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Preface

Leukemias are still a significant challenge in science and medicine. In recent years,
thanks to the introduction of new technologies, we have witnessed significant prog-
ress in the understanding of predisposing factors, main pathogenetic mechanisms and
the different biological abnormalities, which result in the development of leukemia.
This progress is important both for fundamental studies and for routine diagnosis,
prognostic stratification of patients, selection of optimal treatment and assess-

ment of the therapeutic response, as well as for the development of new therapeutic
approaches and agents.

As aresult of this knowledge, new classification approaches are being developed,
based on the newly recognized biomarkers, the prognostic stratification of patients
has gradually moved from a single factor-based approach to a multifactorial scor-

ing systems, which allows for the better personalization of the therapeutic strategy
according to the needs of the individual patient and its optimization during the course
of the disease, depending on the therapeutic response achieved.

Therefore, professionals are faced with the need to continuously update their knowl-
edge in a wide range of areas, ranging from fundamental molecular processes and
mechanisms to a thorough understanding of clinical features and modern approaches
to achieve maximum therapeutic results. This book does not have the ambition to
present comprehensively the problems of leukemias, but it is an attempt to acquaint
the audience of medical specialists and researchers in the field of hematology with
some modern advances and concepts in the three main directions: biology, clinical
presentation and treatment.

The biological aspects of the origin, development and therapy resistance of leukemias
are within the scope of the first section. An increasing body of evidence indicates

that the initiation of malignancies is a complex process involving genetic predisposi-
tion as well as diverse environmental factors. In the first chapter, Entesar Tebein

and Abozer Y. Elderdery present an interesting intersection within this concept

by a comprehensive review of current knowledge on the role of polymorphisms in
xenobiotic-metabolizing enzymes (XMEs), which physiologically are one of the first
lines of protection against environmental toxins. The majority of genes encoding
XMEs are polymorphic, and some of these polymorphic variants result into an altered
enzyme activity, thus contributing to the susceptibility to the development of dif-
ferent hematological diseases, including chronic and acute leukemias. In response to
different extra-cellular signals and activation of the respective signaling pathways
specific transcriptional factors determine the pattern of the gene expression profile of
hematopoietic cells. Epigenetic dysregulation or gene mutations may cause aberrant
gene expression with a role in further leukemia development and progression. Recent
gene expression studies have led to the discovery of a promising group of differ-

ent leukemic biomarkers that have the potential to influence the leukemia clinical
course and to predict the disease severity. An example is the BAALC (brain and acute



leukemia and cytoplasmic) gene overexpression, which is extensively explored in the
second chapter by Emil Alexov et al. on the basis of a comprehensive summary of data
about the gene functions and interactions, frequency of overexpression and relevance
as a predictive marker in myeloid neoplasms. Knowledge and understanding of the
molecular basis of primary or acquired leukemic cell resistance to treatment is the
other critical issue leading to therapeutic failure, inferior prognosis, and reduced
survival. In the third chapter Yanitza Davidkova et al. review important recent studies
on various aspects of drug resistance in acute myeloid leukemia, including the role of
aberrant expression of cell transporter proteins, abnormalities in drug-metabolizing
or other regulating enzymes, structural and/or functional changes in genes and
epigenetic modifiers, dysregulation of intracellular signaling pathways, tumor micro-
environment, and others.

Specific aspects of clinical presentation are within the scope of the second section.
Biswajit Bhuyan et al. demonstrate in the first chapter of this section the successful
translation of accumulating knowledge on the underlying mechanisms and clini-

cal features of a disease, namely chronic myeloid leukemia (CML), in refining the
diagnosis and achieving one of the most significant successes ever achieved in the
treatment of malignant disease. But even with a disease as well-known as CML, as
well as with other leukemias, the clinical presentation can include rare, unexpected,
not well-known or underestimated complications that have a profound effect on the
patient’s health and life. In this regard, the second chapter in this section authored by
Vivian W.K. Hui and Simon K.H. Szeto is of particular interest as it addresses a real
interdisciplinary problem and summarizes the pathogenesis, clinical presentation,
specific ophthalmological and imaging findings, as well as the management of leu-
kemic retinopathy. Ocular manifestations, affecting up to 50% of leukemia patients,
correlate with unfavorable clinical outcomes and require the competent intervention
of both hematologists and ophthalmologists.

Recent advances and current standards in the therapy of acute leukemias are within
the scope of the third section. The complex landscape of genetic and molecular
abnormalities makes the treatment of acute myeloid leukemias (AML) a difficult
prospect. In addition, the frailties and comorbidities frequently present in elderly
patients make their management a particularly difficult therapeutic challenge. In
the first chapter of this section Gupta Gopila et al. review in an orderly manner how
to assess patients with elderly AML and the treatment options available for them in
order to overcome the devastating impact of the disease on survival in this age group.
Acute lymphoblastic leukemia (ALL) in children is at the opposite pole as modern
chemotherapy protocols provide a cure for up to 90% of pediatric patients. However,
a portion of children harbor high-risk features, do not respond to upfront therapy,
or suffer relapse needing more intensive therapy, which may include hematopoietic
stem cell transplantation (HSCT). But given both acute and long-term complica-
tions as well as emerging alternatives of novel immunotherapies and better treat-
ment response assessment methods, the transplantation landscape has significantly
changed. In the second chapter of this section, Natalia Subbotina et al. provide a
comprehensive critical review of the problem as well as their own experience, con-
cluding for careful selection of patients and appropriate regimens. Reasonable hopes
for further improvement of therapeutic results are also placed on new sophisticated
approaches such as the discovery of new possible targets, new CAR-T cell products,
correction of mutations in genes encoding transcription factors, etc. The last chapter
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of the book takes us in this direction. Edgardo Becerra et al. present the potential role
of novel genome editing technology such as CRISPR-Cas9 to offer better therapeutic
results beyond the reach of previous therapiesin ALL.

Each chapter of this book is a separate publication that reflects each author’s views
and concepts. However, in total the book presents an update and introduces novel
insights into our current understanding of the biology, clinical presentation, and
therapeutic strategies in patients with leukemias.

Margarita Guenova, MD, Ph.D. and Gueorgui Balatzenko, MD, Ph.D.
Professor,

National Specialised Hospital for Active Treatment of Haematological Diseases,
Sofia, Bulgaria
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Chapter1

Genetic Polymorphisms of
Xenobiotics-Metabolizing Enzymes
Contributing to Leukemia

Entesar Tebein and Abozer Y. Elderdery

Abstract

Polymorphisms in xenobiotic-metabolizing enzymes have been linked to an
increased risk of developing leukemia (XMEs). XMEs are found in all higher organ-
isms and are one of the first lines of defense against environmental chemicals.
Toxins, including therapeutic agents, are completely metabolized and eliminated
from the body by an enzyme system that is encoded by specific genes. The majority
of these genes are polymorphic, and some of the polymorphic forms have altered
enzyme activity. Phase I XMEs, such as cytochrome P450s (CYPs), and phase
II biotransformation enzymes, such as glutathione S-transferases (GST), UDP-
glucuronosyltransferases (UGT), and N-acetyltransferases (NAT), are the most
important. The majority of genetic variation discovered during clinical testing is
due to single-nucleotide polymorphisms (SNPs). The purpose of this chapter is to
highlight information about of some genetic polymorphisms of XMEs, contributing
to AML, ALL, CML, and ALL. Several keywords were used to search the databases
PubMed, Google Scholar, and Web of Science. Currently, numerous manuscripts
suggested that genetic polymorphisms of XMEs were associated with ALL, CLL AML,
and CML susceptibility.

Keywords: polymorphism, xenobiotic, SNPs, ROS

1. Introduction

Leukemia is a blood cancer that affects the hematopoietic system. Due to a variety
of complicated features [1], it has a depraved prognosis. Leukemias are classified pri-
marily by the type of white blood cells affected as myeloid or lymphoid, and as acute
or chronic, based on the percentage of blasts or leukemia cells in bone marrow or
blood [2]. There are four main types: leukemia, namely acute lymphocytic leukemia
(ALL), chronic lymphocytic leukemia (CLL), acute myeloid leukemia (AML), and
chronic myeloid leukemia (CML) [3]. Despite the fact that leukemogenesis research
has been going on for a long time, the mechanisms underlying the development of
this hematologic malignancy are still unknown [1]. Leukemia is known to be caused
by a number of risk factors, including genetic variables such as constitutional genetic
variation in components of DNA damage response pathways, which have become the
focus of research [4, 5].
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Variants that are more common than mutations in the genome, such as short tan-
dem repeats (STR), variable number tandem repeats (VNTR), and (SNPs), began to
be identified more rapidly with the completion of the human genome project and the
development of new technologies [6]. This strongly shows that SNPs could be utilized
as an useful biomarker for assessing an individual's genetic background for cancer
prognosis, and it points to an exciting new area of cancer research [7].

The interaction between environmental contact and genetic factors has been
hypothesized as expected cause of various types of cancers [8]. Functional polymor-
phisms in the genes encoding detoxification enzymes cause inter-individual differences,
which contribute to leukemia predisposition [9].

XME:s are found in all eukaryotes, which act as first line against environmental
chemicals, toxic materials, and biotransformation of drugs present in the cells. The
most important XMEs are classified into phase I such as cytochrome P450s (CYPs),
and phase II biotransformation enzymes, glutathione S-transferases (GST), UDP-
glucuronosyltransferases (UGT), and N-acetyltransferases (NAT) [10].

In recent years, an increasing number of studies have indicated that cancer
beginning is a complex process involving genetic predisposition as well as diverse
environmental variables [11-13]. As a result, identifying genetic risk factors that
contribute to the large burden of disease in the general population is necessary for the
development of wide cancer preventive therapy techniques [7]. Therefore, variations
in GSTM1, GSTT1, methylenetetrahydrofolate reductase (MTHFR) C677T, and
XRCC1 Arg399GIn have been linked to an increased risk of leukemia [14]. The aim of
this chapter is to highlight on information of some genetic polymorphisms of XMEs
contributing to AML, ALL, CML, and ALL.

2. Xenobiotic

The word xenobiotic is derived from Greek word Xeno meaning strange and biotic
meaning life; thus, xenobiotic defined as foreign compound initiating from medicine,
food, pesticides, or environment is actively transported and metabolized by the renal
proximal tubular cells [15]. Toxicity in biological systems caused by xenobiotic is variable,
so that the xenobiotics that arrive in living cells are eliminated through the XMEs [16,
17]. Xenobiotic metabolism and biotransformation occur in phases, namely phase
1,11, and 111 reactions [18]. Hydrophobic molecules are converted into more polar,
hydrophilic metabolites during phase I reactions (cytochrome P450), which are more
easily excreted by the excretory system via oxidation, reduction, or hydrolysis. Various
transferases are involved in phase II biotransformation reactions (also known as the
conjugation phase); the most common form of exogenous compound conjugation
is the reaction of glucuronide formation catalyzed by UDP-glucuronyl transferases.
Conjugates are also more polar and soluble in water than parent substances, so they are
excreted from the body more easily. In phase III, these transformations allow for the
transport and excretion of xenobiotic metabolites. It is divided into superfamilies: SLC
transporters and ATP-binding cassette (ABC) transporters (Figure 1) [17, 19, 20].

2.1 Metabolism of xenobiotic

The body eliminates xenobiotics through xenobiotic metabolism. This consists of
xenobiotic deactivation and excretion, which occur primarily in the liver. Urine, feces,
breath, and sweat are the four excretory routes. Hepatic enzymes are responsible for
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Figure 1.
A schematic representation of the pathways of biotransformation enzymes (phases 1, 11, and 111).

Conjugate

xenobiotic metabolism, which involves first activating, then oxidizing (via cyto-
chrome P450 monoxygenases, flavin-containing monoxygenases, or alcohol/aldehyde
dehydrogenases), reduction (via cytochrome P450 reductases), hydrolysis and/or
hydration (via esterases and epoxide hydrolases), and finally conjugating the active
secondary metabolite with glucuronic acid, sulfuric acid, or glutathione, and finally
by excretion in bile or urine [21].

Biotransformation comes with the generation of reactive oxygen species (ROS)
through a multitude of reactions both directly by releasing ROS as part of the respec-
tive reaction and indirectly as a consequence of the products generated by transfor-
mation of the xenobiotic [17].

The transition from the biotransformation of drugs, xenobiotics, and environ-
mental pollutants causes an increase in free radical production in the body, resulting
in lipid peroxidation, oxidative stress, and oxidative damage. Free radicals interact
with various macromolecules such as nucleic acids, proteins, and lipids, altering
critical intracellular signaling pathways that are responsible for cellular homeostasis
maintenance [22].

Free radicals disrupt cellular equilibrium and cause mitogenesis, mutagenesis,
genotoxicity, and cytotoxicity, either directly or indirectly through the mediation of
oxidative and inflammatory signals. The role of free-radical-mediated damage in the
pathophysiology of various diseases such as diabetes, hypertension, atherosclerosis,
infertility, and cancer [23].

2.2 Genetic variation in xenobiotic metabolism and leukemia risk

Toxins, including therapeutic agents, are completely metabolized and eliminated
from the body by a system of enzymes encoded by specific genes. The majority
of these genes are polymorphic, with some polymorphic forms exhibiting altered
enzyme activity. Enzymes involved in phase I (bio-activation) and phase II (detoxi-
fication) metabolism maintain a critical balance of activation and inactivation of a
wide range of chemical exposures that cause ALL, AML, CML, and CLL [12, 24-29].

3. Phase 1 genetic polymorphisms most frequently associated with AML,
ALL, CLL, and CML

Cytochrome P450 (CYP450), a phase I biotransformation enzyme, is responsible
for the metabolism of both endogenous and exogenous compounds and has the
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ability to convert xenobiotics or procarcinogens into DNA reactive metabolites [30].
The human genome contains 57 putatively functional, protein-coding cytochrome
P450 (CYP) genes, which have been classified into 18 families and 44 subfamilies
based on sequence homology. Over a dozen CYP isozymes from families 1, 2, 3, and

4 are primarily responsible for drug and xenobiotic metabolism [31]. The major-

ity of these polymorphisms, such as T6235C of CYP1A1 (CYP1A1*2A), C-1019T of
CYP2E1 (CYP2E1*5B), and A290G of CYP3A4 (CYP3A4*1B), are thought to increase
enzymatic activity. They have been linked to the bioactivation of several chemical
carcinogens as well as the conversion of polyaromatic hydrocarbons in tobacco smoke
into intermediate reactive metabolites, some of which can cause DNA damage [32].
The CYP1 family's expression increases in lymphoblastic and myeloblastic cell lines
and plays a role in environmental factor detoxification. As a result, CYP1A1 enzymes
may be involved in the development of cancer in hematopoietic cells. Indeed, there is
evidence that an increased frequency of the CYP1A1 Val/Val genotype in ALL patients
is a risk factor for developing ALL [33].

AML is a group of diseases characterized by clonal expansion of immature myeloid
blasts, resulting in hematopoietic failure [34]. Through the inactivation of enzymatic
activity, certain SNPs at the CYP genetic loci (CYP2D6, CYP1A1, CYP3AS5, and
CYP2E1) may be considered risk factors for many types of cancer and hematological
malignancies, such as AML, ALL, and myelodysplastic syndromes (MDS) [35].

A number of studies have been undertaken to determine the role of CYP450 poly-
morphisms in the development of AML leukemia; however, these yielded conflicting
findings. Increased susceptibility to AML has been described by Botros et al., who
state that A CYP2B6 gene mutation increases the risk of developing AML by threefold
(odds ratio [OR], 3.0; 95% confidence interval [CI], 1.3-6.9), whereas a CYP3A4 gene
mutation increases the risk by approximately fourfold (OR, 3.8; 95% CI, 1.4-10.1)
[35]. According to the dominant model, the T3801C polymorphism in CYP1A1 is
associated with an increased risk of AML in Asians [14, 36]. According to Gassoum et
al., genetic polymorphisms in CYP1A1 heterozygous AG show no significant associa-
tion with AML, whereas homozygous GG shows a protective effect. CYP2D6 shows
no association with AML risk in both heterozygous intermediate metabolizer (IM)
and mutant homozygous poor metabolizer (PM) [37].

ALL accounts for about 10% of leukemias in the United States. About 6000 new
cases of ALL are diagnosed each year, and ALL accounts for approximately 74% of
the leukemia cases among children [38]. Polymorphisms in xenobiotics are thought to
influence susceptibility to childhood ALL [39].

Swinney et al. investigated the link between CYP1A1 and ALL susceptibility in
three ethnic groups, namely Caucasian, Hispanic, and African-American children.
Overall, CYP1A1*2C and *2B homozygous variant alleles have been linked to an
increased risk of ALL [40]. Vijayakrishna and Houlston conclude in a meta-analysis
that there is a significant association between CYP1A1*2A and childhood ALL [41].
Pakakasma et al., on the other hand, found no significant difference in the distribu-
tion of CYP3A4(A290G) polymorphism between case and control [42]. This disparity
may be explained by differences in acute leukemia risk factors between children and
adults [35].

CML is one of several diseases known collectively as a myeloproliferative disorder
of pluripotent hemopoietic stem cells (HSCs). In this case, chromosomal transloca-
tion results in an oncogenic BCR-ABL gene fusion that increases tyrosine kinase (TK)
activity. Kinases that are abnormally activated disrupt downstream signaling path-
ways, resulting in abnormal cell proliferation, differentiation, and resistance to cell
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death [43]. Joshi et al. reported the CYP2C19 gene polymorphisms in susceptibility to
CML. Taspiner et al. suggested that polymorphic CYP1A1 and GSTT1 genes appear to
affect susceptibility to CML [33].

One of the most common types of leukemia is CLL. It most commonly affects
elderly patients and has a highly variable clinical course. Specific genomic changes
that disrupt the regulation of proliferation and apoptosis in clonal B-cells initiate
leukemic transformation [44]. Only one study found that Cytochrome P450 Allele
CYP3A7*1C rs45446698 was associated with CLL mortality [45].

4. Phase 11 genetic polymorphisms most frequently associated with AML,
ALL, CLL, and CML

Among the XMEs, the NAT and GST enzymes, both of which are phase II
enzymes, are of particular interest to hematologists because they metabolize a variety
of products, including chemotherapeutic and carcinogenic agents, and they serve as
targets for antitumor drug therapies [46].

Phase II enzymes catalyze the conjugation of glutathione or glucuronide with
reactive electrophiles and thus detoxify procarcinogens and carcinogens. GST group
is widely expressed in mammalian tissues and has broad substrate specificity. GSTs
are polymorphic genes and involved in the metabolism of a wide range of xenobiotics,
including environmental carcinogens, chemotherapeutic agents, and reactive species.
The frequencies of GSTs polymorphic alleles especially GSTT1 and GSTM1 have been
reported in various cancers [33]. Previous study by Mortazavi et al. identified that
GSTT1 null genotype can increase the risk of AML, particularly when combined with
CYP1A1*2A allele. GSTM1 null genotype can also play a protective role and reduce the
risk of AML [25]. A study conducted by Lemas et al. stated that the GSTM1 analysis
failed to reveal any association with the CLL [47].

Regarding the theoretical correlation between NAT2 SNPs and cancer, a variety
of reports have been published to date [12, 48-50]. Among these, the data described
by Zou et al. reported that NAT2 gene polymorphism rs1799931 was associated with
decreased risk of AML and was likely to be a protective factor against AML develop-
ment [12]. Contradictory to this findings, a study by Abdel Ghafar et al. showed that
NAT?2 gene rs1799931 (G857A) is associated with increased susceptibility to AML in
the Egyptian population [51]. A meta-analysis by Jiang et al. investigated the relation-
ship between NAT?2 polymorphisms and onset risk of acute leukemia and reported
there is no significant difference found between the fast-acetylator incidence of NAT2
haplotype and the onset risk of acute lymphoblastic leukemia (ALL, OR = 0.70, 95%
CI = 0.45-1.08) or AML, OR = 0.79, 95% CI = 0.46-1.47) [52]. No significant differ-
ence was found in NAT? fast and slow acetylator frequencies between CML patients
and controls [47], while Tebien et al. revealed the protective effect of NAT2A 803G
and G857A against CML [43].

5. Detection of genetic polymorphisms in leukemia

Clinical genetic testing is being used more frequently in the treatment of cancer
patients. By providing information on future illness risk, diagnosis confirmation,
and more recently, therapy choice, and prognosis, these tests aid in a range of clinical
decisions. SNPs account for the majority of genetic variation found during clinical
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testing [53]. DNA extraction is the first step in any SNP detection test [54]. Methods
of genotyping commonly used were gel-electrophoresis-based genotyping methods
include polymerase chain reaction (PCR) coupled with restriction fragment length
polymorphism analysis [55], multiplex PCR [56], as well as allele-specific amplifica-
tion fluorescent dye-based high-throughput genotyping procedures such as oligo-
nucleotide ligation assay [57], next-generation sequencing (NGS) [58], and TagMan
allelic discrimination [59].

6. Conclusion

XME:s are found in all eukaryotes and serve as a first line of defense against envi-
ronmental chemicals, toxic materials, and drug biotransformation in cells. The most
important XMEs are classified as phasel, phasell, and phasel11 biotransformation
enzymes. The interaction of environmental and genetic factors has been proposed
as a possible cause of various types of cancer. Functional polymorphisms in genes
encoding detoxification enzymes cause inter-individual differences that contribute
to leukemia susceptibility. Enzymes involved in phase I (CYP enzymes) and phase
IT (N-acetyltransferases (NAT) and glutathione S-transferases) metabolism regulate
the activation and inactivation of a wide range of chemical exposures that cause ALL,
AML, CML, and CLL. Several studies have been conducted to determine the role
of xenobiotics genetic polymorphisms in the development of AML, ALL, CLL, and
CML, with the majority of them yielding significant results.
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Abstract

One of the unanswered questions in hematology is the question concerning
disorders in the regulation of gene expression in different subtypes of acute myeloid
leukemia (AML), leading to changes in the functional activity of certain genes and
acting as a component of a series of events in the leukemogenesis. One example of
such a gene is BAALC gene (brain and acute leukemia and cytoplasmic), localized
in chromosome 8, which plays a role in the regulation of myeloid progenitors’ differ-
entiation. This role is associated with several other oncogenes, such as HoxA9, ERK,
and RUNXI. Gene interactions determine normal proliferation and differentiation
of cells, and any disturbances could lead to leukemic development. What is the role
of BAALC in normal/impaired balance? What are the connections of BAALC with
the mutations established in AML: FLT3, NPM1, etc.? What are the correlations of
its overexpression with clinical and laboratory findings in AML patients? What are
the changes in the expression of BAALC, after successful therapy of AML and after
therapy failure? Can we use it as a predictive marker in AML patients? This chapter
summarizes available data about functions of BAALC gene, the frequency of overex-
pression, and its importance as a predictive marker in the development of AML.

Keywords: BAALC, AML, gene overexpression, oncogenes, myeloid proliferation,
AML prognosis, drug resistance

1. Introduction

Detailed sequencing of the genome among 200 AML patients, done in the program
“the cancer genome atlas (TCGA),” revealed AML as a heterogenic disease with a total
of 2585 gene mutations. The authors report 2315 somatic single-nucleotide variants
and 270 small insertions and deletions in the genome of AML patients, with an average
of 13 mutations per sample [1]. TCGA identifies “at least one potential driver mutation
per sample” and confirms the complexity of gene interactions in AML pathogenesis.
Some of these mutations could be observed also in myelodysplastic syndromes (MDS)
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or in myeloproliferative disorders (MPN), even in healthy individuals, with age-
dependent clonal hematopoiesis, increasing the risk for the development of AML [2].
This heterogeneity shows why AML remains one of the serious problems in front of
hematology in the twenty-first century, despite the huge advances in the last years.
The unclear etiopathogenesis, and the blurred boundaries between the different
groups of myeloid diseases, connected with AML, still keep open many questions that
continue to challenge researchers. Against the background of large-scale studies on
avariety of gene mutations in recent years, some issues are still less clear, such as the
abnormalities in the regulation of gene expression in various subtypes of AML, leading
to functional impairment of some genes and respectively overexpression or lack of
expression, resulting in overproduction/absence of normal proteins of key importance
for cell biology. One of these questions was raised with the discovery of BAALC (brain
and acute leukemia, cytoplasmic) gene in 2001 by Prof. S. Tanner’s team at Ohio State
University. Increased BAALC expression was initially identified in a study of patients
with AML and trisomy 8 and was later found in other types of AML as well as in acute
lymphoblastic leukemia (ALL) [3, 4].

2. Genetics

BAALC gene is located on the long arm of chromosome 8 at position 22.3 (8q22.3)
[5]. It contains 8 exons and extends to 89,613 bases of genomic DNA. The BAALC gene
has eight different transcriptional forms, resulting in six different protein isoforms
[6, 7]. The transcriptional proteins encoded by the corresponding exons consist of 54
to 180 amino acids [5, 8]. The BAALC gene is expressed in mammals but is not found
in lower-level organisms, such as insects and fungi [2]. The high levels of expression
in mammals, as well as the lack of an orthologous gene in lower vertebrates, suggest a
specific role of the BAALC gene in the mammalian CNS [2]. The BAALC gene and the
protein encoded by it have high expression in neural tissues, such as the brain and spinal
cord, and significantly lower expression in other neuroectodermal tissues, such as the
adrenal glands [2, 8]. In neuroectodermal tissue, the highest expression of BAALC is
found in the frontal cortex of the brain and particularly in the hippocampus and neocor-
tex [3]. Its expression has been found also in bone marrow in CD34-positive white blood
cell progenitors [2]. Interestingly, the transcriptional isoforms of BAALC in neurons are
localized to postsynaptic lipid rafts. The protein encoded by BAALC gene is found also in
muscle cells (myocardial and skeletal) and localizes attached to the inner side of the cell
membrane but polarized only to one end of the cell [8]. The BAALC-encoded protein is
not expressed in peripheral blood leukocytes, lymph nodes, or non-neural tissue [2, 5].
The expression of BAALC by CD34-positive progenitors and neuroectodermal cells sug-
gests that BAALC performs certain functions in these tissues [2, 6, 9].

A practical aspect of investigations on BAALC overexpression is the question of
what to use for the analysis—bone marrow (BM) or peripheral blood (PB)? This ques-
tion was addressed in different studies and a strong correlation of BAALC expression
levels in both specimens has been reported and confirmed [10-12].

