogeneity across
studies in terms of treatment regimens, patient demographics, and outcome
definitions, a formal meta-analysis was not conducted. Consequently, it was not
possible to draw specific conclusions regarding the impact of treatment modification
on clinical outcomes. Second, many of the included studies were conducted at single
institutions and were retrospective in design, often with limited sample sizes.
Although these studies offer valuable insights, they are susceptible to confounding
factors and bias, which may limit the strength of the conclusions drawn. Third, the
rapid progress in the treatment of hematologic malignancies means that some of the
included studies may not reflect the most current clinical practices or technologies.
Finally, the literature search was conducted and limited to PubMed and Google
Scholar and restricted to the English language, which may have excluded relevant
studies from other databases and publications in non-English languages, potentially
introducing selection bias and limiting the reliability of the conclusions.

5. Conclusion

Although emerging treatment options such as targeted therapy, immunotherapy,
CAR-T therapy, and stem cell transplantation are available, conventional
combination chemotherapy remains crucial and widely used in leukemia
management, particularly for acute leukemia subtypes. However, treatment
modifications due to toxicities are common during chemotherapy. Considering the
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potential impact of treatment modification on clinical prognosis, further attention
should be paid to this issue to achieve an optimal balance between efficacy and
toxicity throughout the treatment course in the future.
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