3. Functions

The BAALC gene was originally found in the neuroectodermal tissue [2]. The
mechanism and the function of the protein encoded by BAALC, are still not clearly
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defined, but the current understanding is that the changes in BAALC gene expres-
sion are connected with a stop in cell differentiation, caused by changes in shape,
motility, or adhesion of myeloid precursors [9]. The role of the BAALC gene in the
development of leukemia has been studied in immature leukemia cells by eliminating
gene function by RNA in a human leukemia cell line [13]. The elimination of overex-
pression of the BAALC gene results in a decrease in uncontrolled cell growth and an
increase in programmed cell death [9, 14]. Evidence suggests that the BAALC protein
is an intracellular protein that plays roles in the cytoskeletal network, including regu-
lation of the actin cytoskeleton, associated with a role in the postsynaptic “lipid raft”
[2, 3]. The BAALC protein isoforms were found to interact with Ca2+/calmodulin-
dependent protein kinase II (CaMKII). CaMKII is a protein kinase whose activation
is dependent on Ca2+/calmodulin complex. It is involved in many signaling cascades
and is required for Ca2+ homeostasis. CAMKII is thought to be an important media-
tor in brain tissue in memory and learning [14], as well as in the differentiation and
activation of the CD8 T-cell population [15]. BAALC interacts with the CAMKII alpha
subunit but not with the CAMKII beta subunit [3]. The interaction with the CAMKII
alpha subunit takes place in the regulatory region of the CAMKII alpha protein. The
BAALC 1-6-8 isoform targets the postsynaptic “lipid raft”, suggesting that it has func-
tions involved in signal transduction, transmembrane traffic, and actin cytoskeleton
regulation [3]. BAALC may play a role in the regulation of the CAMKII protein by
interacting with the alpha subunit [3].

According to Baldus et al. [16], BAALC expression is restricted to progenitor cells,
and downregulation of BAALC occurs with cell differentiation. Authors conclude that
BAALC is represented in an early progenitor cell common to the myeloid, lymphoid,
and erythroid pathways. Heuser et al. also suggested that the function of BAALC in
the hematopoietic system is to block the differentiation of the myeloid lineage and
requires a secondary mutation that favors the proliferation of this clone to induce
leukemia [6]. The study by Heuser et al. found that despite the constant activation of
the BAALC gene, hematopoietic stem cell proliferation did not start, it blocks myeloid
differentiation and thus starts leukemogenesis, when combined with a self-renewing
oncogene promoter (e.g., HoxA9) [6]. The data of Heuser et al. provide a molecular
basis for the role of BAALC in regulating the proliferation and differentiation of
AML cells and demonstrate the possibility of targeting BAALC in AML patients
with high BAALC expression. Morita et al. found, that BAALC-induced leukemic
cell cycle progression by sustained activation of extracellular signal-regulated
kinase (ERK) interacting with the cellular skeletal protein MEK kinase-1 (MEKK1)
inhibiting the interaction between ERK and MAP kinase phosphatase 3 (MKP)/
DUSP6). BAALC induces chemoresistance in AML cells through enhanced regulation
(upregulation) of ATP-binding cassette proteins by ERK—a dependent way that can
be therapeutically affected by a target MEK inhibitor. The authors also demonstrated
that BAALC blocks ERK-mediated monocyte differentiation of AML cells by block-
ing Kriippel-like factor 4 (KLF4) in the cytoplasm and inhibiting its function in the
nucleus. Therefore, MEK inhibition will synergize with the induction of KLF4, and
high efficacy is expected against AML cells with high BAALC expression [9]. By
sequencing the BAALC genomic region, Eisfeld et al. identified six informative single
nucleotide polymorphisms and they tested them for possible association with BAALC
overexpression. They showed that BAALC overexpression occurs in the presence of
aT-allele that creates a binding site for RUNX1 activating transcription factor in the
BAALC promoter region. The association of high BAALC expression with the T-allele
and its correlation with RUNX1 expression status have been demonstrated in patients
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with cytogenetically normal (CN) AML from different populations. BAALC is very
likely to act as one of the components of a complex high-risk series of changes in
leukemogenesis [17]. There is evidence of a regulatory relationship between BAALC
expression by FLI1 and c-MYC genes encoding transcription factors leading to cell
proliferation [18].

The other fact concerning BAALC functions is described by Maki et al. [19], who
identified that BAALC is connected with drebrin, in a protein complex. Drebrin—an
actin-binding cytoplasmic protein located in the cell membrane is encoded from DBN1
gene, located on chromosome 5. DBNT1 is identified in neural cells [20] and is also
expressed in HSCs, which suggests that DBN1 plays a role in cell skeleton dynamics in
hematopoietic cells, as well as in neuronal cells [21]. By remodeling the actin filament,
drebrin transforms the cell membrane spine during cell-cell interactions, improving
cell adhesion and mobility [22]. BAALC physically interacts with DBN1 and partici-
pates in cellular adhesive functions, which may induce drug resistance. The localiza-
tion of BAALC-DBN1 complex in the cytoplasm is to the inner cellular membrane,
and inhibition of DBN1 gene activity results in decreased adhesive capacity and better
sensitivity to chemotherapy agents of leukemic cells. Taken together, these find-
ings prompted us to hypothesize that BAALC plays a role as a molecular transporter
between cytoplasm and cellular membrane, recruiting DBN1 to the cell membrane
to activate cellular adhesion to the bone marrow niche. Considering that BAALC is
exclusively expressed in the stem cell compartment in the hematopoietic system,
BAALC-DBN1 interaction may be important, especially in the immature fraction [19].

4. Frequency of BAALC overexpression in myeloid neoplasms

The reported frequency of BAALC overexpression in AML patients varies accord-
ing to different reports and authors, and one of the reasons for this fact is that there
are still no defined cutoff ranges on high/low BAALC expression.

In a study, Taner et al. tested samples from BM or PB taken from 130 diverse AML.
They found that 28% of all AML patients are BAALC-positive [4].

Damiani et al. evaluated the effect of BAALC overexpression on the outcome of
175 adult AML patients with different cytogenetic risks. BAALC was overexpressed in
87/175 (50%) patients, without association with cytogenetic status [23].

Amirpour et al. assessed 47 cases with normal cytogenetic AML and found BAALC
gene up-regulation in 47% of the cases and down-regulation in 53% of patients [24].

A similar prevalence of 50% was reported in the investigation of Weber et al. in
CN-AML [10].

Significant differences in BAALC expression were observed by Zhou et al. among
AML subtypes. They investigated samples from 121 de novo patients and found
that 67(55.3%) of them have high BAALC expression above the cutoff value of 2.35.
Among AML FAB subtypes (M0/M1/M2/M3), they found a significantly higher
incidence of BAALC overexpression in MO/M1 (8/9, 89%) and M2 subtypes (33/48,
68%) than in M3 subtype (6/27, 22%) [25].

The prevalence of BAALC overexpression was substantially higher in patients with
intermediate (42/70, 60%) and poor karyotypes (9/11, 82%) than it was in patients
with a favorable karyotype (13/34, 38%). In contrast to the other patients, those with
t(15;17) had the lowest frequency of BAALC overexpression, while those with t(8;21)
had the highest.
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In MDS patients, the observed incidence of BAALC overexpression was 50%, with
the highest rates in the subtypes: refractory anemia with blast excess (RAEB-2) (30%
of all high-expression patients) and refractory anemia (RA) (20% of all patients with
high expression) [18].

There are no data on the frequency of overexpression of BAALC in MPN—chronic
myeloid leukemia, myelofibrosis, polycythemia vera, and essential thrombocythemia.

Concerning overexpression of BAALC outside myeloid diseases—in the same
study cited before [4], Tanner et al. found 65% BAALC-positive ALL patients. In an
investigation among pediatric ALL the frequency of BAALC-positive ALL patients are
reported 60% [26].

Overexpression of BAALC has also been found in solid tumors: glioblastoma,
melanoma, and gastrointestinal stromal tumors (in children), suggesting its role in
oncogenesis [17].

5. Clinical significance and importance of BAALC overexpression

5.1 Correlation of BAALC overexpression with some clinical, laboratory
characteristics, and AML mutational status

In most of the papers in the literature, there are no associations of high BAALC
gene expression with patients’ and clinical characteristics, such as sex, age, white
blood cell (WBC) count, PB blasts, BM blasts, or hemoglobin levels, at the time of
AML diagnosis [14, 23]. In some of them, the authors found a trend that high BAALC
expressers are younger age than the low expressers [10]. In an analysis from Shafik
et al. a statistical significance between BAALC and age, CD34 expression, and close to
significant results with some of FAB sub-groups was found [27].

Zhou et al. by applying multivariate analysis, which took into account factors,
such as gender, age, WBC, HB, PLT, karyotype classifications, 10 gene mutations
(mutant/wild type), and BAALC, identified high BAALC expression as an indepen-
dent adverse prognostic factor in AML patients. Multivariate analysis using the same
factors, except karyotype classification, among CN-AML patients also supported the
conclusion that BAALC overexpression is a poor prognostic factor [25].

The results of a meta-analysis conducted in selected studies show a tendency
for increased BAALC gene expression in poorly differentiated AML (M0/M1/M2)
subtypes, while in well-differentiated subtypes the overexpression is rare [14]. There
is no evidence of an association between overexpression of the BAALC gene and the
type of chromosomal abnormalities found. However, an increased incidence of aber-
rant overexpression has been observed in patients with a normal karyotype.

Association between BAALC gene mutations connected with AML has been
reported.

FLT3 (ITD/TKD) are some of the most explored mutations in AML. There are
sufficient data about the prognostic significance (included in “WHO classification of
tumors of hematopoietic and lymphoid tissues”), and in addition, FLT3 mutations
already act as a therapeutic target. Therefore, BAALC overexpression and the FLT3
mutation is an objects of many studies. Some of them [14, 23, 27, 28], failed to find
alink between BAALC and FLT3-ITD, but opposing this conclusion, other authors
provide results concluding that there is a strong correlation between high BAALC
expression and the FLT3-ITD mutation [10, 29, 30].
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When comparing 307 adult patients with low and high BAALC expression, Baldus
et al. found that high-expression patients had a higher incidence of primary resistant
leukemia. High BAALC expression is associated also with a higher cumulative relapse
rate and shorter overall survival (OS). According to their conclusion, higher BAALC
expression is an independent predictive factor for disease resistance. They only
confirmed that high BAALC expression and the presence of the high FLT3 mutation/
wild-type ratio is a predictive factor for a high incidence of primary resistant leuke-
mia, as well as for reduced OS [29].

FLT3-ITD and NPM1 mutations were analyzed in several studies and the data were
summarized in a meta-analysis [14]. The results obtained do not show a correlation
between the high expression of the BAALC gene and the FLT3-ITD status, but the
authors reported an association with the NPM1 mutation. Patients with high levels of
BAALC expression at diagnosis were correlated with the mutational status of NPM1.
This comparison revealed a good correlation between the % BAALC/ABLI levels with
the NPM1 mutation [10].

As mentioned above, there is evidence that high BAALC gene expression blocks
myeloid cell differentiation and when combined with a HOXA9 gene mutation that
is associated with cell self-renewal, may induce leukemia [6]. Regarding IDH1 and
IDH?2 gene mutations, BAALC overexpression has been reported to be associated with
wild-type IDHI and IDH2, in patients with cytogenetically normal AML [31], but
other authors [13], found that there is no direct association between IDH1 and IDH2
gene mutations and overexpression of BAALC.

Different associations of altered BAALC expression with specific molecular
aberrations have been shown. For instance, high BAALC expression has been demon-
strated to correlate with the mutation status of FLT3-ITD, CEBPA, and MLL-PTD as
well as with NPM1wt. [28-30]. In a cohort of 326 CN-AML patients, the correlation of
high BAALC expression with FLT3-ITD, CEBPAmut, MLL-PTD, and NPM1Iwt could
be confirmed. Authors provided results that show a strong correlation of high BAALC
expression with WT1mut, biCEBPA, IDH2R172mut, and especially RUNXImut (31 of
33 RUNX1-positive AML patients have also high BAALC expression), but they did not
find correlations to ASXLImut, IDH1R132mut, IDH2R140mut, or TET2mut [10].

Finally, Langer et al. analyzed BAALC expression in 172 primary CN-AML
patients (<60 years). They found high BAALC expression associated with FLT3-ITD,
wild-type NPM1, mutated CEBPA, MLL-PTD, absent FLT3-TKD, and high ERG
expression. The multidrug resistance gene ABCBI (MDR1) was shown to be one of
the most substantially up-regulated genes, which is consistent with the resistant
disease [32].

5.2 Predictive value of BAALC in AML patients

In contemporary hematology, a crucial part of the therapeutic decision-making
process is the proper risk assessment, based on pretreatment genetic markers. The
potential effect of BAALC in AML could be assessed in two directions: as a prognostic
marker at diagnosis and as a minimal residual disease marker after treatment.

There are enough data, confirming that BAALC overexpression is associated with
adverse prognosis in AML patients. In the last years, several studies have explored the
relevance of using BAALC overexpression as a part of different score systems aimed
at assessing the clinical efficacy of chemotherapy.

We know that approximately 55-60% of cases of AML have specific recurrent
chromosomal aberrations, which can be identified by classical cytogenetic techniques.
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This information is the basis for classifying patients, at diagnosis, into prognostic
categories: favorable, intermediate, and unfavorable risk. According to present
recommendations and guidelines, patients with favorable risk AML are treated with
chemotherapy only, while patients with adverse risk are referred to allogeneic stem
cell transplantation if a suitable donor is available. The optimal therapeutic strategy
in patients with intermediate-risk is still debatable. Approximately 40-45% of AML
patients, who have no identified cytogenetic abnormality at diagnosis are classified in
this group [33]. By finding overexpression of BAALC in this group and assessing the
outcome, we are able to identify subgroups of patients at adverse risk among those
with CN-AML. Xiao et al. reported that patients with AML who overexpress BAALC
(BAALC-positive) have a median EFS (event-free survival) of 5 months, compared
to 15 months in BAALC-negative patients. The prognosis of patients with AML and
BAALC overexpression is unfavorable—the significant overexpression of BAALC and
accumulation of gene products in the cell leads to drug resistance in these patients,
which in turn results in a low overall response to therapy and hence to the reduced
overall survival of these patients [14].

The importance of identifying prognostic molecular markers in CNAML patients
to improve the therapeutic approach was confirmed by a study in which the authors
investigated the prognostic effect of altered BAALC expression in CN -AML patients
[34]. They analyzed bone marrow samples from 30 CN-AML patients for BAALC
expression levels using RT-PCR. Patients were divided into BAALC low and high
expression. High expression was present in 70% of patients and the level of expres-
sion was not correlated with patients’ clinical parameters. In a 2 year follow-up,
patients with high BAALC expression had a lower incidence of clinical remissions
and shorter overall survival (OS). Multivariate analysis confirmed the high expres-
sion of BAALC as an independent risk factor for OS. BAALC overexpression predicts
an adverse clinical outcome and may be identified as an important risk factor in
CN-OML patients [34].

According to Yahya et al. a similar conclusion about the prognostic relevance
of BAALC gene expression in adult acute myeloid leukemia was formulated. High
expression was found in 22 of 45 patients (48.9%), and there was no link between this
expression and the most important treatment-outcome characteristics. High BAALC
expressers have a higher mortality rate, a significantly shorter DFS, and a shorter
overall survival. They also have a lower incidence of CR and a lower mortality rate.
The conclusion is that high BAALC expression may be a significant prognostic indica-
tor in individuals with a normal karyotype and an independent risk factor for both
DFS and OS, according to the authors’ findings [35].

In a survey by Weber et al. patients with CN-AML and high expression of
BAALC had significantly shorter EFS and OS than low expressers. High BAALC
expression was also linked to a significantly lower survival when OS was analyzed
and patients were censored on the day of transplantation, excluding the impact of
allogeneic SCT. The authors were able to validate the usefulness of BAALC expres-
sion as a marker for identifying residual disease patients through their investiga-
tion. Parallel investigation of BAALC expression showed a substantial association
between BAALC expression levels at diagnosis and after treatment. Additionally,
the authors found that in the cohort of patients with relapsed AML, the mean
BAALC expression levels at diagnosis and relapse were comparable, confirming
BAALC expression as a potential MRD marker [10].

What is the role of BAALC in patients with AML and abnormal karyotype? In
a study of 175 adult patients with AML with different cytogenetic risks, Damiani
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et al. assessed the effect of BAALC gene overexpression on disease outcome [23].
The patients in the study were distributed as follows: 13 with a favorable karyotype,
117 with an intermediate, and 45 with an unfavorable. The BAALC gene was over-
expressed in 87/175 (50%) of patients without any association with the cytogenetic
status. Complete remission (CR) was achieved in 111 patients (63%) and was main-
tained till 5th year in 52 + 7%. BAALC overexpression had a negative effect on the
achievement of CR but did not affect the likelihood of disease recurrence. The median
survival was 22 months with overall survival (OS) of 35%. BAALC was identified as
one of the factors with a negative impact on the OS. The authors observed a worse
outcome in patients with high BAALC expression in all cytogenetic risk categories:
5-year OS was 100% versus 71% in patients with a favorable prognosis, 55% versus
40% in patients with an intermediate karyotype, and 34% versus 23% in the group
with an unfavorable prognosis. In conclusion, overexpression of the BAALC gene
identifies patients with an unfavorable prognosis in all cytogenetic groups, and the
presence in patients with favorable or unfavorable karyotypes significantly worsens
survival [23].

The potential effect of BAALC in cytogenetic abnormal AML is explored also
by Santamaria et al. [36]. They evaluated BAALC expression in AML patients with
abnormal karyotypes and found a connection between high BAALC overexpression
and lower rates of CR and OS.

In meta-analysis involving over 7525 cases of AML from 25 studies, Yuen et al.
concluded that at diagnosis, complete remission attainment and survival outcome
were negatively impacted by BAALC overexpression. Therefore, stratifying AML
patients based on BAALC gene expression levels at diagnosis could be beneficial for
treatment decisions [37].

A survival analysis of 108 patients with follow-up data was conducted to examine
the prognostic significance of BAALC expression in AML. Both in the entire AML
cohort and in CN-AML category, patients with high levels of BAALC had significantly
lower rates of complete remission (CR) than patients with low levels of BAALC.

In the entire cohort of AML patients, patients with high BAALC expression had

significantly shorter overall survival (OS) than those with low BAALC expression.
Additionally, in the CN-AML subgroup, patients with high BAALC expression had
also a significantly shorter OS compared to those with low BAALC expression [25].

Weber et al. showed data that BAALC expression is an independent predictor of
shorter EFS, OS, and that it is a useful target for detecting residual disease. Authors
showed that a reduction in BAALC expression after chemotherapy from the initially
detected levels resulted in better EFS [10].

In conclusion, based on the described data, BAALC could be regarded as a relevant
prognostic marker in AML patients and could be used for treatment response evalu-
ation after treatment in patients with high BAALC expression at diagnosis. Future
prospective analysis should confirm the predictive value of BAALC and if AML
patients with high BAALC expression at diagnosis may have therapy benefits from
BAALC detection over the course of their disease.

5.3 Predictive value of BAALC in MDS patients
Data on the role of BAALC in patients with MDS are scarce, and most of them

come from studies investigating multiple genes (including BAALC) associated with
a poor prognosis in myeloid neoplasms. In a study of 140 MDS patients, Thol et al.
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combined the expression data of four genes: MN1, ERG, BAALC, and EVI1 (MEBE) in
an additive score that was validated with an independent cohort of 110 MDS patients.
The high MEBE score, defined as high expression of at least two of the four genes,
predicted significantly shorter overall survival and time to progression to AML. In
the validation cohort of 110 MDS patients, the high MEBE score predicted shorter OS
and time to progression to AML. Thus, it can be concluded that a high MEBE score is
an unfavorable prognostic marker in MDS and is associated with an increased risk of
progression to AML. Almost half of the MDS patients with high BAALC expression
(48.6%) transformed into AML within the study, compared with only 11.4% of the
BAALC low expression group [18]. The cited data outline the possible involvement of
the BAALC gene in the pathogenesis of MDS and clearly indicate the need for further
research in this direction.

5.4 Predictive value of BAALC in HSCT in AML patients

Concerning the role of BAALC in transplantation, we have two main questions:
is it possible to use the level of BAALC expression as a suitable marker for MRD/
response to therapy, and what is the prognostic value of BAALC expression on the
treatment outcome in transplanted patients.

In an attempt to assess the impact of allogeneic transplantation on treatment
outcome, Damm et al. proposed an integrative prognostic risk score (IPRS) for
CN-AML patients based on clinical, hematological, and molecular markers, includ-
ing the expression levels of BAALC. Depending on the assessment, authors divided
patients with AML into three risk groups: low, intermediate, and high risk. The role
of allogeneic stem cell transplantation (alloSCT) for patients in each of the three risk
groups was investigated by intent-to-treat analysis, due to the fact that all patients
with an available donor were referred to alloSCT. The results showed that the high-
risk group of patients have longer overall survival (OS) and relapse free survival
(RFS) when alloSCT is performed by a family-related donor than in patients with
a nonfamily donor. The intermediate risk group had lower OS and RFS when the
alloSCT was performed from a family-related donor compared to patients who were
from a nonfamily donor. The effect in the low-risk group is not clear, most likely due
to the low frequency of relapses. The data showed that the IPRS may be an additional
tool for disease outcome prediction and treatment choice, reflecting the biological
heterogeneity in CN-AML patients [38].

Assessing the prognostic value of BAALC expression, Weber et al. found that
excluding the effect of allogeneic HSCT, patients with high BAALC expression have
considerably shorter OS [10].

Jentzsch et al. tried to assess how high BAALC copy numbers, in peripheral blood,
prior to allogeneic transplantation predict early relapse in acute myeloid leukemia
patients. They performed absolute quantification of BAALC copy numbers in periph-
eral blood prior (median 7 days) to HSCT in complete remission or CR with incom-
plete peripheral recovery in 82 acute myeloid leukemia patients. Patients with high
BAALC/ABLI copy levels before HSCT were more likely to relapse within 100 days of
HSCT [39].

In another study, Zhang et al. investigated 71 de novo AML patients who were
treated with allo-HSCT and classified them as low or high expressers based on the
median BAALC expression levels at diagnosis. They did not find significant differ-
ences in event-free survival or overall survival between the two groups [40].
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5.5 The role of BAALC gene in developing chemoresistance

Interactions between HSCs and the bone marrow niche components, such as
osteoblasts, sinusoidal endothelial cells, and mesenchymal stromal cells, are very
important because they create a special bone marrow microenvironment, in which
processes of self-renewal and differentiation of HSCs are strictly regulated [41]. Cell
adhesion to the niche protects HSCs, leukemic cells from toxic exposure, and they can
develop resistance to cytotoxic agents [42-44]. Based on the fact that BAALC plays
an important role in the activation of cellular adhesion to the bone marrow niche
some authors rise a hypothesis that high BAALC expression in leukemic cells induces
drug resistance by adhesion to the niche components [19]. Previously mentioned data
suggests that BAALC binds to drebrin, and this interaction develops chemoresistance
against cytotoxic drugs, such as cytarabine [19].

Several other papers are in alignment with the hypothesis of connections between
BAALC overexpression and a chemo-resistant disease.

Santamaria et al. analyzed the BAALC gene in 127 AML patients categorized as
intermediate risk (98 cytogenetically normal and 29 with cytogenetic alterations).
They reported that high expressers are more resistant to induction chemotherapy in
comparison with low BAALC expressers. High expressers also show a lower complete
remission rate after reinduction therapy, lower 3-year overall survival, and relapse-
free survival. The authors also found similarity in the results when subgroups were
analyzed separately according to their cytogenetic status [36].

In a study of gene expression profiles (GEPs) in 312 probe sets, Langer et al. found
an association between high BAALC expressers with overexpression of one of the
genes involved in multidrug resistance (MDR). High BAALC expression levels had
distinctive features, according to the study. In individuals with high BAALC expres-
sion levels, the multidrug resistance gene ABCB1 (MDR1) was shown to be one of the
most substantially up-regulated genes, which is consistent with the resistant disease
that these patients are known to have. The ATP-dependent drug efflux pump MDR1
protein, also known as P-glycoprotein, is in charge of reducing drug accumulation
in cells that are resistant to several treatments. It also frequently plays a role in the
emergence of anticancer drug resistance [32].

Kuhnl et al. provided another confirmation that BAALC gene overexpression
induces chemoresistance. They investigated the prognostic significance of BAALC
in a different from AML area, that is, in B-precursor ALL, and concluded that high
BAALC expression is associated with an immature chemo-resistant leukemic pheno-
type and inferior OS [45].

In the paper cited before [10], Weber et al. found that high BAALC expression
is an independent predictor of shorter EFS and OS and chemotherapy-resistant
disease.

In a study of BAALC-associated GEPs, Heesch et al. concluded that over-
expression of BAALC could be associated with adverse outcomes and chemotherapy
resistance in adult patients with cytogenetically normal AML [31].

6. Conclusions

Increased BAALC expression is identified and connected with the development
of AML. Normally, the highest expression of BAALC is found in neural tissues, such
as frontal cortex of the brain, in the hippocampus, neocortex, and bone marrow in
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CD34-positive white blood cell progenitors. BAALC gene is expressed in mammals
but is not found in lower-level organisms.

The mechanism and the function of the protein encoded by BAALC are still not
clearly defined, but the current understanding is that the changes in BAALC gene
expression are connected with a stop in cell differentiation due to changes in shape,
motility, or adhesion of myeloid precursors. Evidence suggests that the BAALC pro-
tein is an intracellular protein that participates in the cytoskeletal network, including
the regulation of the actin cytoskeleton. There is a hypothesis that BAALC also plays
arole as a molecular transporter between cytoplasm and cellular membrane, acting in
the mechanism which activates cellular adhesion to the bone marrow niche.

The reported frequency of BAALC overexpression in AML patients varies
(28%-55.3%) among different reports and authors because there is still no defined
cutoff ranges on high/low BAALC expression. Some authors found variety in BAALC
overexpression in different risk categories or in different AML subtypes according to
FAB classification. To our knowledge, only one paper has investigated the frequency
of BAALC overexpression in MDS-50%, so far. Currently, we have insufficient data
about the involvement of the BAALC gene in the pathogenesis of MDS and this fact
clearly indicates the need for further research in this direction.

In most of the scientific papers, there are no associations of high BAALC gene
expression with patient and clinical characteristics, such as sex, age, white blood cell
(WBC) count, PB blasts, BM blasts, or hemoglobin levels, at the time of diagnosis
of AML. Concerning molecular anomalies—there is a discrepancy in the data con-
necting FLT3 (ITD/TKD) mutations with BAALC. Some of the authors failed to find
alink between high BAALC expression and the FLT3-ITD mutation, but opposing
this conclusion, others provide results concluding that there is a strong correlation
between high BAALC expression and the FLT3-ITD mutation. Obviously, we need
additional prospective studies to clarify this question.

Correlations between high BAALC expression with CEBPAmut/biCEBPA, MLL-PTD,
NPMiwt, WT1mut, IDH2R172mut, high ERG expression, and a strong correlation with
RUNX1mut and multidrug resistance gene ABCB1 (MDR1) have been demonstrated.

Based on the fact that BAALC plays an important role in the activation of cellular
adhesion to the bone marrow niche, some authors rise a hypothesis that high BAALC
expression in leukemic cells induces drug resistance.

Concerning the predictive value, BAALC could be a relevant prognostic marker in
AML patients and could also be used for MRD assessment after treatment in patients
with high BAALC expression at diagnosis. BAALC expression is an important risk fac-
tor in CN-AML and is associated with an inferior outcome and chemotherapy-resistant
disease. In patients with AML with abnormal karyotype, BAALC overexpression iden-
tifies patients with an unfavorable prognosis across all cytogenetic groups, as survival
is significantly worsened both in patients with favorable or unfavorable karyotype. The
results about the role of BAALC in transplantation are again disputable. The available
data cannot confirm it as a suitable marker for MRD or for the response to therapy.

Future prospective analyses to determine the potential role of BAALC expression
assessment in the clinical assessment and decision-making process in AML and MDS
patients are worthwhile.
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Abstract

Acute myeloid leukemia (AML) is a biologically and clinically heterogeneous
neoplasm, which is characterized by abnormal proliferation, impaired apoptosis, and
differentiation of leukemic immature cells. Nowadays, the first line treatment of AML
is the chemotherapy regimen, which combines both cytosine arabinoside and anthra-
cycline. Despite that complete remission (CR) can be achieved in 40-80% of patients
depending on age, a considerable number will eventually relapse (acquired resis-
tance) or have refractory disease (primary resistance). Finally, the estimated 5-year
overall survival (OS) is less than 30%. Recent investigations reveal various mecha-
nisms, responsible for drug resistance leading to AML persistence and recurrence. In
order to improve clinical outcomes and develop successful therapeutic strategies, it
is necessary to better explore the major adverse factors for escape from treatment, as
well as to explore ways to predict and prevent or target drug resistance.

Keywords: acute myeloid leukemia, chemotherapy, drug resistance

1. Introduction

Acute myeloid leukemia (AML) comprises approximately 80% of all acute leukemias
in adults [1]. The median age of the disease is about 69 years with a progressing incidence
with advanced age [2]. AML represents a clinically and genetically heterogeneous disease,
which is characterized by uncontrolled clonal proliferation, impaired apoptosis, and
differentiation of leukemic immature cells. It has poor survival and fatal outcome in those
who are untreated. Despite the progress in understanding the pathophysiology of AML
and the discovery of novel therapeutic agents, the treatment approach has not changed
essentially since the 1970s. According to the European LeukemiaNet (ELN) recom-
mendations for the diagnosis and management of AML in adults (2017), the first-line
therapy for the patients, eligible for intensive chemotherapy remains the conventional
“3 + 7 regimen” (3 days of anthracycline + 7 days of cytarabine) [3]. Unfortunately, recent
studies report that the disease is curable in only 5-15% of patients above 60 years and
35-40% in younger adults with intensive chemotherapy, which is unsatisfactory [4, 5].
Additionally, research data reveals that 10-40% of newly diagnosed AMLs fail to achieve
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CR after frontline therapy and are classified as primary refractory AML [6-8]. Lately,
ELN determines primary refractory AML as a lack of obtaining CR or complete remission
with incomplete hematologic recovery (CRi) after at least 2 courses of intensive induc-
tion chemotherapy [3]. One of the major reasons for treatment failure is considered to be
drug resistance. Besides, chemoresistance is basically divided into two groups intrinsic
(primary) and acquired (secondary). The primary drug-resistant leukemic cells are pres-
ent already at diagnosis, while the secondary resistance emerges during or after therapy,
probably as a result of additionally occurring genetic disorders. In 30-40% of relapsed
AML patients, newly developed gene mutations occur, yet in about 25% no molecular
alterations emerge [9]. So, these data raise the question that gene alterations are drivers

of relapse or refractoriness of AML and whether mutational status is the only cause of
disease progression. This review will discuss the potential molecular pathways underlying
drug resistance in blast cells and the interactions with the leukemic microenvironment.

2. Leukemogenesis in AML

Two decades ago, Gilliland and Griffin introduced the “two-hit model”. In this
model, the collaboration of two lesions of two different classes of mutations contributes
synergistically to inflict AML [10]. Class I mutations (FLT3, c-KIT, NRAS) comprise
mutations that activate signal-transduction pathways and thereby give a proliferation
advantage to the hematopoietic progenitor cells. Class II mutations (recurring chromo-
somal aberrations, which produce fusion transcripts) affect transcription factors and
cause impaired differentiation and following apoptosis. However, recent studies report
that it is difficult to divide functions between the two classes of mutations [11]. Further,
in the last years, genomic sequencing research has encountered new epigenetic genes
associated with AML (chromatin-modifying genes: MLL fusions, ASXL1, and EZH2
mutations; methylation-related genes: DNMT3A, TET2, IDH1/2 mutations), which
expands the complexity and heterogeneity of AML [12, 13]. Thus, the “two-hit model”
of Gilliland and Griffin turns out to be insufficient to explain AML leukemogenesis.

A novel hypothesis for AML development has been formulated recently, based
on three types of AML-associated mutations, investigated in mouse models [14].
According to this functional classification the first “type A mutations” (fusion genes)
are necessary to initiate or maintain the leukemic phenotype, “type B mutations”
(ABL, PDGEFR, KIT, FLT3, etc.) support the proliferation and survival of leukemic
cells and “type C mutations” (epigenetic modifiers), also called “seed mutations”,
provide a growth advantage, but still not sufficient to induce leukemia. The study
research demonstrates that the combination of mutations of any two types, that is,

A +Bor A + CorB + C, may result in AML [14]. The model of clonal evolution of AML
is considered to be a process of losing specific mutations or gaining a feature, which
leads toward resistance. Emerging evidence has revealed that a relapse may present
with re-occurring of the initial leukemic clone, assuming that the chemotherapy was
unsuccessful or due to further clonal evolution following AML treatment [15, 16].

3. Mechanisms underlying drug resistance

Relapsed and refractory AML (R/R AML) is associated with unfavorable prog-
nosis, due to poor response to conventional antileukemic therapy [17, 18]. Thus, a
better understanding of the mechanisms, underlying drug resistance, would improve
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Factors Molecules Function Reference
Proteins and enzymes P-gp, GST, MCL-1, MRP1/ Affect the drug transport; [19-43]
LRP, Topo II, PKC altered enzyme function
Signal pathways NF/kB, PI3K/Akt/mTOR Coordinate complex cellular [44, 45]
changes
Genes and epigenetics ASLX1, DNMT3, EZH2, FLT3, Cell proliferation and [46-53]
IDH1/2, TET2, WT1 differentiation; regulation of
DNA and histones
microRNA miRNA-155, miRNA-125, Control of cell division, self- [54-56]
miRNA-100, miRNA-223 renewal, DNA damage
Microenvironment CD44, FGF2/FGFR1, SDF1/ Cell-to-cell, cell-to-matrix [57-66]
CXCR4, VCAM/VLA4 interactions

ASXLI1, additional sex combs-like 1; CXCR4, C-X-C motif chemokine receptor 4; DNMT3A, DNA methyltransferase
3A; EZH2, enhancer of zeste homolog 2; IDH1/2, isocitrate dehydrogenase 1/2; FGF2, fibroblast growth factor 2;
FGFRY1, fibroblast growth factor receptor 1; FLT3, FMS-like tyrosine kinase 3; GST, glutathione S-transferase; LRE,
lung resistance protein; MCL-1, myeloid cell leukemia 1; microRNA, microribonucleic acid; MRP1, multidrug
resistance-velated protein; mTOR, mammalian tavget of rapamycin; NF/kB, nuclear factor kappa B; P-gp,
P-glycoprotein; PI3K, phosphatidylinositol-3-kinase; PKC, protein kinase C; SDF-1, stromal cell-derived factor 1;
TET2, ten eleven translocation methylcytosine dioxygenase 2; Topo II, topoisomerase II; VLA-4, very late antigen-4.

Table 1.
Different mechanisms of drug resistance.

the therapeutic approach using novel strategies. Data are available showing that
chemoresistance in AML may be due to numerous factors, which include proteins and
enzymes with altered function, dysregulation of signaling pathways, mutations in cell
cycle control genes, epigenetic modifiers, microRNA as well as impaired interactions
with the bone marrow environment, and changes in the immune tolerance (Table 1).

3.1 Proteins and enzymes with altered function

Overexpression of the transporter proteins P-glycoprotein (P-gp) and multidrug
resistance-related protein (MRP) 1 plays an important role in cross-resistance to
drugs. In 1976 Juliano and Ling firstly described the ATP-dependent membrane
P-gp, which acts as an efflux pump conferring resistance [19]. P-gp is a 170-kDa
protein, encoded by the MDRI1 gene (multidrug resistance gene 1) and belongs to
the ABC transporter family. It pumps out chemotherapy drugs, maintaining lower
drug concentrations intracellularly continuously, so that drug resistance is developed
[20]. P-gp is considered to be an independent adverse prognostic factor for response
and survival in newly diagnosed or R/R AML [21, 22]. However, according to other
research studies, no correlation was identified between the MDR parameters and
overall survival of the AML patients [23] and also P-gp activity is not consistently
upregulated in relapsed AML [24]. Broxterman et al. found no correlation between
the expression of P-gp and the complete response rate, event-free survival, or overall
survival after idarubicine-containing induction [25]. The steady-state cellular accu-
mulation of lipophilic idarubicine may circumvent the P-gp-mediated drug resis-
tance in AML patients. The increased expression of P-gp and MRP1 are associated
with advanced age, leukocytosis, poor chromosomal abnormalities, shorter overall
survival, and also are detected with higher incidence in R/R and secondary AML
comparing with de novo cases [26, 27]. Interestingly, an association has been observed
between the expression of P-gp and MRP1 and the flow cytometric antigens (CD34
and CD7) and the FAB (French-American-British) classification of AML morphology
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(M2, M5a, and M7 types) [26]. Moreover, a recommendation to observe the higher
MRP1 expression by flow cytometry as an adverse prognostic marker in AML was
proposed by Legrand et al. [28]. In contrast, another study revealed that AML
patients relapse despite the lower expression of MRP1, suggesting the involvement of
other intracellular mechanisms, possibly leading to cytarabine resistance [29].

LRP (lung resistance protein), a drug efflux transporter, is also assumed to play a
role in drug resistance. However, the published data show conflicting evidence of the
involvement of LRP in the process of chemoresistance. The overexpression of LRP is
found to predict an inferior response in AML, but another study described that higher
bone marrow expression of LRP predicts significant favorable therapeutic outcome
with increased CR rate and 1-year DFS (disease-free survival) and OS [22, 30, 31].

Glutathione S-transferase (GST) is a drug-metabolizing enzyme, consisting of a,
H, 0, and n-types. It is responsible for controlling cellular oxidative balance, catalyz-
ing the reduced glutathione which leads to diminished cytotoxic drug effects. The
decreased enzymatic activity due to GST polymorphisms is associated with cancero-
genesis and AML [32]. Indeed, changed detoxification contributes toward drug resis-
tance in AML. Furthermore, patients with higher expression of GSTp tend to have
also MRP1 overexpression which results in increasing the survival of tumor cells and
protects them from apoptosis [33, 34]. Recent investigation by Pei et al. demonstrated
that primitive leukemic cells acquire aberrant glutathione metabolism and may be
selectively eliminated by target therapy against the glutathione pathway [35].

Topoisomerase II (Topo II) is an essential ribozyme that alters the topological
properties of DNA. The inhibitors of Topo II may trigger chromosomal translocations
that are associated with therapy-related secondary leukemia, often bearing 11923
translocations involving the MLL gene [36]. Decreased or increased expression or
mutation in the topoisomerase II genes may lead to chemoresistance to topoisomerase
II inhibitors [37, 38].

Somatic mutations in protein kinase genes play a significant role in proliferation,
resistance, and apoptosis. The overexpression of PKC (protein kinase C) in AML
results in a decline in CR induction and DFS by diminishing intracellular concentra-
tion of daunorubicine [39]. The connection between the activation of PKC and the
upregulation of P-gp further contributes to chemoresistance in AML [40].

As a BCL-2 family protein member, MCL-1 (myeloid cell leukemia 1) prevents
apoptosis. It is upregulated in several hematologic malignancies such as multiple
myeloma, AML, and non-Hodgkin lymphoma and is associated with treatment
resistance and inferior prognosis [41]. The increased expression or amplification
of MCL-1 gene protects tumor cells from programmed cell death and decreases
their sensitivity to conventional chemotherapy which appears to be a potential drug
resistance mechanism [42]. Besides, the overexpression of MCL-1 correlates with
resistance to venetoclax [41]. MCL-1 is described to be regulated by cyclin-dependent
kinase (CDK). Recent studies reveal that the treatment with both MCL-1 inhibitors
and BCL-2 inhibitors may overcome the acquired resistance to BCL-2 inhibition [43].

3.2 Signaling pathways

Knowledge of aberrantly regulated signal pathways in AML allowed the identifica-
tion of novel therapy targets. The combination of conventional chemotherapy with tar-
geted agents may potentially overcome resistance. An example is the PI3K/Akt/mTOR
signal pathway which is responsible for cell metabolism, proliferation, differentiation,
and survival. The upregulation of the PI3K/Akt/mTOR pathway in AML is caused by
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mutations in the receptor tyrosine kinases. The FLT3 mutation leads to deregulation

of PI3K/Akt/mTOR signaling which results in cytokine-independent survival and
proliferation of hematopoietic cells and myeloproliferative neoplasms [44]. In addition,
according to lately published data the PI3K/Akt/mTOR pathway plays a significant role
in the regulation of therapy-resistant leukemic cells through the pro-inflammatory
transcription factor NF-«B (nuclear factor-kappa-light-chain-enhancer of activated B
cells). Thus, the mediated chemoresistance is caused by upregulation of anti-apoptotic
genes, which leads to tumor cell growth and resistance of apoptosis [45].

3.3 Genes and epigenetic modifiers

FLT3 is normally expressed by hematopoietic stem and progenitor cells, but in AML
acts as a protooncogene that stimulates cell proliferation, differentiation, and survival.
In approximately 30% de novo AML patients mutations in FLT3 gene emerge. There
are two types of mutations, that is, internal tandem duplication (ITD), which is present
in about 25% of cases with adverse prognostic impact, and the tyrosine kinase domain
(TKD) in about 5%, which prognostic value remains disputable [46]. According to the
2016 revision of the WHO classification of myeloid neoplasms and acute leukemia, the
potent significance of the FLT3-ITD mutation depends on the allelic ratio and the pres-
ence of NPM1 (nucleophosmin) gene mutations [47]. Published data demonstrated that
FLT3-ITD mutation can constitutively activate the receptor and force uncontrollable
cell proliferaton, which turns leukemic cells resistant to conventional chemotherapeutic
agents [48, 49]. In addition, authors suggested that the mechanisms of drug resistance
consist of clonal evolution of resistant leukemic cells, adaptive cellular mechanisms and
a protective leukemic microenvironment [50]. FLT3-inhibitors the relapse may occur
due to leukemic cells harboring FLT3-TKD mutations or non-FLT3 clones, carrying epi-
genetic mutations such as IDH1/2, ASXL1, or TET2 [50]. By the advanced methods of
whole genome or exome sequencing, several epigenetic modifiers have been determined
in AML, regulating DNA methylation (DNMT3A, IDH1/2, TET2) and histone modifi-
cation (EZH2 and ASXL1) [51]. Research data suggest that epigenetics-modifying gene
mutations promote genetic instability and induce FLT3-ITD, leading to drug resistance
and relapse [52]. However, the prognostic impact and the precise contribution of these
genes to leukemogenesis have not been fully elucidated yet [53].

3.4 microRNA

MicroRNAs are small, 19-24 nucleotide-long, non-coding single-stranded RNAs
which play a key role in the control of the expression of several genes involved in the
differentiation of hematopoietic stem cells and the development of cancers [54, 55].
The impaired regulation of microRNAs may contribute to the chemoresistance of
tumor cells by affecting cell survival and apoptosis-related signaling pathways [56].
Research efforts in the last decade have demonstrated the unquestionable role of
microRNAs in reversing drug resistance. However, their implementation into clinical
practice is hampered by the inability to ensure sufficient safe and specific entry into
tumor cells and further studies are needed [56].

3.5 Tumor microenvironment

The bone marrow microenvironment supports normal hematopoiesis through sig-
naling cascades and affects the evolution, progression, and chemotherapy resistance
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of AML [57]. The bone marrow consists of two distinct niches, that is, the osteoblastic
(endosteal) and the vascular (endothelial), which act synergistically in order to
regulate cell self-renewal, proliferation, and differentiation [58]. Hematopoietic stem
cells are maintained by stem cell factor (SCF), CXCL12 (C-X-C Motif Chemokine
Receptor 4), Notch ligands, and transforming growth factor-f [59]. Mesenchymal
stromal cells secrete SCF and CXCL12, which regulate leukocyte migration [60]. The
binding of CXCL12 to its receptor CXCR4 initiates the phosphorylation of CXCR4 and
activates prosurvival signaling pathways such as MEK/ERK, JAK/STAT, and PI3K/
AKT cascades [58]. Of note, CXCR4 signaling is associated with increased retention to
the bone marrow, enhanced chemoresistance of leukemic cells, and poor prognosis in
AML [61]. The interaction between the very late antigen-4 (VLA-4) and fibronectin
take part in chemokine-mediated homing and mobilization [62]. The adhesion recep-
tor VLA-4 binds to the fibronectin and vascular cell adhesion molecule-1 (VCAM-1),
resulting in the retention of the leukemic cells within the bone marrow niche [63].
Wang et al. observed that a higher level of expression of VLA-4 is characterized

by poorer survival [58]. The surface marker CD44 is a glycoprotein, that mediates

cell adhesion, migration, and homing of leukemic cells [64, 65]. The antigen CD44

is expressed on both hematopoietic and leukemic cells, binding to E-selectin and
L-selectin. The inhibition of E-selectin strengthens the influence of the chemothera-
peutics daunorubicin and cytarabine [66], and lowers the leukemia burden [57]. As
components of the microenvironment have been shown to contribute to drug resis-
tance in AML, novel targeted therapies have been advanced in order to overcome it.

4, Conclusion

The development of drug resistance has emerged as an insurmountable challenge
in the treatment of patients with R/R AML. The incompletely understood molecular
mechanisms which cause therapeutic failure remain as a major obstacle to the long-
term success of leukemic therapy, inferior prognosis, and reduced survival. Further
investigations are needed to delineate more precise, genomic-guided, individualized
clinical approaches.
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Acronyms and abbreviations

AML acute myeloid leukemia
ASXI1 additional sex combs-like 1
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ATP adenosine triphosphate

CDK cyclin-dependent kinase

CR complete remission

CRi incomplete hematologic recovery
CXCR4 C-X-C motif chemokine receptor 4
DFS disease-free survival

DNMT3A DNA methyltransferase 3A

ELN European LeukemiaNet

EZH2 enhancer of zeste homolog 2

FAB French-American-British

FGF2 fibroblast growth factor 2

FGFR1 fibroblast growth factor receptor 1
FLT3 FMS-like tyrosine kinase 3

GST glutathione S-transferase

IDH1/2 isocitrate dehydrogenase 1/2

ITD internal tandem duplication

LRP lung resistance protein

MCL-1 myeloid cell leukemia 1

MDR multidrug resistance

MRP1 multidrug resistance-related protein 1
mTOR mammalian target of rapamycin
NF/kB nuclear factor-kappa-light-chain-enhancer of activated B cells
NPM1 nucleophosmin

P-gp P-glycoprotein

PI3K phosphatidylinositol-3-kinase

PKC protein kinase C

R/R AML relapsed and refractory acute myeloid leukemia
RNA ribonucleic acid

SCF stem cell factor

SDF-1 stromal cell-derived factor 1

TET2 ten eleven translocation methylcytosine dioxygenase 2
TKD tyrosine kinase domain

Topo 11 topoisomerase II

VCAM-1 vascular cell adhesion molecule-1
VLA-4 very late antigen-4

WHO World Health Organization
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Abstract

Chronic myeloid leukemia (CML) is a clonal myeloproliferative neoplasm charac-
terized by florid myelo-megakaryocytic proliferation involving peripheral blood, bone
marrow, and spleen. These results are due to balanced reciprocal translocation
between long arm of chromosome 9 and 22 that produces a truncated chromosome 22
(Philadelphia chromosome) leading to fusion of BCR-ABL; genes causing enhanced
autonomous activation of tyrosine kinase and downstream cellular proliferation path-
way. While targeted therapy with novel tyrosine kinase inhibitors (TKI) has revolu-
tionized the outcome in such patients, occurrence of additional cytogenetic
abnormalities, emergence of TKI resistance, and idiosyncratic marrow suppression
following higher generation TKI therapy have posed newer management challenges in
CML. This chapter is aimed to highlight the recent updates in the disease biology,
stepwise diagnostic work-up, and management guidelines in CML with a brief high-
light on the prospect of stem cell transplantation in such condition.

Keywords: Ph chromosome, cytogenetics, drug resistance, TKI therapy, bone marrow

1. Introduction

Chronic myeloid leukemia (CML), BCR-ABL;-positive, is a clonal myeloprolifera-
tive neoplasm (MPN) of hematopoietic stem cell origin characterized by balanced
reciprocal translocation between long arm of chromosome (Ch) 9 (q34) and 22
(q11.2) that results in the formation of a truncated Ch 22, so-called Philadelphia (Ph)
chromosome. This chromosomal alteration juxtaposes the breakpoint cluster region
(BCR) gene on chromosome 22 with the Abelson Murine Leukemia (ABL) proto-
oncogene-iderived from Ch 9 producing a characteristic BCR-ABL; fusion gene that
encodes BCR-ABL oncoprotein. The product of such fusion is a 210-kilo Dalton (KD)
(p210 BCR-ABL;), which causes ligand-independent activation of receptor tyrosine
kinase protein producing downstream activation of intracellular pathways with
uncontrolled proliferation of maturing myeloid and megakaryocyte lineage, so char-
acteristic of this entity [1].
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2. Epidemiology

CML is an uncommon disease with various European registries showing a
crude annual incidence of 0.7-1.0 per 100,000 population. The median age at
diagnosis is the fifth to sixth decades of life in the Western population; however,
in one series of 430 patients, 65% of patients were between 20 and 40 years of
age. As compared with Western population, the median age of presentation
of CML is one to two decades lower in Indian and Asian population. The
incidence of CML in developing countries is low (age-adjusted rate (AAR) =0.71
in males and 0.53 per 100,000 in females) compared with the USA and other
developed countries (AAR = 2.0 in males and 1.1 per 100,000 in females). CML
is reported to be the most common adult leukemia among Indian subjects with an

incidence of 30-60% in comparison to the Western population (15%); the
highest prevalence reported from Patna, Bihar (70%), and lowest (17%) from
Gujarat [2, 3].

3. Historical perspective (1840: 2021)

A brief summary of the sequence of events in the CML is presented in
Table1 [4, 5].

Year Events Authors

1840 The first leukemia to be described in autopsy studies Craigie, Bennet, and
Virchow

1845 White blood cell leukemia Virchow

19th “Thick blood” secondary to hyperleukocytosis Alfred Velpeau

Century

1960 Discovery of Ph chromosome (truncated Ch 22) by cytogenetics Hungerford and

testing. First time that a malignancy was linked to a chromosomal Nowell
abnormality.

1970 Identification of the ABL gene in a murine virus and humans Abelson and Rabstein

1973 t (9, 22) (q34; q11) as the mechanism of Ph chromosome formation Janet Rowley

1977 CML: a neoplasm of clonal stem cell origin Fialkow, Jacobson,
Papayannopoulou

1984- Breakpoint clustered region (BCR) on Ch 22 and demonstration of Groffen and colleagues

1990 BCR-ABLI1 fusion in leukemogenesis

1998 The first clinical therapy using TKI in leukemias Druker and Lydon

2001 First TKI (Imatinib) US-FDA

2006-  Second-generation TKI (Dasatinib, Nilotinib) US-FDA

2008

2012 Bosutinib and ponatinib US-FDA

2021 Asiminib in resistant CML US-FDA

Table 1.

Historical perspective in chronic myeloid leukemia (1840-2021).
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4. Genetics and molecular biology in CML

The breakpoints in CML are located within the so-called Major — Breakpoint
Cluster Region [M-bcr], which consists of two intronic regions (intron 13 and intron
14). The commonest BCR-ABL, fusion transcript is from a breakpoint in exon 13 or
exon 14 (also known as b2 or b3) in the BCR gene on Ch 22, which is fused to the
ABL, proto-oncogene at exon a2 (e13a2) (b2a2), (e14a2) (b3a2) on Ch 9. Minority of
patients may express atypical transcripts usually due to splicing of alternate BCR or
ABL; exons. A fusion gene leads to expression of a 210-kilo Dalton (KD) molecular
weight ela2 transcript, which codes for conventional CML but frequently found in
Ph-positive acute lymphoblastic leukemia (ALL) (molecular weight; 190 KD). Less
frequently e19a2 fusion transcript may be found producing a large 230 KD protein
found in chronic neutrophilic leukemia (CNL) and rarely in CML. In 2-10% of cases
of CML, a variant chromosomal translocation may be found. The 22q11 segment is
translocated on chromosome other than nine in simple variant translocations; while
in complex variant translocation, there is a third translocation t (9; 22; V), where V
is variable partner chromosome. Additional cytogenetic abnormalities (ACA) have
been described to occur in 5-10% of CML patients in chronic phase, although same
may be present in 30-80% of cases in advanced phase of the disease. Major route
abnormalities include trisomy 8, double Ph chromosome, isochromosome 17 (i17), +
der (22), while minor route ACA, which are less common include trisomy 21, t
(3;12), t (4,6), t (2,16), and t (1,21) [6-8]. In 2-10% patients, a BCR-ABL,
rearrangement could be found by Fluorescence in Situ Hybridization (FISH) and/or
Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) in the absence of a Ph-
chromosome by means of conventional cytogenetics (so-called cryptic or masked
translocations).

The p210 KD protein results in dysregulated tyrosine kinase expression and ligand-
independent activation of the downstream intracellular pathways. Major mechanism

Before translocation During translocation After translocation
Normal chromosomes Chromosomes break Changed chromosomes
Philadelphia

chromosome

*% — QH — E:mﬂ

#22
#22 /
“— ABL /
#

Figure 1.
Molecular event in chronic myeloid leukemia and downstream pathogenetic events.
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that has been postulated in pathogenesis of CML includes: a) adhesion to stromal cells
and extracellular matrix (ECM), b) constant state of mitogenic activation, c) inhibi-
tion of apoptosis, and d) proteasomal degradation of BCR-ABL; inhibitory proteins.
(Figure 1). Moreover, BCR-ABL, fusion activates the PI3-AKT pathway, which in
turn phosphorylates the FOXO transcription factor causing cell cycle arrest and leu-
kemogenesis and along with TGF-p signaling pathway, it has a significant role in
survival of leukemic stem cells. Besides these, activation of transcriptional factors
such as STAT1 and STATS (signal transducer and activation of transcription) contrib-
utes to survival advantage and cytokine independency. Other pathways that cause
disruption of key cellular process include RAS-mitogen-activated protein kinase
(RAS-MAPK pathway) leading to increased proliferation, MYC overexpression, and
alteration of Hedgehog signaling pathway [9-12].

5. Clinical presentation

The clinical signs and symptoms depend upon the phase of the disease. During the
chronic phase (CP), systemic symptoms such as fatigue, weight loss, diaphoresis,
abdominal pain/fullness, and bleeding episodes due to platelet dysfunction are com-
monly reported to occur in 34%, 20%, 15%, 15%, and 21% of subjects, respectively
(25). Rare manifestations such as thrombosis, gouty arthritis (secondary to hyperuri-
cemia), or avascular necrosis of neck of femur and/or priapism (due to hyperleu-
kocytosis) may be present at diagnosis. On the other hand, a significant proportion
(up to 50%) of patients may be asymptomatic and detected to have CML during a
routine medical examination (26). Compared with males, females are of older age at
presentation, have lower hemoglobin, higher platelet counts, and smaller spleen size.
Younger adults (<30 years) and elderly patients (>59 years) have higher incidence of
splenomegaly than adults (30-59 years old) (27, 28). In accelerated phase (AP) or
blast crisis, there may be involvement of extra medullary sites and onset of lymph-
adenopathy, the latter may point to a lymphoblastic blast crisis [2, 13, 14].

6. Laboratory diagnosis

Recommended diagnostic work-up in CML is summarized in Table 2 [1, 15-17].

6.1 Complete blood cell count

The most common routine of hematological findings of CML in chronic phase is
moderate anemia and an elevated total leukocyte count (TLC) usually above 25 x 10/
L (ref. 4 to 11 x 10°/L) and frequently above 100 x 10°/L; and associated normal or
even increased platelet count above 500 x 10%/L (ref. 150 to 450 x 10°/L); or even
thrombocytopenia (< 100 x 10°/L). The TLC shows granulocytes in all stages of
maturation from blast to mature granulocytes with dual bulge of myelocyte-
metamyelocyte and stab-segment forms forming a “shoe sox like pattern” in the com-
plete blood count autoanalyzer WDF scatterplot and up to 2% myeloid blast in a
differential count. Basophilia and eosinophilia are common in the absence of signifi-
cant granulocytic dysplasia and monocytosis (Figure 2). Degree of hyperleukocytosis
correlates with spleen size in most of the cases.
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Physical examination with special attention to spleen and liver size.

Complete blood count with comment on peripheral smear and differential count. Bone marrow aspirate
cytology, cytogenetics, biopsy.

Chromosome banding analysis.

Fluorescence in-situ hybridization (FISH) only in case of Ph-negativity.

Reverse transcriptase polymerase chain reaction (PCR) qualitative for the detection of BCR-ABL1
transcripts and identification of the type of transcript.

Electrocardiogram (ECG)

Standard biochemical profile with Hepatitis B-serology.

Table 2.
Recommended diagnostic work-up of CML at baseline.
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Figure 2.

Schematic representation of white blood cell differential scattergram in chronic myeloid leukemia. Note the “shoe
sox like pattern” depicting dual myeloid bulge (stab/segment and myelocyte/metamyelocyte) in chronic phage
CML with no excess blast (a), expanded blast window (top) with depletion of maturing myeloid lineage in
accelerated phase-myeloid blast cvisis (b), and an expanded lymphoid population with increased size representing
lymphoid blast crisis in panel c.

6.2 Bone marrow aspirate

In chronic phase of the disease, bone marrow aspirate (BMA) may be easy or even
difficult (hemodiluted, dry tap) as a result of marked hyperleukocytosis as well as
associated reticulin fibrosis. Conventionally, BMA tends to be markedly hypercellular
(cellularity approaching nearly 100%), with florid granulocytic hyperplasia at all
stages of myeloid maturation with up to 09% myeloid blast and 19% basophils, and
increased number of characteristic small megakaryocytes with monolobated/
hypolobated nuclei (so-called “dwarf megakaryocytes”), which may even show loose
grape-like clustering (myeloproliferative CML). Florid dwarf megakaryocytic prolif-
eration associated with marked thrombocytosis at presentation (megakaryocyte rich
CML) is also not uncommon, and this may be an indicator of disease progression
(Figure 3). Aspirate may also reveal the presence of sea blue histiocytes (also called
pseudo Gaucher cells). BMA is useful not only to confirm the stage of the disease but
also characterize the blast phenotype in suspected blast crisis using flowcytometry as
well as for submission of sample for cytogenetics and molecular testing [1].
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Figure 3.

Bone marrow aspirate smear from a case of chronic phase CML showing myeloid hyperplasia at all stages of
maturation, suppressed erythroid islands, no excess blasts (<10% of marrow nucleated differential), and clusters
of dwarf megakaryocytes giving a “bunch of grapes” like appearance (May Grunewald Giemsa stain, x400).

6.3 Bone marrow trephine biopsy

Although not required for diagnosis, the 2017 WHO classification guidelines sug-
gest adequate trephine biopsy (BMBx) in cases of CML with atypical peripheral smear
findings or in those with a difficulty in obtaining cellular marrow aspirates. Addition-
ally, BMBx provides histological and topographic features, proliferation patterns,
reticulin fibrosis, confirming the stage of the disease and ruling out disease progres-
sion through detection and characterization of localized blast collection by applying
appropriate panel of antibodies such as CD 34, CD 117, myeloperoxidase, terminal
deoxynucleotidyl transferase (TdT), CD 10, CD 19, CD 79a, PAXS, CD 3, CD 7, etc.,
using immunohistochemical (IHC) technique (Figure 4). Demonstration of florid
dwarf megakaryocytic proliferation displacing other marrow elements in any of the
marrow spaces and associated reticulin fibrosis demonstrated on BMBx is regarded as
“presumptive evidence” of disease progression as per 2017 WHO guidelines. Also, the

Figure 4.

Bo%z‘el marrow trephine biopsy in a case of chronic phase CML showing marked hypercellularity (packed marrow)
with myeloid hyperplasia, increased number of “dwarf megakaryocytes,” and suppressed erythroid islands (a),
and associated increased (MF 2) veticulin fibrosis (B). Also note the aberrant CD 34 positivity in dwarf
megakaryocytes (C), which should not be interpreted as a feature of disease progression. Reproduced with
permission from [18].
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WHO criteria (2017) [1] WHO criteria (2022) [15]

Chronic phase: Same as 2017
* Peripheral blood shows leukocytosis (12—1000 x 10°/L, median:

+ ~ 80 x10°/L); Blast <2% of WBCs

¢ Bone marrow: <5% of marrow cells

Accelerated phase: Accelerated phase is omitted in
Presence of >1 of the following hematological/cytogenetic criteria or  favor of an emphasis on high-risk
provisional criteria concerning response to tyrosine kinase inhibitor ~ features associated with chronic
(TKI) therapy: phase progression and resistance
* Persistent or increasing high white blood cell count (> 10 x 10°/L), to tyrosine kinase inhibitor (TKI)
unresponsive to therapy
* Persistent or increasing splenomegaly, unresponsive to therapy
* Persistent thrombocytosis (> 1000 x 10°/L), unresponsive to
therapy
* Persistent thrombocytopenia (< 100 x 10°/L), unrelated to therapy
* >20% basophils in the peripheral blood
* 10-19% blasts in the peripheral blood and/or bone marrow
* Sheets of dwarf megakaryocytic proliferation replacing
proliferating myeloid elements in trephine biopsy (provisional)
* Additional clonal chromosomal abnormalities in Philadelphia (Ph)
chromosome-positive (Ph+) cells at diagnosis, including so-called
major route abnormalities (a second Ph chromosome, trisomy 8,
isochromosome 17q, trisomy 19), complex karyotype, and
abnormalities of 3q26.2
* Any new clonal chromosomal abnormality in Ph + cells that occurs

during therapy.
Blast phase: Blast phase:
* > 20% myeloid blasts in the blood or bone marrow or * >20% myeloid blasts in the
* presence of an extramedullary proliferation of blasts. blood or bone marrow.

* >10% lymphoid blasts either in peripheral blood and/or marrow  * The presence of an
extramedullary proliferation
of blasts.

* The presence of increased
lymphoblasts in peripheral
blood or bone marrow.

Table 3.
Diagnostic criteria for CML: A comparison between 2017 [1] and 2022 WHO [15] guidelines.

WHO criteria mandates >20% myeloid blast either in PBS or BM to label it as
myeloid blast crisis, the optimal cutoff of lymphoblasts and the significance of low
level of B-lymphoblasts remain unclear, which warrant additional studies [1, 15].
Moreover, the BMBx is essential in the investigation of unexplained cytopenias
during therapy [1, 19, 20].

The previous WHO criteria (2017) for CML have been recently revised in 2022 and
are summarized in Table 3.

6.4 Conventional G-banded cytogenetics

Conventional metaphase GTG-banded cytogenetics, considered “gold standard in
diagnosis,” is an essential tool for the diagnosis, prognostication, and follow-up in
CML. It is recommended that all patients of CML should have a cytogenetic analysis
performed, preferably on BMA sample at diagnosis to look for the presence of
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additional cytogenetic abnormalities (ACA) in addition to Philadelphia chromosome.
It also helps in assessment of response to TKI therapy.

6.5 Fluorescence in-situ hybridization (FISH)

The drawbacks of conventional cytogenetics are that an invasive procedure is
required and is unable to detect sub microscopic or complex chromosomal
rearrangements and suboptimal for minimal residual disease (MRD) evaluation. The
advantage of FISH is that such analysis can be performed on peripheral blood sample
using dual-colored probe in case of dry tap aspirate; and this can be applicable to both
interphase and metaphase nuclei. Another advantage is that it can reveal occult BCR-
ABL1 genetic fusions that are masked by either an apparently normal or complex
cytogenetic findings (Figure 5) [16].

6.6 Reverse-transcriptase polymerase chain reaction (RT-PCR)

Polymerase chain reaction (PCR) is a sensitive and specific method to detect
Ph-positive cells by the amplification of BCR-ABL1 fusion transcripts. The PCR-based
assay has superseded the conventional cytogenetic assessment because of its higher
sensitivity and has become the method of choice for monitoring of CML patients on
TKI therapy as per 2020 ELN guidelines recommendation. In few cases of CML, the
fusion transcript may vary; therefore, a qualitative reverse transcriptase PCR (RT-
PCR) on peripheral blood cells is essential at baseline to identify the type of BCR-ABL1
transcripts, which can be then followed up while assessing response to TKI therapy.
Laboratories express the BCR-ABL1 transcripts on an international scale, which was
developed to standardize levels of BCR-ABL1 RNA across various laboratories. The
values at 3 months, 6 months, and 12 months are predictive of subsequent outcomes,
which helps to categorize patient and risk of subsequent therapy failure [17].

ABL1 BCR-ABLI

BCR

Figure 5.
FISH image depicting the fusion of red (ABL1) — green (BCR) signal representing BCR-ABL fusion gene.
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7. Evolution of therapies in CML

Historically, the initial treatment for CML goes back to Fowler’s solution, a 1%
solution of arsenic trioxide, used in 1865. In the 1950s, chemotherapeutic agents such
as busulfan and hydroxyurea became the main therapeutic options for several
decades. These drugs could effectively control the TLC, but could not eliminate the
leukemic clone nor altered the course of disease progression. The introduction of
interferon-o (IFN-a) in the 1980s was a significant advance as it could induce hema-
tologic and cytogenetic remissions and improve the overall survival. However, the
potential benefits were masked by poor patient tolerance due to frequent and serious
side effects. In a randomized trial of 513 CML patients comparing IFN-« vs. busulfan
or hydroxyurea, a significant survival advantage was found in IFN-« treated patients
over busulfan (p = .008) but not over hydroxyurea-treated patients (p = .44), thus
establishing its superiority over chemotherapy; however, toxicities in IFN-a-treated
group were higher than those of other two groups. Hematopoietic stem cell trans-
plantation (HSCT) was an alternative to chemotherapy because of its curative
potential; although its applicability was restricted to mainly young and fit patients
with a matched donor and also it was associated with considerable morbidity and
mortality, with overall 5-year overall survival of nearly 50% and relapse rates of 20%
(Figure 6) [21, 22].

7.1 First-generation TKIs

The landmark discovery of underlying molecular events in CML paved the way for
discovery of targeted therapies in 1996 using a modified 2-phenylaminopyrimidine,

Evolution of treatment modalities in CML
=~ = 3 A o -

1%

Before 1950s A i of brcatiol

] 1865
Fowlers solution

1986

Interferon-a

Figure 6.
Evolution of various therapies in CML over time [21].
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which led to the successful introduction of Imatinib mesylate (also known as STI571,
Gleevec) as an initial oral treatment for newly diagnosed CML patients [23]. The
first clinical trial of Imatinib took place in 1998, and the drug received FDA approval
in May 2001. Nicholas Lyndon, Brian Druker, and Charles Sawyers bagged the
Lasker-DeBakey Clinical Medical Research Award in 2009 for “converting a fatal
cancer into a manageable condition” and the Japan Prize in 2012 for their part in “the
development of a new therapeutic drug targeting cancer-specific molecules.” In
2003, the landmark International Randomized Study of Interferon and STI571 (IRIS)
randomized trial on CML published their report comparing Imatinib with IFN-a and
low-dose cytarabine, which demonstrated a high response rate to Imatinib as com-
pared with IFN-a group. At a median follow-up of 19 months, rates of major and
complete cytogenetics responses were superior in Imatinib group. Moreover,
Imatinib was better tolerated than the combination therapy [24]. Long-term data
from the IRIS trial show a 10-year overall survival of 83% and the estimated rate of
freedom from progression to accelerated or blast crisis of 92.1%; and in approxi-
mately half the patients (48.3%) who had been randomly assigned to Imatinib
completed study treatment with Imatinib, and 82.8% had a Complete Cytogenetic
Response (CCR). Serious adverse events that were considered by the investigators to
be related to imatinib were uncommon and most frequently occurred during the
first year of treatment.

On the basis of safety and efficacy in phase 3 of IRIS trials, Imatinib at dose of
400 mg OD was the recommended dose in Ph + CML patients in chronic phase,
600 mg OD in accelerated phase, and in blast crisis, 260 mg/m? in children. A phase
I1I trial evaluated 160 CML subjects (146 chronic phase, 7 accelerated phase, 7 blast
crisis) consisting of children and adolescents (age range 1.3-18.0 years, median
13.2 years) reported PFS of 97% at a median follow up of 18 months and rates of
CCR and MMR at 36 months to be 86% and 74% [25]. In the original trial, there was
no maximum tolerated dose that was reached. Hence, researchers chose 400 mg OD
because it was a relatively safe and biologically active dose. A higher starting dose of
Imatinib (600 mg/800 mg) was considered in various trials to achieve deeper
remissions. The Tyrosine Kinase Inhibitor Optimization and Selectivity (TOPS)
trial evaluated high-dose (800 mg/day; n = 319) vs. standard-dose (400 mg/day,

n = 157) Imatinib in frontline settings in newly diagnosed chronic myeloid leukemia
in chronic phase. Rates of major molecular response (MMR), event-free survival
(EFS), progression-free survival (PFS), and overall survival (OS) were similar
between the two arms; however, patients with Imatinib 800 mg achieved faster
MMR than with Imatinib 400 mg (8.3 vs. 10.0 month) at the expense of higher-
grade 3/4 toxicities and serious adverse events (38.3% in 800 mg arm vs. 26.8% in
standard-dose arm [26]. The starting dose of 400 mg once daily Imatinib continues
to be the standard of care in newly diagnosed patients with CML in chronic phase
based on efficacy and toxicity profile.

7.2 Mechanism of action of Imatinib

Imatinib binds to the BCR-ABLI1 protein close to the ATP-binding site blocking
ATP from binding and preventing a conformational switch from the inactive to
active form. Without binding of ATP substrate, phosphorylation and subsequent
signaling are inhibited, which in turn inhibits unregulated cell proliferation and
survival (Figure 7) [27].
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Figure 7.
Mechanism of action of Imatinib mesylate.

7.3 Second-generation TKIs: Guidelines and dosing

Second-generation tyrosine kinase inhibitors (Dasatinib, Nilotinib, and Bosutinib)
are generally considered in setting of Imatinib resistance or intolerance to Imatinib.
Recently, there has been increasing interest in use of in frontline setting. First-line
phase 3 randomized registration studies of Dasatinib, Nilotinib, and Bosutinib vs.
imatinib (DASISION17, ENESTnd18, and BFORE19, respectively, have observed the
following: (a) more rapid and deep responses have been obtained in case of use of
second generation TKI(2G-TKI); (b) Dasatinib and Nilotinib-treated patients develop
fewer mutations conferring TKI resistance (40). Dasatinib in lower dose (50 mg OD)
in frontline settings studied in 83 CML patients has shown to achieve CCR in 95% of
patients and MMR in 81% of patients at a follow-up of 12 months [28]. Nilotinib is an
imatinib analog with more specific BCR-ABL1 binding, Bosutinib and Dasatinib are
dual SRC/ABL kinase inhibitors. Except T315I mutation Nilotinib, Dasatinib,
Bosutinib are active against a large number of BCR-ABL1 kinase mutations [29].

7.4 Third-generation TKIs

Ponatinib is a pan BCR-ABL kinase inhibitor developed specifically to overcome
resistance to T315] mutation. In December 2012, Ponatinib gained accelerated
approval by the US FDA for T315I-positive CML. In the Ponatinib Ph + ALL and CML
Evaluation (PACE) trial, among 267 heavily pretreated CML patients and those har-
boring T315I mutation, 56% had a major cytogenetic response (51% in patients with
resistance or 2G-TKI intolerance and 70% in T315I mutated patients), 46% had a CCR
(40% and 66% (T315]) in the two subgroups) and 34% had a MMR (27% and 56% in
the two subgroups, respectively). Higher rates of vaso-occlusive events limit its wide-
spread use [30, 31].

7.5 Asciminib

It is a novel drug and, the first-in-class STAMP (Specifically Targeting the ABL
Myristoyl Pocket) inhibiting ABL myristoyl pocket, which targets both native and
mutated BCR-ABL,, including the gatekeeper T315I mutant. In a trial of 141 heavily
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pretreated patients with multiple lines of TKI major molecular response was achieved
or maintained by 12 months in 48% of patients who could be evaluated [32].

7.6 Follow-up response assessment

Monitoring of response to TKI therapy is essential for assessing response to TKI
and any disease progression. It involves assessment of hematologic, cytogenetic, and
molecular responses (Tables 4 and 5). Complete blood count with differentials should
be assessed every 2 weeks until a complete hematologic response is achieved or can be

Remission status Definition

Complete hematologic response (CHR) Platelet count <450 x 10°/L

WBC count <10 x 10°/L

Differentials: no immature granulocytes,
basophils <5%

Spleen not palpable
Cytogenetic response
Complete (CCR) No Ph + fusion positive signals
Partial (PCR) 1-35% Ph + fusion positive signals
Minor 36-65% Ph + fusion positive signals
Minimal 66-95% Ph + fusion positive signals
None > 95% Ph + fusion positive signals
Molecular response
Early molecular response (EMR) Ratio of BCR-ABL1toABL1 = '%% ° IS at end of 3 months.
Major molecular response (MMR) Ratio of BCR-ABL1 to ABL1 = %1% on IS-
Molecular response 4 (MR4) Ratio of BCR-ABL1 to ABL1 = %-01% on 1g
Molecular response 4.5 (MR4.5) Ratio of BCR-ABL1 to ABL1 = 0:0032% on IS
Molecular response 5 (MR5) Ratio of BCR-ABL1 to ABL1 < 0.001% on IS.

Table 4.
Definition of response assessment in CML [17].

Time Optimal Warning Failure

Baseline NA High-risk ACA, high-risk ELTS score NA

3 months <10% >10% >10% if confirmed within
1-3 months

6 months <1% >1-10% >10%

12 months <0.1% >0.1-1% >1%

Any time <0.1% >0.1-1%, loss of <0.1% (MMR) >1%, resistance mutations,

high-risk ACA

Table 5.
Milestones for treating CML expressed as BCR-ABL1 on the international scale (1IS) [17].
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performed more frequently, in case of hematologic toxicity. Cytogenetics may not be
sufficiently adequate to monitor responses and a quantitative polymerase chain reac-
tion (RQ PCR) is required for optimal response assessment. The 2020 ELN guideline
in CML recommends RQ PCR every 3-month interval even after the achievement of
major molecular response (MMR), and response is further stratified as optimal,
warning and failure at various time points [17]. Monitoring by FISH may be needed in
patients with atypical transcripts.

8. Outcome determinants in CML
8.1 Cytogenetics

Cytogenetic assessment is recommended in all cases of newly diagnosed CML at
baseline. Acquisition of additional cytogenetic abnormalities (ACA) during TKI ther-
apy is indicative of disease progression with a worse prognosis; however, the prog-
nostic significance of the presence of ACA at time of diagnosis is not well established
[33]. Nevertheless, additional clonal chromosomal abnormalities in Ph + cells at diag-
nosis, including so-called major route abnormalities (a second Ph chromosome, tri-
somy 8, isochromosome 17q, trisomy 19), complex karyotype, and abnormalities of
3q26.2 are considered as cytogenetic criteria (WHO, 2017) for accelerated phase [1].

8.2 Degree of BM fibrosis

BM fibrosis was classically thought to be a marker of adverse prognosis in the pre-
Imatinib era. However, its relevance in era of TKI is uncertain. In a study of 110 cases
of Ph + CML treated with Imatinib reported similar rates of CCR (67 vs. 58%;

p = 0.45), estimated 4-year survival rates (80 vs. 88%; p = 0.27) and failure-free
survival rates (69 vs. 77%, P = 0.34) between those with severe marrow fibrosis as
compared with patients with mild to moderate fibrosis [34].

8.3 Sokal/Hasford/Eutos/ELTS prognostic scores

The Sokal prognostic score was developed in 1984 in era of CML patients receiving
conventional chemotherapy and includes age, spleen size, percent blasts, and platelet
count. The score allocates patients into three prognostic groups (low risk, intermedi-
ate risk, high risk) predicting different overall survival (OS) probabilities for
chemotherapy-treated patients with 2-year OS of 90%, 70%, and 65% for low, inter-
mediate, and high-risk groups, respectively [35]. The Hasford score, which adds
eosinophilia and basophilia to the calculation, was developed for CML patients
receiving treatment with interferon [36, 37]. Both Sokal and Euro Scores were devel-
oped in chemotherapy and Interferon era. The EUTOS score was developed, from
analysis of 2060 registry patients, using spleen size and basophil percentage, and can
discriminate patients into high risk and low risk. The remarkable feature of EUTOS
score was done after the advent of imatinib and that it substituted Overall Survival
(OS) by Progression-Free Survival (PFS) [37]. The new EUTOS Long-Term Survival
(ELTS) score was developed to predict probability of dying from CML taking the age,
spleen size, and basophil percentage into consideration [17]. A summary of risk
stratification with their corresponding scores in given in Table 6.
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Sokal score

Risk Group Sokal score
Low <0.8
Intermediate 0.8-1.2
High 12
EUTOS SCORE
Low <87
High >87
Table 6.

Risk group definition according to Sokal score and EUTOS score [35-37].

* Sokal scove calculation: Exp 0.0116 x (age in years-43.4) + 0.0345 x (spleen
size-7.51) + 0.188 x [(platelet count/700)2-0.563] + 0.0887 x (blast cells-2.10)
where Exp is the exponential function.

* EUTOS SCORE = (7 x basophil) + (4 x spleen) Where

“Basophil” is basophils as a percentage of peripheral blood leucocytes.

“Spleen” is spleen palpable below left costal margin in cms.

9. Post TKI issues
9.1 Non-adherence

Non-adherence is a significant issue in any chronic disease. Continuous exposure
of Imatinib is critical to remission-free status. Poor adherence can cause loss of cyto-
genetic and molecular response culminating in relapse.

9.2 Adverse effects

Dose limiting toxicities of various first and second-generation TKI can
cause interruptions in TI dosing. Most of the dose limiting toxicities are
transient and can be safely ameliorated by temporary interruption of the
drug. More serious adverse effects require discontinuation and change to a new
class of TI.

9.3 Resistance to TKI

About a quarter of CML patients will switch TKI once in their lifetime due to a
either resistance or intolerance. Kinase domain mutation of BCR-ABL is the most
common and well-characterized mechanism of TKI resistance in CML. Primary resis-
tance implies failure to achieve time-dependent endpoints of CHR, CCR, and MMR
upon initiation of TKI therapy, while secondary (acquired) resistance is defined as the
loss of response [38].
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9.3.1 Mechanisms of resistance

Point mutation of BCR-ABLI1 is the commonest cause of resistance. Point
substitutions at just 12 residues (M244, G250, Q252, Y253, E255, V299, F311, T315,
F317, M351, F359, and H396) is responsible for most resistance-associated KD
mutations [39, 40].

9.4 Mutation analysis
9.4.1 Indications for mutation analysis

The 2020 ELN Guidelines in CML have enlisted the indications of mutation anal-
ysis, which should be performed in the following scenarios: (a) patients at diagnosis in
cases presenting with accelerated or blast phase, (b) in cases of failure/suboptimal
response or loss of MMR on Imatinib therapy, (c) in case of hematologic or cytoge-
netic failure on second generation TKI.

9.4.2 Methods to detect BCR/ABL mutations

Direct gene sequencing is the commonest method and also the method of choice
for detection of BCR/ABL mutation.

9.4.3 Choice of TKI based on mutation analysis

The choice of alternative TKI is based on the mutation detected as follows: a) In
V299L, T315A, and F317L/V/I/C mutations, Nilotinib is the TKI of choice. b) In
Y253H, E255K/V, and F359V/C/ mutation, Dasatinib is the TKI of choice. Ponatinib is
the drug of choice in T315I mutation. d) In other mutation, high dose of Imatinib,
Dasatinib, or Nilotinib is drug of choice.

10. TKI-related toxicities (acute and long-term effects of TKI)

With the advent of TKIs, CML has become a chronic disease, and since in CML TI
has to be continued for a long time, it’s of prime importance to recognize the adverse
effects of TKIs.

10.1 Toxicity profile of Imatinib

Generally, Imatinib is considered a safe, well-tolerated drug although mild to
moderate toxicities are common. The toxicity of Imatinib depends upon various
factors, which include dose of Imatinib used, stage of the disease, and phase of
treatment (early vs. later). Imatinib used in advanced phase of CML (accelerated
phase or blast crisis) reported increased toxicity as compared with chronic phase that
can be attributed to the high dose of Imatinib used in this phase of the disease (600-
800 mg per day) and the lack of bone marrow reserves owing to the aggressive
biology of the disease. A randomized trial of 476 patients in CML CP started on
Imatinib 400 mg (n = 157) OD vs. 800 mg (n = 319) OD reported increased grade 3-4
hematologic toxicities, gastrointestinal toxicity, skin toxicity, edema, in the 800 mg
OD arm. Most side effects occur early during treatment and tend to reduce in severity
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Figure 8.

Organ-specific toxicity profile of Imatinib mesylate [41].

and frequency with time. Toxicity profile of Imatinib can be divided into the
following categories: (a) hematological toxicity (b) non-hematological toxicity
(Figure 8) [41].

10.1.1 Hematological toxicity

It is one of the most common toxicities encountered with Imatinib therapy in CML
and can be attributed to the direct toxic effects of Imatinib on stem cells as well
delayed restoration of normal hematopoesis following elimination of BCR-ABL-posi-
tive leukemic cells. In the landmark IRIS trial comparing Imatinib 400 mg OD vs.
INF-« plus cytarabine, grade 3-4 neutropenia was most common hematological tox-
icity reported (14.3%) followed by thrombocytopenia (8%) and anemia (3%) in
Imatinib arm (4). Since mucositis is uncommon with Imatinib therapy, febrile neu-
tropenia is rarely encountered as compared with conventional chemotherapy.

10.1.2 Bone marrow aplasia

There have been case reports of BM aplasia following TKI therapy. Transient BM
aplasia is common and resolves spontaneously with discontinuation of drug. However,
BM aplasia not improving after drug discontinuation is a potentially serious issue.
There is no consensus regarding management of the above condition; best supportive
care and allogenic SCT have been tried in some cases with varying results.

10.1.3 Non-hematological toxicity
10.1.3.1 Gastrointestinal toxicity

Nausea, vomiting, and diarrhea are among the most common non-hematologic
toxicities encountered with Imatinib therapy.
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10.1.3.2 Fluid retention (edema)

Fluid retention leading to superficial edema is the commonest dose limiting toxic-
ity and responsible for dose interruptions in majority of cases on Imatinib therapy.
The cause of this phenomenon has been postulated to be the inhibition of platelet-
derived growth factor (PDGFR).

10.1.3.3 Other non-hematological toxicity

Other commonly observed non-hematologic toxicities with Imatinib are fatigue
and musculoskeletal toxicity manifesting in the form of fatigue, myalgias, cramps, and
arthralgia, among which muscle cramps and myalgias were more frequently reported.
Severe musculoskeletal toxicity was reported more frequently in cases receiving
Imatinib 800 mg daily as compared with cases receiving 400 mg daily.

10.2 Long-term side effects

Since Imatinib has to be continued in a long-term basis in CML in majority of
cases, recognition of long-term adverse effects is critical to good patient management.
The principal long-term adverse effects of Imatinib are enlisted below:

10.2.1 Cardiotoxicity

There have been instances of cardiotoxicity in the form of congestive heart failure,
pericarditis, and hypertension with use of Imatinib. Kerkela et al. demonstrated the
cardiotoxicity of Imatinib in cell cultures, as well as in animal model. They postulated
that imatinib causes activation of endoplasmic reticulum stress response that subse-
quently activates Bax and ultimately releases cytochrome c causing apoptosis of
myocytes. They also have reported 10 cases (median age = 64) of new-onset conges-
tive cardiac failure while on Imatinib; however, eight of them had preexisting risk
factors (type 2 diabetes mellitus or hypertension) or previous cardiac conditions
(coronary artery disease) [42].

10.2.2 Pulmonary toxicity

Pulmonary toxicity in presenting in the form of interstitial lung disease (ILD) is
rarely reported. A Japanese study reported 27 cases (CML CP (n = 17), CML AP
(n = 6), gastrointestinal stromal tumor (GIST) (n = 4), which appeared to develop ILD
after initiation of Imatinib therapy; however, majority of the patients had complete
resolution of ILD (23 out of 27) on stopping Imatinib and addition of corticosteroids.
Due to its rarity, there are no consensus guidelines regarding its optimal management;
however, it is recommended to withhold Imatinib therapy till the pulmonary func-
tions recover [43].

10.2.3 Endocrine toxicity

Spectrum of endocrine toxicities ranges from thyroid disorders to pituitary sup-
pression and is illustrated in Figure 9.
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Endocrine toxicity of Imatinib.

11. Toxicity profile of Nilotinib

Nilotinib is a second-generation TKI, which targets the BCR-ABL, platelet-derived
growth factor receptor o (PDGFR-a), PDGFR-f, and c-kit. Nilotinib has been
approved for use in frontline as well as in cases refractory to first-generation TKI. As
with Imatinib, the most common toxicity includes myelosuppression. Although car-
diovascular toxicities are rare, they are important to recognize since they can be life-
threatening. The mechanism of A/E of Nilotinib is thought to be the due to its effects
on other molecular target apart from BCR-ABL. Screening out high-risk groups is
recommended before initiating nilotinib therapy. Adverse effects of nilotinib include
pancreatitis, cardiac toxicity causing sudden deaths, vaso-occlusive events and
hyperglycemia, prolonged QTec. It is important to correct electrolyte abnormalities
such as potassium and magnesium before starting Nilotinib. Hepatotoxicity due to
nilotinib is a commonly reported side effect as well; however, abnormal liver function
test (LFT) results have been reported in asymptomatic cases. When alanine amino-
transferase (ALT) and aspartate aminotransferase (AST) levels are more than five-
fold, the upper limit of the normal (ULN) or when the serum total bilirubin level is
more than threefold the ULN, dose modification or discontinuation of nilotinib is
recommended, resulting in decreased levels of hematological indicators in certain
patients with CML. Nilotinib-induced hyperbilirubinemia typically manifests as indi-
rect bilirubinaemia without elevated ALT or AST levels [44].

12. Toxicity profile of Dasatinib

Dasatinib is a second-generation TKI inhibiting BCR-ABL, SRC family kinases. It is
325 times more potent than Imatinib. As with other TKIs, the most important adverse
effect is myelosuppression. Among the non-hematologic toxicities, the GI side effects
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such as nausea and vomiting are common. About 35% of patients on Dasatinib expe-
rience pleural effusion, which is predominantly lymphocytic. Most of the cases of
Dasatinib induced pleural effusion are self-limiting and require temporary discontin-
uation [45]. Diuretics or corticosteroids can be used in symptomatic effusions, not
responding to conventional therapies is a rare but life-threatening complication of
Dasatinib. Usually, discontinuation of Dasatinib leads to symptomatic improvement;
however, more severe cases may require PDE Inhibitors.

13. Role of hematopoietic stem cell transplantation in CML

Twenty years back, CML was a fatal disease with hematopoietic stem cell trans-
plantation being the only curative option. However, with the advent of TKI and their
spectacular outcomes, HSCT has taken a back seat and now indicated for only in
minority of patients with CML. High rates of transplant-related mortality remain an
issue with allo-SCT; however, with the advent of RIC (reduced intensity condition-
ing) regimens and maintenance TKIs, the mortality and morbidity are steadily
decreasing.
13.1 Current indications of SCT in CML

Chronic phase

* Failure of first-line TKI and predicted poor response to second-line TKI [46, 47].

* Failure to respond to first- and second-line TKIs.

* Presence of T315] mutation and/or failure to respond to ponatinib.

* Presence of repeated grade 4 cytopenias in response to treatment with different
TKIs despite appropriate dose reduction and cytokine support.

Accelerated phase

* TKI naive

* TKI naive with suboptimal response to TKI

* TKI resistant

Blast phase

* Acquisition of second CP after TKI or chemotherapy salvage.
13.1.1 Donor selection

The ideal donor is an HLA-matched sibling donor; however, unrelated HLA-
matched donor using high-resolution typing can also be considered if MSD is not

available. Various studies have demonstrated similar outcomes between MSD and
MUD transplant although incidence of CGVHD is more in the unrelated group.
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13.1.2 Conditioning regimen

A myeloablative conditioning regimen is preferred in young patients with good
performance status. A combination therapy of busulfan (BU) oral/intravenous or
cyclophosphamide (CY) regimen is generally used. Fludarabine- or TBI-based non-
myeloablative or other reduced-intensity regimens may be considered in patients with
comorbidities or elderly.

13.1.3 Post-transplant strategies

Post-transplant strategies are aimed at preventing relapses. These include TKI
maintenance, donor lymphocyte infusion (DLI), and interferon. Early molecular
relapse should be assessed by RT-PCR/FISH studies. DLI is highly effective therapy
for relpase in CML with response rates around 70%.

14. Pediatric CML

Chronic myelogenous leukemia (CML) in children is relatively rare. Since
there is of lack of randomized clinical trials, management of CML in children is
non-standardized and often follows guidelines developed for adults. Children
tend to have a more aggressive clinical presentation than older adults, and
prognostic scores for adult CML do not apply to children. Since children have
to continue the TKI for a longer period of time, minimizing toxicities and
achievement of deep molecular responses are the primary objectives. TKI
Imatinib has been shown to cause growth retardation and hormone deficiency
in children [48].

15. Recent advances and future perspective
15.1 Discontinuation of TKI

The target of being off drug therapy, also called as treatment-free remission
(TFR), is now emerging as the new goal of CML therapy. The advantages of TFR
include the following: a) minimizing long-term side effects of TKI and improving
quality of life, b) reduced cost to the patients and society. The long-term results of
the French stop Imatinib trial (STIM1), which evaluated the outcomes of 100
patients with CML in complete molecular response (undetectable BCR-ABL tran-
scripts) for at least 2 years, where Imatinib was discontinued. Sixty-one percent of
patients had a molecular relapse occurring within 7 months of discontinuation.
However, complete molecular response was again achieved in majority of the
patients (55 out of the 61 patients) after Imatinib was restarted [49]. Current
guidelines recommend considering stopping TKI therapy for patients in chronic
phase of CML who have been on therapy for at least 3 years, sustained deep
molecular response (DMR) for at least 2 years with DMR defined as a BCR/ABL,
level of <0.01% on the international scale (IS) (equivalent to a 4-log reduction in
transcript level from baseline, MR4) [50].
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15.2 Novel drugs

Asciminib, a new first-in-class STAMP inhibitor, has shown promising results in
heavily pretreated patients. Omacetaxine is approved in the USA for patients with
CML resistant or intolerant to >2Tis including patients with T315I mutation after TKI
failure.

15.3 Leukemic stem cells

Leukemic stem cells have the property of proliferation, self-renewal, and differ-
entiation. Despite achieving molecular responses, there is a persistence of leukemic
stem cells, which creates hindrance to eradication of disease by TKI and causes
relapse. There exists a potential scope of drugs to potentially target the leukemic stem
cells clone.

16. Future perspective

Development of effective therapies for patients of CML not responding to second
and third generation remains a critical unmet need in CML. Prognosis still remains
unsatisfactory in patients with advanced stage of the disease with SCT being the only
option. There remains a need to deepen remssions, achieve a second treatment-free

remission, and the management of refractory disease with new and emerging novel
therapies.
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Chapter 5

Clinical and Imaging Features
of Leukemic Retinopathy

Vivian Wing Ki Hui and Simon K.H. Szeto

Abstract

Hematological malignancies may be associated with ocular manifestations in up to
50% of cases, and ocular symptoms can be the initial presentation. Retinal leukemic
infiltrates may be observed in up to 3% of leukemia patients. Leukemic retinopathy
may present more commonly in acute leukemias than chronic leukemias as Roth’s
spot, multi-level retinal hemorrhages, cotton wool spots, or opportunistic infection
secondary to pancytopenia. On the other hand, patients with chronic leukemias, such
as chronic myeloid leukemia (CML), may present with leukemic retinal infiltrates
and venous stasis secondary to hyperviscosity, which may lead to secondary periph-
eral microaneurysms and neovascularization. Vascular complication, such as central
retinal vein occlusion, may also occur as a result of venous stasis. In addition, leuke-
mic retinopathy is associated with poorer overall survival as pediatric CML patients
without ocular manifestation may have twice as high 5-years survival rate compared
with those with ocular manifestation. The presence of leukemic retinopathy is
associated with more severe systemic disease and is correlated with hematological
parameters such as white blood cells count (WBC). In addition, a positive correla-
tion was found between ocular leukemic infiltration and agonal leukocyte count
and the severity of systemic disease in an autopsy study. Therefore, the presence of
retinal infiltrate may be associated with leukemia with extreme leukocytosis. Optical
Coherence Tomography (OCT) is a noninvasive retinal imaging tool that can help
diagnose leukemic retinopathy. Inner retina hyper-reflective lesions were observed
in areas with intra-retinal hemorrhages or hemorrhagic lesions, while outer retina
hyper-reflective lesions were observed in areas with whitish retinal infiltrates. In
addition, the loss of the physiological hourglass appearance on cross-sectional OCT
scan of retinal vessels may be seen in leukemic retinopathy. It is believed that intralu-
minal blood flow is responsible for the physiological hourglass appearance, consisting
of two paired hyper-reflectivities inside vessel wall on OCT. In leukemic retinopathy,
hyperviscosity may disrupt normal intraluminal blood flow, leading to the loss of this
physiological appearance. In summary, leukemic retinopathy can be the first presen-
tation of leukemia. Ophthalmologists can play an important role in the diagnosis of
leukemia. Noninvasive retinal imaging could help us to monitor and understand the
pathophysiology of leukemic retinal infiltrates. Prompt diagnosis and treatment of
underlying leukemia may preserve vision and prolong survival rate.

Keywords: leukemia, leukemic retinopathy, leukemic infiltrate, ocular manifestations,
retinal hemorrhage
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1. Introduction

Leukemia is a neoplastic disorder caused by abnormal proliferation of hematopoietic
stem cells that replace the normal bone marrow. Although patients typically present
with fatigue, bleeding, and fever, ocular manifestations have been reported to occur
in up to 50% of cases at the time of diagnosis [1]. It is vital to assess for ocular symp-
toms, which may possibly be the first and isolated indicator for disease occurrence,
relapse, or progression [2].

Leukemia can either arise from the myeloid or lymphoid cells lines. They can be
rapidly progressing (acute) or indolent (chronic). Acute leukemia is fast progressing,
generating immature white blood cells (WBC) incapable of normal physiological
function, which can lead to imminent death without prompt treatment. Chronic
leukemia progresses gradually with higher proportion of mature cells, although they
can transform into an aggressive phase. The four major types of leukemia include
acute myeloid leukemia (AML), most commonly seen in older adults, chronic myeloid
leukemia (CML), with a progressive clinical course, acute lymphoblastic leukemia
(ALL), most commonly seen in children with fair survival rate, and chronic lympho-
cytic leukemia (CLL), a slowly progressing disease with better prognosis. Both acute
and chronic leukemia can cause ocular complications, while retina is the most com-
mon ocular tissue to be involved.

Patients with leukemic retinopathy may experience a more aggressive course
and worse overall disease outcome. Studies have shown a significantly shorter
mean survival rate in leukemic patients with leukemic retinopathy compared with
those without (21.4% vs. 45.7) [3, 4]. It has also been shown that among patients
with leukemic retinopathy, the mean survival rate was significantly shorter in
those with cotton wool spots than those without [5]. Hematological parameters
such as raised WBC and a low platelet count have been shown to correlate with
retinal changes in leukemic patients [6]. Raised WBC has also shown to be posi-
tively correlated with the presence of leukemic retinal infiltrates and overall
survival rate [7].

2. Pathogenesis

Ocular involvement in leukemia can be divided into: 1) primary (or direct)
leukemic infiltration of ocular structures by neoplastic cells, and 2) secondary (or
indirect) involvement due to hematological abnormalities (anemia, thrombocytope-
nia and hyperviscosity), central nervous system (CNS) involvement, opportunistic
infection, or treatment-related complication. The term leukemic retinopathy is used
to describe the retinal manifestation secondary to hematological abnormalities rather
than direct leukemic infiltration [8].

Primary infiltration of neoplastic cells can occur virtually in all ocular tissues
including the retina (3%), orbit (1%), choroid (0.3%), and optic nerve (0.3%)

[6]. Direct infiltration of the retina occurs across all levels, more commonly in
the inner retinal layers [9, 10]. These aggregates of leukemic cells in the retina
can cause complete or partial structural destruction [8]. Generally, the internal
limiting membrane (ILM) acts as an effective barrier against leukemic cells infil-
tration, but occasionally invasion into the vitreous can occur [11]. Invasion of
leukemic cells into the choroid reduces blood flow in choriocapillaries and alters
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the retinal pigment epithelium (RPE), which in turn result in an accumulation of
subretinal fluid and serous retinal detachment. Choroidal mass may be evident.
Optic nerve involvement may be caused by direct infiltration of optic nerve head,
passive swelling due to retrolaminar leukemic infiltration, or passive swelling in
papilloedema [6].

Secondary or indirect ocular involvement has been described in up to 39% of
leukemic patients [1]. Hematological abnormalities including anemia, thrombo-
cytopenia lead to retinal hemorrhage at all levels, which may be accompanied by
white-centered retinal hemorrhage and perivascular sheathing due to accumulation
of leukemic cells [12]. Hyperviscosity due to elevated WBC results in vascular stasis
and occlusion [12, 13]. Prolonged vascular stagnation especially in chronic leukemia
may lead to peripheral retinal ischemia and eventually blinding complications such
as proliferative retinopathy or even neovascular glaucoma [14, 15].

3. Clinical presentation
3.1 History

Ocular symptoms: Most patients are asymptomatic. Some may experience
unilateral or bilateral blurring of vision, floaters, or visual field defect. Ocular mani-
festations are more common in acute or relapse phase of leukemia than in chronic
leukemia [16].

Systemic symptoms: Acute leukemia presents with symptoms of anemia, hemor-
rhage, infection, or infiltration of lymphatic organs. On the other hand, symptoms
of chronic leukemia are vague, such as fatigue, weight loss, and night sweats. Patients
with hyperviscosity syndrome may have headache, hearing impairment, dizziness,
and other neurological symptoms.

The review of past history including any past history of leukemia or malignancies,
systemic illness, history of infection, any previous treatments received is important in
aiding diagnosis of leukemic retinopathy.

4. Physical examination
4.1 Ocular features

Retinal changes can be related to primary leukemic infiltration or secondary
retinal manifestations of hematological abnormalities. Secondary changes occur in
leukemic retinopathy, including Roth’s spot, multi-level retinal hemorrhages, cotton
wool spots, and opportunistic infection. These findings present more commonly
in acute leukemia [1]. Chronic leukemia develops less rapidly, in which prolonged
hyperviscosity results in venous stasis, retinal ischemia, peripheral microaneurysms,
and proliferative vitreoretinopathy [1]. Complications such as vascular occlusion,
vitreous hemorrhage, neovascular glaucoma, tractional retinal detachment secondary
to proliferative vitreoretinopathy may develop in untreated eyes or delayed presenta-
tion. These manifestations vary in severity, which can be classified into mild, moder-
ate, and advanced disease depending on the region involved and by visual prognosis
(Table1) [17].
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Categorization of ophthalmic manifestations in CML patients

Mild * Retinal hemorrhages, Roth spots, cotton wool spots, leukemic infiltrates, dilated tortuous
vessels, optic disc hyperemia and edema, retinal vessels sheathing

Moderate * Proliferative retinopathy
* Retinal vein occlusion

* Vitreous hemorrhage

Advanced * Optic disc infiltration
 Exudative retinal detachment

* Choroidal infiltration and hemorrhage

Table 1.
Categorization of ophthalmic manifestations in CML patients [17].

a. Venous dilatation and tortuosity

* Vascular congestion is one of the earliest retinal manifestations. It is also the
most common manifestation in chronic leukemia [12]

b.Multi-level retinal hemorrhages

* Retinal hemorrhages occur predominantly in the posterior pole

All retinal layers, especially the inner layers may be involved

o Preretinal hemorrhages, superficial flame-shaped hemorrhages, intraretinal
dot blot hemorrhages, sub-ILM hemorrhages, subhyaloid hemorrhage, and
vitreous hemorrhage

* White-centered hemorrhage or Roth’s spots result from capillary rupture and
extrusion of whole blood, while the white center consists of leukemic cells or
platelet-fibrin aggregates [13]

* There is an inconsistent correlation between retinal hemorrhages and hemo-
globin or platelet levels [8]

c. Perivascular sheathing

* Perivascular sheathings are gray-white streaks along retinal vessels, which are
a collection of leukemic cells [8]

d.Cotton wool spots (CWS)

* CWS is not a unique feature for leukemic retinopathy but is also seen in other
pathologies with retinal hypoxia. They are a collection of neuronal debris
within nerve fiber layer due to ischemic disruption of nerve axons

* Hypoxic state in leukemic retinopathy results from vascular stagnation and
occlusion
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* The presence of CWS does not correlate with hematological parameters [18]
e. Microaneurysms (MA)

* MA is aless common manifestation, which tends to locate in the peripheral
retina in chronic leukemia. It is considered a manifestation of ischemia and
neovascularization secondary to raised WBC [8, 19]

* There is no correlation between the presence of MA and hemoglobin or
platelet count [20]

f. Leukemic infiltrates

* Leukemic infiltrates can occur in all ocular tissues, with retina being the most
common site of involvement

o Retinal infiltrates are large gray, white nodules of varying size that can
involve all levels of retina, especially common in outer retinal layers.
Subretinal infiltrates have been referred as subretinal hypopyon

o Smaller infiltrates tend to be perivascular, while massive retinal infiltrate can
cause total retinal detachment [21]

o Massive retinal infiltrates may appear as large confluent retinal infiltrates in
CML patients with extreme leukocytosis [9, 10].

o Histological examination demonstrates complete or partial focal tissue
destruction with the invasion of retinal infiltrates [8]. However, complete
resolution with functional recovery may occur with systemic treatment [22]

o Other sites of leukemic infiltration including the choroid, vitreous, and the
fovea are less frequently seen. Choroidal infiltration often presents as second-
ary serous retinal detachment, generally shallow at the posterior pole [1]

* Direct leukemic infiltrates correlate positively with increased WBC and sever-
ity of systemic disease [7]

g.Optic disc swelling

* Optic disc swelling may occur in direct optic nerve head infiltration, passive
swelling due to retrolaminar leukemic infiltration, or passive swelling in

papilloedema [6]

* Clinically, papilledema and direct optic nerve head infiltration may be dif-
ferentiated by the presence of perivascular sheathing in the later, although
occasionally the conditions overlap [8]

* Optic nerve dysfunction (drop in visual acuity, color vision deficit, and the
presence of relative afferent pupillary defect) may occur when the retrolami-
nar portion of the optic nerve is involved
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* Lumbar puncture and spinal fluid analysis provides information on CNS
involvement or raised intracranial pressure but cannot exclude direct optic
nerve head infiltration

h.Complications
¢ Retinal vein occlusion

o Retinal vein occlusion occurs as a result of hyperviscosity due to
leukocytosis [1]

¢ Serous or exudative retinal detachment

o This is thought to be a result of choroidal infiltration of leukemic cells or
RPE disruption

o Only a few cases of serous retinal detachment have been reported. Most
of the reported cases are of ALL in younger patients. The detachments are
generally shallow over the posterior pole

* Proliferative retinopathy

o Proliferative retinopathy occurs secondary to retinal ischemia in non-
perfused retina due to hyperviscosity

o Peripheral retinal neovascularization is frequent in chronic leukemia,
observed in up to 78% of cases in CML [19]. On the other hand, optic
disc neovascularization is almost always associated with acute leukemia
[23, 24]

o In untreated eyes, vitreomacular traction, vitreous hemorrhage, and trac-
tional retinal detachment eventually occur [22]

o Neovascular glaucoma (NVG) and severe loss of vision may occur. The risk
of developing NVG may be higher in patients with preexisting diabetic
retinopathy [15, 25].

5. Investigation
5.1 Ocular imaging

Optical Coherence Tomography (OCT) is a noninvasive retinal imaging tool
that uses low-coherence light waves to capture cross-sectional images of the retina.
Lesions across each layer such as retinal infiltration, hemorrhages, and vessels can
be visualized. Retinal and choroidal thickness can also be measured. OCT provides a
detailed assessment of the structural change in the retina, which is valuable in disease
monitoring. For example, the degree and extent of macular edema and serous retinal
detachment can be demonstrated if not evident clinically [26]. The resolution of
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leukemic infiltrates can also be observed with systemic treatment [9, 27]. The features
of leukemic ocular manifestations are described further below:

a.Retinal detachment
* Separation of neurosensory retina from the underlying retinal pigment epithe-
lium (RPE) can be confirmed on OCT, there would be a hypo-reflective space
underneath the neurosensory retina
b.Retinal hemorrhages and leukemic infiltrates

* Retinal hemorrhages may present as inner retinal hyper-reflective lesions

* Leukemic infiltrates may appear as outer retinal hyper-reflective lesions,
which may invade across retinal layers

* Disruption of photoreceptor layers may be observed after resolution of leuke-
mic infiltrates [9]

c.Macular edema

¢ Increased central macular thickness (CMT) occurs in macular edema second-
ary to retinal vein occlusion

* Intraretinal cysts, subretinal fluid, and diffuse thickening may be present
d.Choroidal infiltration

* Increased choroidal thickness due to choroidal infiltration
e. Appearance of retinal vessels cross-section

* Loss of physiological hour-glass appearance over retinal vessels [28]

o Physiological intraluminal blood flow appears as hourglass-shaped, consist-
ing of two paired hyper-reflectivities inside vessel wall on OCT

o Venous stasis in leukemic retinopathy disrupts normal intraluminal blood
flow, leading to loss of this physiological appearance

Fundus Fluorescein Angiography (FFA) is an imaging technique to demonstrate

retinal vasculature with the use of intravenous sodium fluorescein and a specialized
camera. Real-time vascular flow with transit time can be recorded, together with the
visualization of retinal microvasculature such as microaneurysms, capillary non-per-
fusion, and neovascularization, all of which may occur in leukemic retinopathy. With
the advancement of ultra-widefield FFA in recent years, pathologies in the peripheral
retina can be visualized. FFA is usually performed in eyes with delayed presentation,
or in cases with high risk of ischemia and proliferative retinopathy due to prolonged
vascular stagnation.
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FFA features in leukemic retinopathy:
* Microaneurysms (MA)

o Leukemic retinopathy may share common clinical features with diabetic
retinopathy. MAs in leukemic retinopathy are smaller in size, clustered more
closely to give a firecracker-appearance on FFA [29]. This picture of miliary
MAs can differentiate leukemic retinopathy from a variety of ocular conditions
such as Behcets retinal vasculitis, sarcoidosis where MA is not a typical feature.

* Capillary dropout representing areas of non-perfused retina

* Neovascularization at the disc (NVD) and elsewhere (NVE) secondary to retinal
ischemia

* Delayed retinal arteriovenous transit time due to vascular stagnation
* Fluorescein leakage and pooling in exudative or serous retinal detachment

Optical Coherence Tomography Angiography (OCT-A) is an emerging noninva-
sive imaging technique, which generates angiographic images of the retina and the
choroid without the need for dye injection. This imaging technique detects laser light
reflectance upon moving red blood cells. Apart from structural mapping, the rate of
blood flow can also be determined by scanning the same area twice for signal dif-
ference. Pathology on OCT-A can be detected even in patients without clinical signs
of leukemic retinopathy. Pathological vascular flow loss in the superficial and deep
capillary plexus and decrease of vascular density over perifoveal area can be detected
with OCT-A in chronic leukemic patients. Currently, there are limited studies on
OCT-A features in leukemic retinopathy [30].

6. Systemic investigation

Review of systemic illness should be carried out promptly to facilitate early disease
diagnosis, disease staging, and to exclude concurrent infection or other differential
diagnosis. The diagnosis of leukemia requires complete blood count with differential,
peripheral blood smear, bone marrow examination, histochemical studies, cytoge-
netic and molecular testing, and immunophenotyping.

* Complete blood count and peripheral blood smear

o Severe pancytopenia and peripheral blast cells suggest acute leukemia.
Leukocytosis in the presence of blast cells excludes infection

o Elevated white cell count and a normal-to-moderately elevated platelet count
may be present in chronic leukemias. Peripheral smear and peripheral blood
flow cytometry can further classify types of leukemia

o Elevated white cell count correlates with the presence of direct leukemic
infiltrates and the severity of systemic disease [7]
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* Histochemical studies, cytogenetics, and immunophenotyping or molecular
studies classify leukemia and provide information on disease prognosis

* Other laboratory abnormalities in leukemia may include hyperuricemia, hyper-
phosphatemia, hyperkalemia, hypocalcemia, elevated lactate dehydrogenase
(LDH), which may indicate a tumor lysis syndrome

* Specific tests are useful in excluding infectious or non-infectious diseases, which
mimic leukemic retinopathy

o C-reactive protein

o Quantiferon test, purified protein derivative skin test

o Syphilis serology, HIV test

o Angiotensin-converting enzyme level, urinary and blood calcium levels
* Imaging

o Chest X-ray

o Cranial imaging is done in leukemic patients with CNS symptoms. Cranial
and orbital MRI can reveal intracranial lesions, presence of mass effect, pres-
ence of orbital involvement, or optic nerve infiltration

7. Management

Close collaboration between hematology-oncology and ophthalmology team is
essential for a proper management of leukemic retinopathy. The mainstay of manage-
ment is to treat underlying leukemia with chemotherapy, targeted therapy, radiother-
apy, immunotherapy, or hematopietic stem cell transplant depending on the type and
phase of leukemia. Acute general management includes correction of metabolic, infec-
tious, and hyperleukocytosis emergencies. Emergency medical cytoreduction treatment
or even therapeutic leukapheresis may be required in cases with extreme leukocytosis.

Regular ophthalmological review with dilated fundal examination is needed to
monitor for the development of complication such as proliferative retinopathy and
retinal detachment.

The subsequent ophthalmological management depends on disease severity
(Table1). In most mild cases, symptoms improved with systemic treatment for
underlying leukemia. In moderate and advance cases, ophthalmic treatment together
with systemic treatment may be necessary to minimize visual damage.

* In proliferative retinopathy, panretinal laser photocoagulation is applied to
reduce ischemic drive from the non-perfused retina

* Non-resolving vitreous hemorrhage, massive subretinal hemorrhage, or trac-
tional retinal detachment may require surgical management with pars plana
vitrectomy
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* Macular edema secondary to retinal vein occlusion may be treated with intravit-
real anti-vascular endothelial growth factor (anti-VEGF)
8. Conclusion
Leukemic retinopathy can be the first presentation of leukemia, which warrants
urgent evaluation and early commencement of systemic therapy. Clinical features
vary in form and severity, in which milder forms give better visual prognosis. Retinal
imaging helps us to understand the pathophysiology of leukemic retinopathy as

well as to monitor disease progress. Prompt diagnosis and treatment of underlying
leukemia may preserve vision and prolong survival rate.
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Chapter 6

Management of Newly Diagnosed
Acute Myeloid Leukemia in Older
Adults

Gopila Gupta and Vikas Garg

Abstract

With an increase in the incidence of acute myeloid leukemia with age, thereisa
worsening in organ function and the patient’s ability to tolerate intensive therapies.
To deliver the best possible care to this vulnerable group and maintain a good quality
of life in patients, physicians need to individualize management to minimize adverse
effects while still not compromising the prospects of the cure for fit individuals. In
this chapter, we will discuss the tools for assessment in older adults and patients and
disease-related parameters to be considered for appropriate classification into the fit,
unfit, or frail categories. We will also discuss the treatment as per global fitness status,
including novel agents, that have recently become available for older acute myeloid
leukemia patients.

Keywords: AML, acute myeloid leukemia, older adults, elderly, management

1. Introduction

Acute myeloid leukemia (AML) is an aggressive hematological malignancy resulting
from the uncontrolled proliferation of myeloid precursor cells. Older patients are most
at risk for developing AML because its incidence rises with age. The definition of older
adults in AML is imprecise, with a cutoff of 60—65 years of age considered in various
studies. Outcomes in these patients are poor with 5-year survival rates of less than 15%.
Multiple factors are attributed to poor outcomes, including declining performance sta-
tus, associated comorbidities, higher prevalence of poor risk cytogenetics and molecular
aberrations, antecedent hematologic disorders, and drug resistance phenotype. In this
chapter, we will focus on the management of newly diagnosed AML in older adults.

2. Epidemiology

AML is the most common hematological malignancy among adults and constitutes
around 1% of all malignancies. The incidence of AML increases with advancing age,
with a median age at presentation is 68 years and males have slightly higher predilec-
tion over females [1-3]. It is more predominant among whites compared to non-white
races [4].
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Although it is idiopathic in most cases, some patients have known risk factors. Risk
factors for the development of AML include exposure to ionizing radiation, chemical
exposure (viz. benzene, pesticides), genetic predisposition, and chemotherapeutic
drugs (alkylating agents and topoisomerase inhibitors) [5, 6]. Germline mutations
in the DDX41 gene have a known association with hematological malignancies in the
elderly [7]. AML can also be preceded by myelodysplasia (MDS), myeloproliferative
neoplasms (MPN), aplastic anemia (AA), clonal hematopoiesis of indeterminate
potential (CHIP), or clonal cytopenia of unknown significance (CCUS) [8, 9].

3. How to define elderly AML

Even though there is no universal consensus, the majority of studies and guide-
lines classify “elderly AML” or “older adults with AML” as those above the age of
60 years. The National Comprehensive Cancer Network (NCCN), as well as the
European Society of Medical Oncology (ESMO) treatment guidelines, have adopted
60 years as a cutoff, while the American Society of Hematology (ASH) has also
included 55—60 years in elderly AML [10-12]. Most landmark trials have included
patients >65 years in their inclusion criteria. While chronological age is an important
parameter, other factors, including function status, comorbidities and organ func-
tion, must be considered before categorizing as elderly AML [13, 14].

3.1 Prognosis

Although the 5-year survival of patients with AML has significantly improved
from 20% in 2000 to around 35% in 2020, survival in patients aged >65 years remains
dismal. According to the Surveillance, Epidemiology, and End Results (SEER) data-
base 5-year relative survival in patients aged <50 years, 50-64 years, and > 65 years
are 62.2, 36.6, and 9.4%, respectively. Outcomes are even worse in patients aged
>75 years with 5-year relative survival of 3.2% [15].

Poor outcomes in elderly patients are attributable to various host, disease, and
treatment-related factors (Table 1). Elderly patients are more prone to adverse effects
due to poor performance status (PS), multiple comorbidities, organ dysfunction,
impaired cognition, and poor bone marrow reserves compared to younger ones. As
aresult, these patients are unfit for intensive chemotherapy, which is considered the
standard of care in younger individuals. Additionally, they are more often associated
with poor risk features, such as high total leucocyte count (TLC), low platelets, and
adverse cytogenetic and molecular features. There is a higher likelihood of anteced-
ent hematological disorders and therapy-related AML in the elderly population.
Furthermore, there is inherent chemoresistance due to the increased expression of
multidrug-resistance 1 (MDR-1) transporter protein in the cell membranes which
facilitates drug efflux [16-19].

3.2 Clinical manifestations

AML can cause constitutional symptoms, symptoms due to bone marrow suppres-
sion or organ infiltration. Patients with anemia present with generalized weakness,
dyspnea on exertion, and progressive pallor. Bleeding manifestations may result
due to thrombocytopenia or coagulopathy. Patients are prone to infections due to a
reduction in normal leukocytes. Rarely, hyperleukocytosis may cause leukostasis,
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Host factors Disease factors Treatment-related factors
Declining performance Higher prevalence of poor risk Higher expression of proteins that
status. cytogenetic/molecular features, such cause drug efflux.
as complex cytogenetics and TP53
mutation.
Comorbidities and poor High prevalence of leukocytosis and Poor tolerance to therapy.
organ function. thrombocytopenia.
Poor nutritional status. Higher risk of t-AML. Polypharmacy and drug
interactions.
Impaired cognition Gene mutations suggestive of

antecedent myelodysplastic syndromes
and AML-MRC (SRSF2, SF3B1, U2AF1,
ZRSR2, BCOR, EZH2, ASXL1, STAG2).

AML—Acute myeloid leukemia, t-AML—Therapy-vrelated acute myeloid leukemia.

Table 1.
Factors associated with poor outcomes in “elderly AML” [16-20].

leading to blurred vision, respiratory symptoms, or seizures. (20) Extramedullary
involvement, more common with monocytic variant can present as gum hypertrophy,
leukemia cutis, or central nervous system (CNS) infiltration. Hepatosplenomegaly
and lymphadenopathy are observed in minority (<10%). Bone pains can occur due to
the expansion of the medullary cavity by growing leukemia cells [21-23].

3.3 Pathogenesis

Elderly patients with AML have a distinct genetic landscape compared with the
younger population. The favorable prognostic molecular mutations, such as NPM-1
and CEBPA, are uncommon in elderly AML [24]. Interestingly, FLT3-ITD mutation,
which has an adverse prognosis is found in up to one-third of younger patients but
only 15-18% in >65 years. Mutations in spliceosomes, epigenetic mutations, and those
in DNA repair pathways, such as DNMT3A, SRSF2, IDH1/2, RUNX1, TET2, ASXL1,
TP53, and BCOR, are more common in the elderly conferring a poor prognosis and
leading to chemo-resistance and inferior survivals [25, 26].

Myeloproliferative neoplasms (MPN), aplastic anemia (AA), and premalignant
conditions (Table 2), such as clonal hematopoiesis of indeterminate potential
(CHIP), clonal cytopenia of unknown significance (CCUS), and myelodysplastic
syndrome (MDS), are associated with a higher risk of developing AML. Mutations
in DNA methylation genes, such as TET2, ASXL1, DNMT3A, and histone modi-
fiers, such as ASXL-1 and EZH2, keep accumulating in hematopoietic stem cells
and increase the risk of developing AML [27, 28]. The risk of progression to AML
in patients with CHIP is 1-2% per year. CHIP is also associated with a high risk of
atherosclerosis and cardiovascular events in the elderly [9, 29].

With the increasing number of cancer survivors, the incidence of therapy-related
myeloid neoplasms (t-MN) is also rising and is estimated to be around 10-15% [30].
Approximately, three-fourth t-MN occurs after alkylating agents and radiation
exposure, and has a latency period of 5-6 years after initial exposure. These are often
preceded by myelodysplasia and harbor complex karyotype and TP 53 mutation.
Whereas, t-MN following exposure to topoisomerase II inhibitors has a shorter latency
of 2-3 years, associated with abnormalities in KMT2A (11923.3) and RUNX1 (21q22.1)
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Entity Definition
Idiopathic cytopenia of undetermined significance Persistent cytopenia (> 6 months), with no somatic
(ICUs). mutations, clonal cytogenetic abnormality, or no or

mild marrow dysplasia (<10%).

Idiopathic dysplasia of undetermined significance Marrow dysplasia in >10% of any one or more cell
(IDUS). lines, with no somatic mutations, clonal cytogenetic
abnormality, or cytopenia.

Clonal hematopoiesis of indeterminate potential One or more myelodysplasia-related somatic mutations

(CHIP). with variant allele frequency > 2% or clonal karyotypic
abnormality in >2 metaphases, no cytopenia, or no or
mild marrow dysplasia (<10%).

Clonal cytopenia of unknown significance (CCUS). One or more myelodysplasia-related somatic mutations
with variant allele frequency > 2% or clonal karyotypic
abnormality in >2 metaphases, with cytopenia (>
4 months), but no or mild marrow dysplasia (<10%).

Table 2.
Premalignant conditions associated with myeloid neoplasms.

genes and are usually not preceded by myelodysplasia [31]. According to the European
Leukemia Net (ELN), 2022 classification the term therapy-related acute myeloid leuke-
mia (t-AML) is no longer a separate disease entity and is classified according to molecu-
lar profiling [32]. Most of these cases present in older adults and are often associated
with adverse risk molecular and cytogenetic abnormalities and have inferior survival.

3.4 Diagnosis

Diagnostic evaluation in a patient with suspected hematological malignancy
begins with a complete blood count (CBC) and a peripheral smear examination.

A bone marrow examination is required for accurate morphological evaluation,
immunophenotyping, cytogenetics, and molecular analysis. It aids in confirming

the diagnosis, classification, and prognostication. Immunophenotyping provides
further information on classification and can be utilized for measurable residual
disease (MRD) assessment. Cytogenetic analysis (G banding and FISH analysis) and
molecular testing for NPM, CEBPA, and FLT3 (TKD and ITD) with polymerase chain
reaction (PCR) are required for prognostication.

In the era of precision medicine, next-generation sequencing (NGS) has become
an important part of initial workup as it helps in better risk stratification and
therapeutic management. International consensus classification (ICC) has recently
published a revision of the World Health Organization (WHO) classification of AML
(Table 3). It is a more genetically defined classification that includes new genetic
entities and excluded therapy-related AML (t-AML) as a separate class [33]. Risk
stratification is important for prognostication as well as to decide consolidation
post-remission. ELN has risk-stratified AML based on morphological, cytogenetic,
fluorescent insitu hybridization (FISH), molecular testing, and NGS (Table 4) [34].

Assessment of organ functions and other important tests should be performed
before starting therapy including liver and kidney function tests, hepatitis B and
C serology, human immunodeficiency virus (HIV), coagulation profile, lactate
dehydrogenase (LDH), cardiac functions [electrocardiogram (ECG) and echocar-
diogram (2D-ECHO) or MUGA scan], and pulmonary function (in patients with
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AML and related neoplasms AML with recurrent genetic abnormalities (requiring >10% blasts in BM or PB)

t(15;17) (q24.1;q21.2)/PML:RARAb

t(8;21) (q223q22.1)/RUNX1:RUNXIT1

inv(16) (p13.1q22) or t(16;16) (pl3.13q22)/CBFB:MYH11

t(9;11) (p21.3;q23.3)/MLLT3:KMT2Ac

t(6;9) (p22.3;q34.1)/DEK:NUP214

inv(3) (q21.3q26.2) ort(3;3) (q21.3;q26.2)/GATA2, MECOM (EVI1)

AML with other rare recurring translocations

AML with mutated NPM1

AML with in-frame bZIP mutated CEBPA

AML with t(9;22) (q34.1;q11.2)/BCR::ABL1*

Categories designated AML (if >20% blasts in BM or PB) or MDS/AML (if 10-19% blasts in BM or PB)

AML with mutated TP53”

AML with myelodysplasia-related gene mutations defined by mutations in ASXL1, BCOR, EZH2, RUNX1,
SF3B1, SRSF2, STAG2, U2AF1, or ZRSR2

AML with myelodysplasia-related cytogenetic abnormalities”

AML not otherwise specified (NOS)

Myeloid sarcoma

Myeloid proliferations related to Down syndrome

Transient abnormal myelopoiesis associated with Down syndrome

Myeloid leukemia associated with Down syndrome

Blastic plasmacytoid dendritic cell neoplasm

Acute leukemias of ambiguous lineage

Acute undifferentiated leukemia

MPAL with t (9;22) (q34.1;q11.2)/BCR=:ABL1

MPAL with t(v;11q23.3)/KMT2A rearranged

MPAL, B/myeloid, not otherwise specified

MPAL, T/myeloid, not otherwise specified

AML with in-frame mutation in the bZIP domain of the CEBPA gene, either monoallelic or biallelic.

#AML with (9,22) (434.1;411.2)/BCR::ABL1 is an exception as it vequires bone marrow or peripheral blood blast
count of >20% due to its overlap with the progression of chronic myeloid leukemia, BCR::ABL1-positive.

“The presence of a pathogenic somatic TP53 mutation (at a variant allele fraction of at least 10%, with or without loss
of the wild-type TP53 allele) defines the entity AML with mutated TP53.

"Complex karyotype: >3 unrelated chromosome abnormalities in the absence of other class-defining recurring genetic
abnormalities; excludes hyperdiploid karyotypes with three or more trisomies (or polysomies) without structural
abnormalities. Unbalanced clonal abnormalities: del (5q)/t(5q)/add (5q); —7/del(7q); +8; del(12p)/t(12p)/(add (12p);
i(17q), — 17/add (17p) or del(17p); del(20q); and/or idic(X) (q13).

Table 3.
2022 international consensus classification (ICC) revision of World Health Organization (WHO) classification
of acute myeloid leukemia (AML) and velated neoplasms [32].

prior respiratory disorders). Serum creatinine, uric acid, potassium, calcium, and
phosphate are important to rule out tumor lysis syndrome (TLS). A comprehensive
infection workup should be performed in the presence of fever or suspicion of infec-
tion. Lumbar puncture and brain magnetic resonance imaging (MRI) are reserved
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Favorable * t(8;21) (q22;q22.1)/RUNX1:RUNX1T1

* inv.(16) (p13.1q22) or t(16;16) (p13.1;q22)/CBFB:MYH11 Mutated NPM1 without
FLT3-ITD

¢ bZIP in-frame mutated CEBPA

Intermediate ¢ Mutated NPM1 with FLT3-ITD
» Wild-type NPM1 with FLT3-ITD
* t(9;11) (p21.3;q23.3)/MLLT3:KMT2A

* Cytogenetic and/or molecular abnormalities not classified as favorable or adverse

Unfavorable * t(6;9) (p23;q34.1)/DEK:NUP214
* t(v;11q23.3)/KMT2A-rearranged
* t(9;22) (q34.1;q11.2)/BCR=:ABL1
* t(8;16) (p11;p13)/KAT6A::CREBBP
* inv.(3) (q21.3q26.2) or t(3;3)(q21.3;q26.2)/GATA2, MECOM(EVI1)
* t(3q26.2;v)/MECOM(EVI1)-rearranged
* —5ordel(5q); —7; —17/abn (17p)
» Complex karyotype, monosomal karyotype
* Mutated ASXL1, BCOR, EZH2, RUNXI1, SF3B1, SRSF2, STAG2, U2AF1, or ZRSR2
* Mutated TP53

Table 4.
European leukemia net (ELN) 2022 risk stratification of acute myeloid leukemia (AML) [34].

for patients with suspected neurological involvement due to AML. Human leukocyte
antigen (HLA) typing may be considered in a patient with the potential for hemato-
poietic stem cell transplant (HSCT).

3.5 Pretreatment assessment

Pretreatment assessment of the patient with a diagnosis of AML includes evalu-
ation of performance status, physical functioning, and comorbidities. Eastern
Cooperative Oncology Group performance status (ECOG-PS) helps in assessing gen-
eral well-being and poor ECOG-PS has been associated with poor outcomes in mul-
tiple studies [35-37]. The functional assessment measured by activities of daily living
(ADL) and instrumental activities of daily living (IADL) complement ECOG-PS in
assessing functioning in elderly patients [38]. In addition, physical assessment using a
short physical performance battery (SPPB) has been shown to predict hospitalizations
and mortality among the elderly [39, 40].

Comorbidities also play a role in predicting survival and toxicity with treatment.
Large population-based studies have shown that approximately half of the elderly
patients with AML have at least one preexisting comorbidity, while one-fourth have
>2 comorbidities. The Charlson comorbidity index (CCI) and the hematopoietic cell
transplantation comorbidity index (HCT-CI) are commonly used in hematological
malignancies [41]. HCT-CI was initially used for predicting non-relapse mortality in
HSCT patients, but recent studies show that it can also predict early death and overall
survival (OS) in AML > 60 years after receiving induction therapy [42].

Apart from chronological age, performance status, functional status, and comor-
bidities, other variables, such as cognition, nutritional status, social support, and
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polypharmacy, also play a key role in treatment decisions. Cognitive impairment is
more frequent among the elderly and is associated with a higher risk of complications
during AML treatment. A modified mini-mental scale (3MS) can be used for brief
bedside cognitive assessment and includes assessing various domains of cognition
(attention, concentration, orientation, memory, language, constructional praxis,
fluency, and abstract thinking) [43].

Many geriatric assessment (GA) scores have been developed considering the
above-mentioned domains of patient health. Comprehensive geriatric assessment
(CGA) is a multidimensional approach to assess elderly patients and includes
functional status, cognition, mental status, comorbidities, social status, and
medications. However, it is tedious and may not be feasible for routine clinical use
[44]. Lately, screening questionnaire, such as G8 screening tool, for fragility assess-
ment has been devised for use in busy oncology clinics to help identify patients
who need geriatric assessment [45]. Multiple tools are also available to categorize
elderly patients into those fit for intensive chemotherapy versus those who are not,
but the majority of these have been studied in solid tumors [17]. The Chemotherapy
Risk Assessment Scale for High-Age Patients (CRASH) score can be used in elderly
patients with solid tumors as well as hematological malignancies to predict treat-
ment toxicity [46].

Although we have multiple tools, these have not been integrated into clinical prac-
tice due to their complexity, paucity of time and manpower required to perform these
tests, and lack of uniformity in implementation and interpretation. In general, a score
of more than 1 on CCI or HCT-CI, 3-MS score < 77, SPPB <9, and ECOG PS > 2 would
predict a higher risk of treatment-related morbidity and mortality with intensive
chemotherapy. Patients may be broadly classified into fit, vulnerable, and frail using
these variables (Table 5). However, the treating physician should base the manage-
ment on their judgment as these have not been clinically validated [43].

Fitness category Parameters

Fit ECOG PS 0-2
CCI<1,HCT-CI<1
3-MS score > 77
SPPB >9
No impairment in ADL/IADL

Unfit/vulnerable ECOGPS2
CCI<2,HCT-CI <2
3MS score < 77
SPPB <9
Mild impairment in ADL/IADL

Frail ECOGPS>3
CCI>2, HCT-CI > 2
3MS score < 77
SPPB <9
Impaired ADL/IADL

3-MS—Modified mini-mental scale, ADL—Activities of daily living, AML Acute myeloid leukemia, CCI—Charlson
comorbidity index, IADL—Instrumental activities of daily living, ECOG-PS—Eastern Cooperative Oncology Group
performance status, HCT-CI—Hematopoietic cell transplantation comorbidity index, and SPPB—Short physical
performance battery.

Tables.
Suggested categorization of “elderly AML” patients.
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4. Management
4.1 Management of newly diagnosed AML

Management of AML is based on the patient’s age, performance status, comorbidi-
ties, and geriatric assessment. It includes either intensive therapies (daunorubicin
+ cytarabine, 3 + 7), less intensive therapies, such as low-dose cytarabine (LDAC),
hypomethylating agents (HMA), or best supportive care. Intensive chemotherapy is
considered the standard of care for fit adults with AML, while less intensive therapies
are preferred for others [10, 11]. Therefore, it is important to carefully assess patients
before initiating any therapy.

Recently, the management of elderly patients (Table 6) has transformed with the
introduction of targeted therapies (venetoclax and ivosidenib) in combination with
HMA markedly improving the responses and survival. Many new targeted therapy
approvals in the past 5 years have also modified the landscape of managing older
adults with AML. With knowledge of patient physiology and disease biology, we can
now better personalize the treatment and tailor it to the individual patient’s needs. We
will discuss the management according to the fitness of the patients as discussed in
the pretreatment assessment.

Therapy Fit* Unfit Frail
Induction * 3 + 7 chemotherapy +/— GO * HMA+ Venetoclax * Clinical trials
¢ FLT3 mutated: ¢ LDAC+ Venetoclax * Best supportive care

3 + 7 + midostaurin (BSC) and transfu-

* LDAC+ Glasdegib

.t . . -~ sion support
t-AML, AML-MRC: CPX-351 « IDH-1 mutated:
* Complex karyotype/monosomal ivosidenib+ * LDAC
karyotype/ Tp 53- HMA+ azacytidine * HMA monotherapy
Venetoclax ¢ IDH-2 mutated:
enasidenib+
azacytidine
Consolidation * HiDAC +/— midostaurin or GO’ ¢ Same as induction ¢ Same as induction
+ Allogenic HSCT" + Allogenic HSCT " in

selected cases

AML—acute myeloid leukemia, HSCT—hematopoietic stem cell transplant, GO—Gemtugumab ozogamicin,
t-AML—therapy-velated acute myeloid leukemia, AML-MRCacute myeloid leukemia- myelodysplasia related changes,
FLT3—Fms like tyrosine kinase, HIDAC—high dose cytarabine, HM A—hypomethylating agents, acute myeloid
leukemia, LDAC—Ilow dose cytarabine, and IDH—Isocitrate dehydrogenase.*Favorable risk.

*Adverse risk.

#Maintenance therapy with oval azacytidine (onureg) or sovafenib (in FLT3 mutated cases).

Table 6.
Summary of management of newly diagnosed AML in older adults.

5. Patients fit for intensive chemotherapy
5.1Induction therapy

The goal of therapy in these patients is to achieve swift remission with minimiz-
ing treatment-related mortality or morbidity. 3+ 7 chemotherapy has been a gold
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Response Response criteria

CR (complete remission) Bone marrow blasts <5%
Absence of circulating blasts
Absence of extramedullary disease
ANC > 1.0 x 10°/L
Platelet count >100 x 10°/L

CRh (CR with partial hematologic recovery) All other CR criteria were met except
ANC > 0.5 x 10°/L and platelet count >50 x 10°/L
CRi (CR with incomplete hematological All other CR criteria except
recovery) ANC < 1.0 x 10°/L or platelet count <100 x 10°/L
MLFS (morphologic leukemia-free state) Bone marrow blasts <5%; absence of circulating blasts;

absence of extramedullary disease; no hematologic recovery

Relapsed disease Bone marrow blasts >5%
Reappearance of blasts in peripheral blood in at least two
samples at least 1 week apart, or
development of new extramedullary disease.

Refractory disease Failure to achieve response after two cycles of intensive
chemotherapy.

ANC absolute neutrophil count.

Table7.
Response evaluation in acute myeloid leukemia.

standard with cytarabine (100-200 mg/m2/day daily infusion for days 1 to 7) com-
bined with either daunorubicin (60 mg/m?2/day for days 1 to 3) or idarubicin (12 mg/
m2/day for day 1 to 3) since almost five decades [47]. Many modifications have been
suggested like the addition of 6-thioguanine, dose intensification of daunorubicin to
90 mg/m?2, or increasing cytarabine infusion to 10 days but none of them offered any
survival benefit [48, 49]. Asaresult, 3 + 7 chemotherapy remained the standard of
care until two seminal studies from the last decade, RATIFY and ALFA-0701, showed
improved responses and survivals when 3 + 7 chemotherapy was combined with FLT3
inhibitor midostaurin (in FLT3 positive cases) or anti-CD 33 monoclonal antibody
gemtuzumab ozogamicin (GO), respectively [50, 51]. In elderly patients with sec-
ondary AML (t-AML or AML MRC) CPX-351 (Vyxeos) is preferred as it has shown
improved survival with lesser toxicity compared to the standard 3 + 7 regimen [52].
Response evaluation is based on residual blast percentage on bone marrow examina-
tion and recovery of peripheral blood counts (Table7) [34].

5.2 Consolidation therapy

Consolidation therapy post-achieving remission is based on baseline cytogenetic/
molecular risk stratification (Table 4) [34]. Favorable-risk patients have good long-
term outcomes with high-dose cytarabine (HiDAC). However, optimal dose, sched-
ule, and number of cycles are a topic of debate [53-56]. The addition of midostaurin
(in FLT3-mutated cases) and GO with consolidation chemotherapy should be
considered.

For patients with high risk, allogenic HSCT is preferred due to suboptimal out-
comes with chemotherapy alone. It is important to consider the risk of transplant-
related mortality (TRM) and expected benefits before proceeding to HSCT. The
decision should be made after carefully assessing the risk of TRM based on age,
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comorbidities, donor source, and conditioning regimen [57]. Myeloablative condi-
tioning (MAC) improves relapse-free survival (RFS) but is associated with higher
TRM. Reduced-intensity conditioning (RIC) regimens may not confer similar
benefits as they depend mainly on the graft versus leukemia (GVL) effect but have
lower TRM [58]. Recent data suggest that RIC transplant confers a survival benefit
compared to chemotherapy in elderly AML patients with intermediate or poor risk
cytogenetics (5-year OS 37 vs. 20%, HR-0.67, p < 0.001) [59].

Consolidation therapy for patients with intermediate-risk disease has been
debated due to the lack of clear survival benefits and risks of TRM with HSCT. Young
fit patients without comorbidities may derive greater benefit from HSCT due to lower
TRM, while elderly patients with known comorbidities are at risk of increased TRM.
However, with advancements in conditioning regimens (NMA and RIC) and greater
experience with alternate donor sources (haploidentical, matched unrelated donor
and cord blood) more patients are considered eligible for HSCT [60-62]. Maintenance
therapy with oral azacytidine (Onureg) has demonstrated a survival benefit in
patients who achieved remission but are unable to tolerate an intensive consolidation
regimen or are unfit for transplant [63].

5.3 Patients unfit for intensive chemotherapy

The goal of therapy in these patients is to achieve a durable response and maintain
it by continuing the therapy until relapse or intolerable side effects. Conventionally,
LDAC (20 mg/m?2 per day as a subcutaneous injection for 10 consecutive days every
28 days) and HMAs (azacytidine 75 mg/m?2 daily for 7 days every 28 days or decitabine
20 mg/m?2 daily for 5 days every 28 days) were the mainstay of therapy for elderly AML
unfit for intensive chemotherapy. These therapies have low response rates (CR rates
ranging from 10 to 30%) and a median OS of fewer than 12 months [14, 64].

With a better understanding of disease biology, a new class of drugs promoting
apoptosis in cancer cells has been introduced. The intrinsic pathway of apoptosis is
regulated by the B-cell lymphoma 2 (BCL-2) family of proapoptotic and antiapop-
totic proteins. Proapoptotic proteins, such as BAX, BIM, and BAK [share BCL-2
homology 3 (BH3) domain], promote apoptosis by triggering mitochondrial outer
membrane permeabilization (MOMP). B-cell lymphoma 2 (BCL-2) protein is a key
regulator of the apoptotic pathway in mitochondria, which helps in the survival of
myeloid blasts by sequestering proapoptotic BAX [65]. Venetoclax is a selective oral
BCL-2 inhibitor that acts by binding to the BH-3 binding groove of BCL-2 and dis-
places BH-3 proteins, such as BAX and BIM, to induce apoptosis. Thus, it is also called
the BH-3 mimetic drug. In the VIALE-A study in newly diagnosed AML > 75 years
or preexisting comorbidities, the combination of venetoclax with azacytidine
demonstrated complete response (CR) rates of 36.7% and CR + CR with incomplete
hematological recovery (CRi) rate of 66.4%. Median OS was significantly better than
azacytidine and placebo, 14.7 months vs. 9.6 months (HR: 0.66, 95% CI 0.52-0.85,
p-value <0.001). Venetoclax was administered as a ramp-up schedule in the first
cycle, starting at 100 mg on day 1, 200 mg on days 2-3 and 400 mg, thereafter oral
once daily for a total 28 days cycle [66]. Similarly, in the VIALE-C study, newly
diagnosed AML > 75 years or preexisting comorbidities were randomized to veneto-
clax plus LDAC or LDAC alone. CR + CRi was observed in 48% in combination versus
13% in LDAC alone. At primary analysis, the median OS was better 7.2 months vs.

4.1 months (HR 0.70; 95% CI 0.52-1.07; p-value 0.11) but not statistically significant
[67]. Magrolizumab, an anti-CD47 antibody that blocks the “do not eat me signal” on
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macrophages, has demonstrated good efficacy in old or unfit treatment naive as well
as relapsed/refractory AML. In a phase 2 study, the combination of magrolizumab,
azacytidine, and venetoclax demonstrated CR rates in 86% of newly diagnosed AML
patients (82% adverse risk and 47% TP53 mutated) [68].

Somatic mutations in isocitrate dehydrogenase genes IDH-1 and IDH-2 may be
detected in up to 10 and 12% of patients with AML. It leads to the generation of
D-2-hydroxyglutarate, which disrupts cellular metabolism and epigenetic control
resulting in carcinogenesis [69]. Targeted therapy with oral IDH-1 inhibitor drug,
ivosidenib either alone or in combination with HMA has been recently approved in
elderly AML > 75 years who are ineligible for intensive chemotherapy. In patients
with de-novo or secondary AML with IDH-1 mutation ineligible for intensive che-
motherapy, ivosidenib 500 mg oral daily achieved CR in 30.3% and CR + CR with
partial hematologic recovery (CRh) in 42.4% [70]. A combination of ivosidenib with
azacytidine was compared with azacytidine alone in phase 3 AGILE study in newly
diagnosed IDH1-mutated AML ineligible for intensive chemotherapy, improved
median OS (24 vs. 7.9 months, HR 0.44, 95% CI 0.27-0.73, p-value = 0.001), CR (47
vs. 15%) was observed with the combination [71]. Enasidenib, an oral IDH-2 inhibi-
tor has also been tried in newly diagnosed IDH-2 mutated AML. Overall responses
were seen in only 30% with CR in 18%. Similarly, a combination of enasidenib with
azacytidine has been tested in newly diagnosed IDH-2 mutated AML in phase Ib/II
trial. Responses were observed in 74% in combination compared to 36% with azacyti-
dine alone [72].

Combination of LDAC with oral hedgehog inhibitor glasdegib has also shown
improved OS (8.8 months vs. 4.9 months, HR 0.52, 80% CI 0.39-0.67, p-value
0.0004) in AML and high-risk MDS unfit for intensive chemotherapy compared with
LDAC alone [73].

Currently, a combination of venetoclax with azacytidine is considered the
standard of care for elderly patients with newly diagnosed AML unfit for intensive
therapy. In patients, > 75 years with IDH-1 mutation combination of ivosidenib with
azacytidine is also approved. However, if these newer molecules cannot be accessed
due to cost or availability, HMA remains the treatment of choice for these patients.

6. Frail patients

Management of frail elderly AML patients should aim at symptomatic relief and
improving the quality of life. Patients with hyperleukocytosis may be given cytore-
ductive therapy with hydroxyurea. Supportive care includes blood transfusions and
prophylactic anti-microbials. Based on physician discretion LDAC or HMA may be
started. Single-agent targeted therapy, such as IDH or FLT-3 inhibitors, may demon-
strate some benefit.
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Abstract

The indications for hematopoietic stem cell transplantation (HSCT) in pediatric
leukemias continually change with the risk-stratification-based treatment improvement.
Achieving the minimal residual disease (MRD) negativity before transplantation, using
RSI when it’s appropriate, accurate management of post-transplant complications and
GVHD are the factors of improving transplantation outcomes. Graft engineering methods
are being worldwide investigated also to make HSCT more effective and less toxic, but
still there is no gold standard of graft. Use of haploidentical grafts from relatives is a quick
and cost-effective option of anti-leukemic efficacy achievement. Upon our experience in
Russian Cancer Center, we believe that differentiated diagnosis-based approach to condi-
tioning regimens in haplo-HSCT setting along with maintaining the manageable level of
chronic GVHD could provide positive results in pediatric patients with prognostically the
most unfavorable leukemias.

Keywords: pediatric oncology, chemotherapy, allogeneic transplantation of
hematopoietic stem cells, acute leukemia

1. Introduction

Modern chemotherapy protocols provide a cure for up to 90% of children with
acute lymphoblastic leukemia (ALL). However, there is a risk of disease recurrence
after program treatment. Hematopoietic stem cell transplantation (HSCT) is one of
the main existing treatments for recurrent ALL. The indications for HSCT in ALL
continue to be revised up to the present day, as treatment protocols are improved, and
new subtypes of the disease are identified that determine the prognosis. Here in we
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review the international studies of allo-HSCT in children with acute leukemia and
give the experience of our center in Russia. We highlight some of the unique chal-
lenges we face that could affect our outcomes in comparison to other countries.

2. Allogeneic HSCT in leukemia in children. Review of international studies
21HSCTin ALL

Currently, in developed countries, with a positive decision to conduct an
HLA-compatible allo-HSCT for ALL in the first remission, it is assumed that standard
chemotherapy will provide such a patient with no more than 45% chance of a 5-year
event-free survival (EFS). With the current level of accompanying therapy, it is
assumed that the 5-year EFS of children who received histocompatible HSCT will be
about 60% (in the absence of minimal residual disease (MRD) before HSCT, about
70-75% (1). The final decision on allo-HSCT should be made, based on their own
results of standard chemotherapy and transplant program. The ultra-high-risk group
with extended indications for allo-HSCT in the first remission includes patients with
unfavorable genetic characteristics of the disease (for example, hypodiploidy), as well
as with a poor response to induction treatment. For these patients, studies have demon-
strated better survival with allo-HSCT [1-3]. The AIEOP-BFM ALL 2009 study protocol
clearly articulates the indications for HSCT in first remission, which depend on the
depth of response to treatment, as measured by PCR monitoring of MRI, availability of
a compatible donor, response to prednisolone, phenotype and genotype leukemia [4].

A special group of patients are children of the first year of life with rearrangements
of the 11q23/MLL gene. According to the COG group, in 100 infants with primary
ALL and MLL gene rearrangements, allo-HSCT (related or unrelated compatible,
or donated cord blood with a compatibility of 4/6 or more) as consolidation did
not improve patient survival: 5-year EPS was 48.8% in the group who received
HSCT (n = 53) and 48.7% in the group who received only CT (n = 47), p = 0.6 [5].
Interesting data from a large study Interfant 99, which included 277 infants with ALL
with rearrangements of the MLL gene, who are in the first remission (93% of the
entire study cohort, n = 297). Allogeneic HSCT was statistically significantly associ-
ated with better EFS only in patients of the highest-risk group (age under 6 months
in combination with hyperleukocytosis or poor response to prednisolone, n = 87). For
the rest of the patients, no advantages of HSCT over standard CT were revealed [6].

As for Ph+ ALL, the presence of the “Philadelphia chromosome” itself has ceased
to be a genetically determined indication for THCS in 1 remission, and the task of
modern research is to try to reduce the intensity of chemotherapy and study the role of
tyrosine kinase inhibitors. The indications for HSCT in the first remission of Ph+ ALL
are therefore poor response to induction or persistence of MRD after consolidation [7].

Allogeneic HSCT remains a significant therapeutic option for patients with recur-
rent ALL. According to modern concepts, allogeneic HSCT is indicated for any bone
marrow recurrence of T-ALL, relapse of Ph+ ALL, bone marrow relapse of B-ALL
after remission lasting less than 36 months, extramedullary relapse of B-ALL after
remission lasting less than 18 months [8].

In addition to the above, patients with repeated relapses of ALL are candidates for allo-
HSCT. According to the Northern Group of Pediatric Hematology and Oncology NOPHO,
about a third of pediatric patients in the third or more remission of ALL can be cured with
allo-HSCT [9]. Of course, in order to make a decision to perform allo-HSCT in a patient
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with recurrent ALL recurrence, it is necessary to take into account the volume of previous
therapy, as well as the fact of achieving repeated stable remission.

A kind of “classic” conditioning regimen for ALL is a myeloablative regimen based
on total body irradiation (TOT) in combination with cyclophosphamide (CY). In
2000, the International Bone Marrow Transplant Registry (CIBMTR) presented the
results of a long-term multicenter study demonstrating the benefits of a TOT-based
conditioning regimen over Busulfan (Bu)-CY regimen in children with related
compatible HSCT: 3-year PFS was 50% for the TOT group -CY (n = 451) and 35% for
the Bu-CY group (n = 176), p = 0.005 [10].

The high toxicity of TOT for children, especially young children, prompted
researchers to develop an effective conditioning regimen that does not include TOT
and is characterized by minimal toxicity. For example, the European Community
Bone Marrow Transplant (EBMT) Working Group on Childhood Illnesses published
data on the use of a treosulfan-based conditioning regimen in children with ALL (n
=71, 72% in second and subsequent remission or out of remission) with allogeneic
HSCT from various types of donors. The course dose of treosulfan varied in the study
from 39 to 45 g/m’. The drug was most often combined with cyclophosphamide (120
mg/m®) or fludarabine (150-180 mg/m?”) and thiophosfamide (8-10 mg/kg). The
results of this chemotherapeutic regimen are not inferior to the results of the classi-
cal TOT-based regimen; however, the study does not take into account the long-term
consequences of both types of pre-transplantation preparation [11].

A significant influence on the result of transplantation is exerted by such factors
as the magnitude of the MRD at the time of HSCT, as well as the development of the
graft-versus-host reaction in the post-transplant period. The ASCT0431 study, con-
ducted by the COG group and including 143 patients in the first and second remission
of ALL, showed that the recurrence rate after HSCT was three times higher, while
maintaining an MRD value of > 0.1% before transplantation, according to cytometry
[12]. The same authors presented evidence that the development of aGVHD is associ-
ated with a lower likelihood of recurrence. According to the results of the work, the
authors noted that the presence of grade I-IIl aGVHD in patients in the post-transplant
period was also associated with better EFS (relative risk (RR) = 0.5, p = 0.02) [12].
Data from various studies indicate that the development of both acute and chronic
GVHD in the post-transplant period is associated with a statistically significant
decrease in the frequency of relapses and an increase in both EFS and OS [8].

22HSCTin AML

The principle of treatment of primary AML is based on chemotherapy with cytarabine
and anthracyclines and has not changed significantly over the past 30 years. Improving
accompanying therapy has increased the survival rate of children with primary AML up
to 65-70%. About a third of children with AML who went into remission relapse later.
Allo-HSCT is traditionally considered a consolidating step in the treatment of AML with
poor prognosis, relapses of AML, and secondary AML associated with previous chemo-
therapy or radiation therapy (RT) in children. Currently, methods for determining MRD
are being actively introduced to identify the contingent of patients who are indicated for
allogeneic HSCT in the first remission. The predictive value of MRD in AML has been
shown by large research groups such as COG and St. Jude [13, 14]. The use of modern
protocols makes it possible to determine MRD using flow cytometry in 85% of patients.

The use of reduced intensity conditioning regimens (RSIs) is very important for
patients with AML [15]. A large meta-analysis of studies on allo-HSCT in leukemia
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in adult patients from 1990 to 2013, including data from 13 studies (9754 patients
with AML/MDS), showed no difference in 6-year OS between groups of patients who
received myeloablative conditioning regimen compared with RSI. Moreover, it should
be noted that the average age of patients who received RSI was higher, and also in

this group there was a higher proportion of patients in the second or more remission,
or not in remission, that is, this group was less favorable prognostically [16]. Similar
results were shown by Luger et al. (2012), also conducting a meta-analysis of studies
on allo-HSCT in adults (n = 5179, 217 sites) [17]. In children, albeit in smaller patient
cohorts, similar results have also been shown comparing survival between myeloabla-
tive conditioning regimens and RSI [18, 19].

The relationship between the development of GVHD in the post-transplant period
and the antitumor effect of the graft (graft-versus-tumor reaction) has been shown in
large cohorts of patients with AML. For example, according to Baron et al. (2012), the
development of non-severe chronic GVHD in the post-transplant period was associ-
ated with a decrease in the frequency of relapses in patients with AML (RR = 0.72; p
= 0.07), which was transformed into a better OS (RR = 1.8; p < 0.001). The develop-
ment of severe cGVHD was also associated with a decrease in the recurrence rate (RR
= 0.65; p = 0.02), but at the same time with an increase in transplant-related mortality
(RR =1.8; p < 0.001). All patients in this study received a reduced intensity condi-
tioning regimen [20]. Weisdorf et al. also showed that the development of chronic
GVHD correlated in patients with AML/MDS (n = 5741) with a decrease in the
frequency of relapses of the disease. This effect only affected patients who received
RSI. Such observation in patients who received myeloablative conditioning regimens
was not noted by the authors [21].

2.3 Sources of HSC for transplantation

Up until now, it has been generally accepted that allogeneic HSCT from an HLA-
compatible sibling offers patients in need of this treatment the best chance of recov-
ery [22]. However, only 30% of patients worldwide have such a donor. In Russia, due
to the small number of families, the probability of finding a suitable donor among
brothers and sisters is even lower. An alternative source of hematopoietic stem cells
for transplantation in these cases can be unrelated donors and cord blood from donor
registries, as well as partially compatible, usually haploidentical parents of patients.
In the first two cases, high-resolution HLA typing is required, which makes it possible
to find the most suitable donor material, but it requires time and significant financial
costs for the processes of searching, activating the donor, and delivering the mate-
rial. At the same time, haploidentical HSCT is devoid of these shortcomings. Since
the patient inherits a haplotype from each parent, high-resolution HLA typing of the
child and parent is usually not necessary. High motivation and proximity of a related
donor allow, if necessary, promptly organizing HSC transplantation, about 2 weeks
from the moment the indications for it are established; this eliminates the need for the
patient to undergo additional courses of CT, which is often done involuntarily during
the search for a donor in the registry.

2.4 Development of haploidentical transplantation of hematopoietic
stem cells in the world

The course of development of haploidentical transplantation in the world turned
out to be interesting for retrospective analysis. The development of severe aGVHD in
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patients after haploidentical transplantation in early studies was the impetus for the
development of techniques for the depletion of mature lymphocytes from the transplant.
However, excessive removal of T cells led to a significant increase (almost 50%) in the
frequency of rejection of donor HSCs. Animal studies have shown that this problem can
be addressed in several ways: intensification of conditioning regimens, in vivo T-depletion
with antibodies, or an increase in the number of transplanted HSCs [23-25]. After the
implementation of the CD34+ selection technique in the clinic, Aversa et al. and his
followers managed to achieve high rates of engraftment of donor HSCs and a low level of
aGVHD [26-28]. However, a survey of transplant centers conducted somewhat later by
the European Blood and Marrow Transplant Group (EBMT) showed that when perform-
ing CD34+ selection, the mortality of patients from transplant complications approached
50%: recipients died from various infectious complications against the background of
delayed immunity recovery after transplantation [29, 30]. Therefore, the next stage in the
development of partially compatible transplantation was the development of methods
for processing the material, in which the restoration of immunity is not so long. After

the presentation on the medical market of a device and a technique for the simultaneous
depletion of T and B lymphocytes in 2004, the technique of negative selection (CD3/
CD19 depletion) of the graft gained popularity: the immunomagnetic method made it
possible to reduce the level of mature T lymphocytes in the material by 3.5-4 orders of
magnitude (for comparison: with CD34+ selection—by 4.5-5 orders of magnitude). Most
importantly, NK cells, dendritic cells, myelocyte precursors, etc., were preserved in the
transplant [31, 32]. In the earliest clinical studies conducted at the St Jude Clinic in the
USA using CD3/CD19 depletion of material in haploidentical transplantation in children,
the transplant mortality rate was reduced to 16-20% [33, 34]. Building on this work, the

Author Number of Method Transplantation mortality Survival
patients, cleaning (observation period, years)
diagnosis transplant
P. Bader et al. 59 CD3/CD19 10,7% (3) 3-year event-free
[37] ALL15 survival for
AML 14 leukemias:
MDS 2 68% for those in
Solid 18 remission;
Benign 10 0% for those not in
remission
G. Dufortetal. 16 CD3 23,5% * (1,5) Overall survival
[38] ALL 4 47.6% for leukemias
AML 5 with median
CML 3 observation
UMML 1 31 months after
Anemia hematopoietic stem
Fanconi 3 cell transplantation
J. Palmaetal. 10 CD3 10% (1,5) 1-year event-free
[39] ALL6 survival 60%
AML 4
M. Gonzalez- 21 CD3/CD19 30% (1) 2-year event-free
Vincent et al. ALL 12 survival 40.7%
[40] AML 9
Table 1.

Results of partially compatible transplants using T-depletion and reduced intensity conditioning regimens in
children.
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Tiibingen group attempted to further reduce the incidence of transplant complications
by reducing the intensity of the conditioning regimen. At first, the results were very
encouraging: according to a study published in 2007, out of 38 adult patients, only one
patient (2.6%) died from transplant complications [35]. However, when analyzing a later
publication by the same authors from 2012, it can be seen that in the group of 61 adult
patients, the transplant mortality rate was significantly higher and amounted to 23% by
day 100 and 46% by the second year of follow-up [36]. The results of such transplanta-
tions in children are presented in Table 1. As can be seen from the table, CD3/19 depletion
in haploidentical HSC transplantation using reduced-intensity conditioning regimens
made it possible to achieve a reduction in transplant mortality and a good survival rate in
children with leukemia under the condition in remission at the time of transplantation.

Despite the improvement in the results of partially compatible transplants after
moving away from using only CD34+ cells for transplantation, the problem of slow
recovery of immunity in patients after T-cell depletion does exist [41-43].

In order to achieve a level of T-depletion comparable to the level during CD34+
selection, and at the same time to achieve a faster immunological recovery of patients
after transplantation, a group from Tiibingen began to carry out separate depletion—
the elimination from the transplant of only mature lymphocytes bearing the af-chain
of the T-cell receptor (TCR af) [43]. The use of this method makes it possible to leave in
the transplant T-lymphocytes with TCRy3, which, according to some data, do not have
alloreactivity, but are able to exercise an antitumor effect and control infection [44-46].
Investigators who have performed haploidentical related HSCT with TCRaf} depletion
have reported earlier recovery of T-cell immunity in patients compared with CD3/CD19
depletion [47, 48]. In addition to the TCRaf/CD19 depletion described above, there are
other approaches to accelerate the immunological recovery of patients after transplan-
tation of T-depleted HSCs and improve the antitumor control of the graft: adoptive
immunotherapy in the post-transplant period with donor T cells after CD8 depletion
[49] or selective depletion of allospecific lymphocytes [50, 51]; antigen-specific donor
T-cells [52-54]; CD4+CD25+ regulatory cells [55]; alloreactive NK cells [56-58], etc.

Allogeneic HSCT in children with leukemia. Authors’ experience

3. Materials and methods
3.1 Patient characteristics and disease status at the time of HSCT

In the Department of Pediatric Bone Marrow Transplantation of the Research
Institute of Pediatric Oncology and Hematology, from 2001 to 2018, allogeneic-
related HSCT was performed in 64 patients with various oncohematological diseases
with an extremely unfavorable prognosis: 29 (45%) with AML, 15 (23%) with ALL,
5 (8%) with CML, 8 (13%) with JMML, 4 (6%) relapses of NHL, 1 (2%) refractory
HL, 2 (3%) MDS. The median age of patients at the time of HSCT was 8 (1-19) years.
Indications for HSCT for patients with acute leukemia are presented in Table 2.

3.2 Choosing a donor for transplantation
The search for donors was carried out in the closely related environment of

patients (parents and siblings). Compatibility of related donors was assessed for the
A, B, Cw antigens of the first HLA class (serological typing or low-resolution PCR)
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Indications for HSCT in acute leukemia Patients, n (%)
AML 29 (100%)
First remission (slow response to induction) 4 (14%)
Second or more remission 12 (41%)
No remission 6 (21%)
Secondary AML 7 (24%)
ALL 15 (100%)
Second or more remission 6 (40%)

No remission/increase in MRD 9 (60%)

Table 2.

Indications for allogeneic HSCT in acute leukemia.

and for the DRB1 antigens of the second HLA class (low-resolution PCR). The choice
was made in favor of the most compatible relative according to the HLA system,
taking into account the compatibility of blood according to ABO, age, and weight
indicators of the donor and recipient. As mentioned above, due to rather small fami-
lies in Russia, we were able to find a fully compatible sibling only for two patients.
For others, haploidentical relatives became donors, providing the sufficient number
of stem cells timely in accordance with patient’s treatment protocol. Such timing was
critical for our patients with acute leukemias as we didn’t wait a long-temp remission
after induction of treatment in most of them due to disease aggressiveness. As for
those with chronic leukemias, earlier transplantation we believed to be associated
with less transfusions and less comorbidity.

3.3 Selecting the conditioning regimen

In patients of the earlier group (until 2012), RSI based on busulfan/treosulfan,
fludarabine/cyclophosphamide, and antithymocyte globulin (for haploidentical
transplants) was routinely used. Subsequently, the approach to conditioning regi-
mens became more differentiated and depended on the diagnosis, the prevalence of
the disease, and the status of the disease at the time of transplantation. We began to
use more intensive conditioning regimens for patients with ALL and JMML. In the
case of refractoriness of the disease and the absence of the desired antitumor effect by
the time of HSCT, drugs were included—modifiers of tumor sensitivity to therapy or
RT to potentiate the effect of chemotherapy. The conditioning regimens used in our
patients are shown in Table 3.

Reduced-intensity standard conditioning regimen: fludarabine 180 mg/ m? (at 30
mg/m” on days — to —1) or cyclophosphamide 60 mg/kg (d —3, —2 for patients with
ALL), antithymocyte globulin (Atgam®) 40 mg/kg (10 mg/kg on days -5, —3, -1,
+1), and busulfan 8 mg/kg (4 mg/kg on days —3, —2) or treosulfan 30,000-36000
mg/m2 (at10000-12000 mg/m2 on days —4, —3, —2) * etoposide 30 mg/kg on day —4
(for patients with ALL).

In our work, we individualized the conditioning regimens as follows:

* increasing the dose of an alkylating agent or adding a second alkylating agent
(UMML - 3, ALL - 1);
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* introduction of a combination of Flu-ARA-C with additional anti-leukemic
activity (AML - 1, ALL - 1);

* the use of thiophosfamide as an alkylating agent that penetrates through the BBB
(ALL -1, AML - 1);

* administration of epigenetic agents (5-azacytidine) to increase sensitivity to
chemotherapy (AML-3, ALL-2);

* introduction of bortezomib as a modifier of sensitivity to chemotherapy
(AML - 1, ALL - 4);

* the use of G-CSF before myeloablation (UMML - 1);
* These methods were used both individually and in combination with each other.
The conditioning regimen was carried out against the background of standard

accompanying therapy: crystalloid infusion, antiemetics, intestinal decontamina-
tion (fluoroquinolones or gentamicin + fluconazole or nystatin), VOD prevention

Diagnosis Type of regimen Diagram of regimen Number of patients

AML standard Bu-FlutATG 13

n=29 Treo-Flu+tATG 13

individual 5-AZA-Treo-Flu 1

5-AZA-Vel-Treo-ATG 1

5-AZA-TT-Flu-Ara-C-ATG 1

ALL standard Bu-FlutATG 5

n=15 Treo-Flu+tATG 1

Treo-VP-CYzATG 3

individual Vel-Treo-Cy-ATG 2

Vel-Treo-Flu-ATG + KCO 10T'p 1

5-AZA-Treo-Mel-Flu-ATG 1

5-AZA-Treo-CY-ATG 1

Vel TT-Flu-ARA-C-ATG + KCO 10I'p 1

UMML standard Bu (8)-Flu-ATG 4

n=8 Treo-Flu-ATG 1

individual Bu (12)-Flu-ATG 1

Bu (16)-Flu-ATG 1

G-CSF + Flu-ARA-C-Mel-Treo-ATG 1

CML standard Bu-FlutATG 2

n=5 Treo-Flu+tATG 3

NHL standard Bu-Flu+ATG 3

n=4 Treo-Flu+tATG 1

LH standard Bu-Flu-ATG 1
n=1

MDS standard Bu-Flu-ATG 2
n=2
Table 3.

Standard and individualized conditioning regimens used in patients before allogeneic HSCT.
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(heparin, ursodeoxycholic acids), gastroprotectors, anticonvulsants (when using Bu
regimens). The assessment of organ toxicity was carried out according to the same
criteria as in patients receiving HDCT [59].

3.4 Obtaining and preparing the graft

On the day of transplantation (day 0), HSCs were collected from the donor. The col-
lection was carried out on a continuous-flow blood cell separator after preliminary stim-
ulation of the G-CSF donor for 4 days. Sessions of HSC collection continued until the
required number of CD34+ cells was obtained. The median cellularity of the transfused
material during our work was 6.7 £ 0.9 x 106 CD34+ cells/kg (1.3-35.0), 2.4 + 0.3 x 108
CD3+ cells/kg (0.7-5.1). After the HSC separation process was completed, the material
was processed, which consisted of the maximum possible removal of erythrocytes in
transplantations incompatible with ABO, as well as the maximum possible reduction in
the volume of material transfused to the recipient due to the removal of plasma.

We performed chemical functional depletion of CD3, which was the introduction
of vincristine at a rate of 0.0065 mg/ml of graft or 0.0025 mg/108 of nuclear cells in a
leukapheresis product into a collection bag with a stem cell separator and methylprednis-
olone at a rate of 0.35 mg/ml transplant or 0.15 mg/108 nuclear cells in the separate (the
method was chosen in which the calculated dose of the drug injected into the bag with
the separate, in terms of 1 m” of the patient’s body surface, was less) at room temperature
for 30 minutes. At the end of the incubation, the graft was administered intravenously.
In 13 patients, we tried to refuse from chemical depletion. In this group, in 10 (77%)
patients, we recorded the early development of the graft engraftment syndrome, which
manifested itself in the appearance of fever, skin rash, shortness of breath, and elevated
transaminases. The development of symptoms was noted on average at 6 (3-10) days and
in all patients was quickly stopped by the appointment of methylprednisolone.

3.5 Evaluation of hematopoietic recovery

From day 0, stimulation of hematopoiesis began in the recipient of G-CSF at an
average dose of 5 pg/kg once a day and continued until a steady recovery of neutro-
phils > 2 x 109/1. The recovery of leukocytes > 1 x 109/1 and platelets > 20 x 109/1 was
considered the first of 3 days of stable establishment of indicators on these figures
(without previous transfusions of thromboconcentrate), according to the monitoring
of a complete blood count.

After a stable restoration of hematopoiesis, we assessed post-transplant chimerism
in the bone marrow and simultaneously recorded the presence and depth of remis-
sion (in the case of transplantation in patients with leukemia out of remission or
in the presence of a marker for assessing MRD). As a rule, chimerism was assessed
once. Reanalysis of chimerism was performed only if a recurrence of leukemia was
suspected. In cases where the patient had an informative marker for assessing MRD,
MRD was quantified monthly for the first 6 months after HSCT, then once every 2
months until the expiration of 1 year. According to indications, the study was carried
out more often and/or continued on a regular basis after a year after HSCT.

3.6 Prevention and treatment of GVHD

GVHD was prevented with calcineurin inhibitors (CNIs: cyclosporin A until 2010,
tacrolimus after 2010), a short course of low-dose methotrexate, and administration
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of ATH in the post-transplant period (for haploidentical transplants). Cyclosporin

A in a single dose of 1.5 mg/kg or tacrolimus in a single dose of 0.0125 mg/kg was
administered intravenously for 2-3 hours twice a day, starting from —1 day. The
concentration of CNI in the blood was constantly monitored. The recommended
therapeutic concentration of cyclosporine A was 200 + 50 ng/ml, tacrolimus — 5-15
ng/ml. After the restoration of hematopoiesis with adequate control of GVHD

and the absence of intestinal toxicity, patients were switched to oral medication.
Methotrexate was administered intravenously by bolus once a day at a dose of 10 mg/
m” on days +1 and +3 and also at a dose of 5 mg/m” on day +6. ATH at a dose of 10 mg/
kg was administered intravenously for +1 day.

After the onset of GVHD in the post-transplant period, patients were pre-
scribed glucocorticosteroids (GCS) at an average dose of 2 mg/kg/day with their
gradual withdrawal after relief of symptoms. Simultaneously with the appoint-
ment of GCS, mycophenolate mofetil (MMF) was added to the planned immu-
nosuppressive therapy at an average dose of 30 mg/kg/day. In case of insufficient
control of GVHD, alternative methods of treatment were used: extracorporeal
photopheresis (ECP), course doses of corticosteroids, administration of ATG,
cyclophosphamide, anti-CD20, anti-TNFa. One patient underwent an immunoab-
lative CY-Flu conditioning regimen with transplantation of autologous peripheral
blood HSCs mobilized and harvested earlier after two anti-CD20 injections and a
CY mobilization course.

Cancellation of immunosuppression was carried out by gradually reducing
the dose of immunosuppressants. As a rule, the CNI drug was canceled first. In
the case of HLA-compatible transplantations, the withdrawal of immunosup-
pression began approximately from day +100 in the absence of GVHD. In the case
of haploidentical transplantations, the planned decrease in immunosuppression
in the absence of GVHD symptoms began no earlier than 6 months after HSCT.
In case of reactivation of GVHD against the background of a dose reduction/
cancellation of immunosuppression, the patient was prescribed a short course
of corticosteroids, and the immunosuppression regimen was returned using
the minimum effective doses of drugs. Acute GVHD was assessed according to
accepted international modified Keystone criteria [60]. The incidence of acute
GVHD was studied among all patients who recovered leukocytes after HSCT.
Chronic GVHD was evaluated in patients who survived day +100 after HSCT and
had partial or complete donor chimerism. In assessing chronic GVHD, we used
the clinicopathological classification used by a group of researchers in Seattle,
USA, in a retrospective analysis of our own patients in the late post-transplant
period [61]. At the same time, we staged chronic GVHD according to the classifi-
cation proposed by the GVHD Working Group of the International Bone Marrow
Transplant Registry Committee [62].

3.7 Assessment of transplant mortality
Transplant mortality was assessed in the entire group of patients who received
allo-HSCT and included mortality in the post-transplant period of patients who were

in remission/stabilization for the underlying disease, from toxic, infectious complica-
tions associated with HSCT, or GVHD.
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4. Results
4.1 Toxicity of conditioning regimens and restoration of hematopoiesis

Grade 4 hematological toxicity was noted in all patients who received conditioning
regimens prior to allogeneic HSCT. Grade 3-4 organ toxicity was registered in 9% of
patients.

Establishment of stable donor hematopoiesis after allogeneic HSCT occurred in 55
(86%) patients. On average, the recovery time for leukocytes > 1 x 109/1, neutrophils
> 0.5 x 109/1 was 11 days, platelets > 20 x 109/1 -12 days. In three (4%) patients with
refractory acute leukemia and grade 3-4 pancytopenia at the start of the conditioning
regimen, hematological recovery did not occur. All these children died in the early
post-transplant period from infection and progression of leukemia. In six patients
with JMML (n = 5)/MDS (n = 1), restoration of their own pathological hematopoiesis
was registered due to the displacement of the graft by a tumor clone within 2-7 weeks
after transplantation.

4.2 Graft-versus-host disease

Against the background of standard immunosuppressive prophylaxis, the fre-
quency of grade III-IV aGVHD did not exceed 15% (only cases of haplo-HSCT).
Chronic advanced GVHD was registered in 24% of patients, and in half of the cases it
had a severe course.

4.3 Survival score. Mortality structure

Of the 64 patients at the time of closing the database (March 2019), 22 (34%) people
were alive, one patient was lost from observation. The median follow-up time for sur-
viving patients is 56.6 (3.1~182.8) months. Data on the number of surviving patients in
various nosological groups and the duration of their follow-up are presented in Table 4.

Twenty-three (36%) patients died from recurrent hematological tumors. In one
(1.5%) patient after 7 months after allo-HSCT for secondary AML, the primary tumor
recurred (Ewing’s sarcoma), which caused the death of the patient. Treatment-related

Diagnosis, Percentage of survivors Duration
number of patients Observations, months
AML, n =29 14 (48%) 59 (3-183)
ALL,n=15 3 (20%) 25,12,and 6
CML,n=5 2 (40%) 167 and 146
UMML/MDS, n = 10 3 (33%) 157, 97, and 53
NHL,n=4 0 —
LH,n=1 0 _

Table 4.

The number of surviving patients in various nosological groups and the period of observation of them.

115



Leukemia - From Biology to Clinic

complications caused the death of 17 (27%) patients: 11 (17.5%) died as a result of
c¢GVHD, 3 (4.5%) as a result of aGVHD and concomitant infectious complications, 3
(4.5%) from a combination of toxicity of therapy and infection.

The death of patients from cGVHD occurred on average after 45.5 (3.1-165.8)
months. after HSCT—the period when patients are usually observed at the place of
residence. Thus, the problems of adequate follow-up of patients after allo-HSCT away
from the transplant center play a certain role in the development of fatal cGVHD.

With the improvement of accompanying therapy and criteria for selecting patients
for allo-HSCT, a trend toward a decrease in transplant mortality was noted. Thus, the
estimated 5-year transplant mortality in all patients who received HSCT before 2010
was 40%, after 2010, 18.5%. In patients who received partially compatible HSCT,
52.8% and 21.0%, respectively. The decrease in the difference in transplant mortality
between the entire group of patients and patients who received haplo-HSCT over time
indicates the leveling of differences between fully and partially compatible trans-
plants in terms of the development of severe transplant complications.

4.4 Results of HSCT in patients with AML

The best results of allogeneic HSCT were achieved in patients with AML (n = 29).
The curves do not differ very significantly, since only one patient after relapse
(myeloid sarcoma 39 months after haplo-HSCT) received combined treatment,
including repeated HSCT from the same donor, and alive for 17 months. after
repeated HSCT without signs of underlying disease.

The group of patients with high-risk AML is heterogeneous and included a sub-
group of 13 patients with an extremely poor prognosis (secondary AML after another
malignant disease — 7, AML out of remission at the time of HSCT - 6) (Table2). As
can be seen from Figure, the results of overall survival for this subgroup differed
significantly from the rest of the patients: in the conditionally “favorable” subgroup,
the 5-year OS was 75%, in the unfavorable subgroup, 26%.

In patients with AML, as the largest group of children who received allo-HSCT, we
considered it interesting to analyze the correlation of immunological effects of graft-ver-
sus-host and graft-versus-tumor. For analysis, patients who received HSCT in the status
of clinical and hematological remission of AML were selected, in whom the analysis of
cGVHD was possible. The group consisted of 23 patients. In 13 (57%) patients, there
were no signs of clinically significant crGVHD, in 10 (43%) patients, signs of crGVHD
of varying severity were recorded. Both groups were comparable in terms of the ratio
of patients with a “relatively favorable” and “extremely unfavorable” prognosis. In the
first group, five relapses were registered, in the second — 3. Thus, a certain correlation of
the two immunological effects is certainly present. The results of OS were also better in
patients with controlled cGVHD, while the follow-up period for patients was quite long.
Thus, the 8-year OS of patients who had signs of cGVHD was 80.8%, and that of those
who did not have cGVHD was 46.6%. Thus, in patients with high-risk AML, one should
strive to obtain a controlled course of cGVHD in the post-transplant period.

4.5 Results of HSCT in patients with ALL

Of the 15 patients with ALL at the time of closing the database, three (20%) were
alive in remission, seven (47%) died from recurrent leukemia, three (20%) died from
cGVHD, one (6.5%) died from toxic and infectious complications, and one more
(6.5%) was lost from observation.
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Thus, the progression of the underlying disease mainly in the first year after
allo-HSCT was the main cause of death in the considered patients with ALL of the
ultra-high-risk group.

4.6 Results of HSCT in JuMML/MDS Patients

Of 10 patients with JMML/MDS, 6 (60%) relapsed within the first 2 months. after
TGSC. Only one of these six patients went into stable remission after retransplanta-
tion, but after 63 months. died from hrGVHD. The remaining five relapsed patients
died from subsequent relapses. Another patient died from cGVHD and concomitant
infection at 40 months. after haplo-HSCT. Thus, by the time the database was closed,
three out of 10 patients (33%) were alive, their follow-up periods were 157, 97, and 53
months. (Table 4), two (20%) died from crGVHD and associated infectious compli-
cations, five (50%) died from progression of JMML/MDS. Relapses after allogeneic
HSCT remain the leading cause of death in patients diagnosed with JMML/MDS.

4.7 Results of HSCT in patients with lymphomas and CML

Only in one patient with mediastinal large B-cell lymphoma, it was possible to
achieve long-term (24 months) stabilization of the disease against the background of
the course of advanced cGVHD; subsequently, this patient died from the progression
of lymphoma. The remaining three patients with lymphomas died early after HSCT.
Of the five patients with CML at the time of closing the database, two were alive, the
follow-up period for them was 147 and 167 months. Three patients died in remission
from late complications of HSCT.

4.8 Evaluation of the effectiveness of individualized conditioning regimens in
patients with acute leukemia and JMMML/MDS

Individualized conditioning regimens were used in six patients with ALL and
three patients with AML from the worst prognostic subgroup. Such regimens in
combination with allogeneic HSCT contributed to the achievement/maintenance
of clinical and hematological remission for at least 6 months in seven out of nine
patients, three patients (two ALL and one AML) remained alive for more than 2 years.

Attempts to escalate the dose of the alkylating agent (busulfan) from 8 mg/kg to
12 and 16 mg/kg to increase the antitumor effect did not lead to a positive result in
two younger patients with JMML. Both patients relapsed within the first 2 months
after allo-HSCT. A different approach was used in another 3-year-old patient with
JMML and monosomy 7. The conditioning regimen for the patient consisted of three
components: tumors with a combination of drugs fludarabine and cytarabine; 2 -
myeloablation with two alkylating agents; 3 — immunoablation with antithymocyte
immunoglobulin. Upon completion of the conditioning regimen, the patient under-
went HSCT from a haploidentical mother. At the time of closing the database, the
patient remained in remission for 53.5 months after TGSC.

5. Conclusion

The role of HSCT in pediatric oncology is very wide. In cases where the oncologi-
cal process directly captures the cells responsible for the patient’s hematopoiesis,
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allogeneic HSC transplantation allows not only to replace the patient’s inadequately
functioning hematopoietic system, but also to carry out antitumor immunological
control. The concept of antitumor control of the donor immune system formed the
basis for studying the effect of allogeneic HSCT both in leukemia and in non-hemato-
logical oncological diseases.

Due to the specifics of Russian families (a small number of children, often from
different fathers), the search for a HLA compatible donor within a family is rarely
successful. The use of RSIs, the development of graft rejection and GVHD prevention
algorithms, improvement of supportive treatment, along with the lack of budget
expenses related to donor searching in registers, all those dramatically actualize
using haploidentical transplantations in the country. In the absence of lymphocyte
depletion in the graft, patients restore 100% donor hematopoiesis in a short time,
after which the time comes for quite painstaking work to correct the activity of the
donor’s immune system in the recipient’s body. Considering that in pediatric oncolo-
gists allogeneic HSCT is performed only in patients with extremely unfavorable forms
of diseases with a high risk of recurrence, the doctor’s goal is to maintain the donor’s
immune system at a certain level so that antitumor control is ensured and severe
forms of GVHD do not develop. Maintaining such a balance, if possible, is the key to
successful HSCT. The graft-versus-tumor effect has been described in the literature
and shown in our work to a greater extent for myeloid leukemias and to a lesser extent
for lymphoid ones. The work also shows a direct correlation between the immunologi-
cal effects of graft-versus-host and graft-versus-tumor.

According to our data, the use of allogeneic HSCT after completion of the main
CT within the framework of modern therapeutic protocols makes it possible to
expect the achievement of long-term EFS in approximately 50% of patients with
high-risk AML, and the prognosis significantly depends on the achievement of
remission by the time of HSCT. For patients with primary AML in remission at the
end of CT induction, the 5-year EFS reached 75%. For ALL in our work, the results
turned out to be worse, apparently due to the characteristics of the cohort of these
patients with the highest likelihood of relapse. The reduced intensity conditioning
regimen used in the work is not suitable for such cases. With the development of
new approaches in the programmatic treatment of leukemia, the allogeneic HSCT
method is given an even smaller role, and the cases of patients receiving this type of
treatment are becoming more complex and diverse. Individualization of approaches
to conditioning regimens, based on the characteristics of both the patient himself
(somatic status) and his tumor (localization, sensitivity to certain drugs and
methods of exposure, completeness of response by the time of HSCT, etc.), allows
improving the transplantation outcome in each specific case. We have shown this
in our work on a cohort of patients with refractory acute leukemia. Only with the
help of individualization of approaches to conditioning regimens, we managed to
achieve positive results of HSCT in patients with refractory ALL. The same applies
to patients with other cancers with extremely high expected recurrence rates (AML,
JMML/MDS).

HSC transplantation remains relevant in pediatric oncology and should be used
as part of program therapy, based on an analysis of indications and contraindica-
tions for each individual patient, as well as the presence/absence of a suitable
donor. Setting the right indications, choosing adequate conditioning regimens,
along with improving accompanying therapy, are the key to increasing the effec-
tiveness of the HSCT method in children with malignant diseases of an extremely
unfavorable prognosis.
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Chapter 8

CRISPR-Cas9-based Strategies for
Acute Lymphoblastic Leukemia
Therapy

Edgardo Becerra, Valeria J. Soto Ontiveros
and Guadalupe Garcia-Alcocer

Abstract

Defeating cancer as leukemia has been an up and down challenge. However,
leukemia must be treated from the roots. Nowadays, the CRISPR-Cas9 system
provided scientists the ability to manipulate the genetic information to correct
mutations, rewrite genetic code, or edit immune cells for immunotherapy purposes.
Additionally, such system is used for basic and clinical approaches in leukemia
therapy. Lymphoid cancers including acute lymphoblastic leukemia (ALL) can be
treated by performing gene editing or enhancing immune system through CART
cells. Here, we present and detail therapeutic applications of the CRISPR/Cas9
system for immune cell therapy, and knock-out or knock-in of main genes promot-
ing leukemogenesis or ALL progression. We also described current and future
challenges, and optimization for the application of CRISPR/Cas9 system to treat
lymphoid malignancies.

Keywords: acute lymphoblastic leukemia, gene therapy, CRISPR, Cas9, mutations,
homologous direct repair, cancer, cell engineering

1. Introduction

Acute Lymphoblastic Leukemia (ALL) is a type of hematological cancer that
affects children and adults around the world. Since the first chemotherapeutic drugs
were developed to treat this disease, the survival rate has increased. However, side
effects represent one of the main challenges to defeat in ALL. Current therapy for
ALL provides selectivity to avoid side effects as much as possible. Still, more specific
and effective treatments are necessary. Indeed, gene therapy points to be the most
promising future medicine to defeat cancer as ALL. The main objective of gene
therapy is to correct mutations that promote leukemogenesis, thereby counteracting
or remedying the conditions caused by malfunctioning genes. The most studied and
effective technology to alter DNA is the CRISPR-Cas9 system first used to target DNA
in 2013. In this chapter, the mechanisms of the CRISPR-Cas9 technology as well as
their current and highlight strategies to treat ALL will be explained.
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2. Acute lymphoblastic leukemia
2.1 Definition and statistics

Acute lymphoblastic leukemia (ALL) is a hematologic malignancy characterized by
impaired differentiation, high proliferation, and accumulation of both T and B lympho-
blast in the bone marrow, peripheral blood, and/or extramedullary sites [1, 2]. Children,
adolescents, and young adults comprise 70% of ALL cases [3]. The incidence of ALL in
the United States (US) is 1.8 per 100,000 for all age groups and 3.5 per 100,000 for ages
0-19. Survival in ALL is strongly influenced by age with five-year relative survival rates
of 92.1% in <15 years, 64.1% in 15-39 years, and < 41% in >39 years [4].

2.2 Genetic alterations
2.2.1Bcell ALL

Subtypes of B-ALL are characterized by chromosomal alteration (aneuploidy or
chromosomal rearrangements), which promotes deregulation of proteins by chimeric
genes formation, and upregulation of genes by juxtaposition with a strong enhancer
(Table1). The risk stratification can be established based on such chromosomal
abnormalities. Both copy number alterations and sequence mutations on lymphoid
transcription factors contribute to leukemogenesis as secondary genomic events [5, 6].

2.2.2Tcell ALL

T-ALL is the result of a multistep process where accumulation of genetic mutations
alters the normal control of cell growth, differentiation, proliferation, and survival
during thymopoiesis (Table 2). The genetics of T-ALL is highly heterogeneous, with
abnormalities in almost all patients, and it accounts for approximately 15% and 25%
of pediatric and adult ALLs, respectively [5, 6].

2.3 Treatments
2.3.1 Chemotherapy

Front-line treatment for ALL consists of a multiagent chemotherapy regimen,
typically divided into 3 phases: induction (combination of steroids, anthracyclines,
and vincristine), consolidation, and long-term maintenance (over a 2 to 3- year
period), and recommend central nervous system (CNS) prophylaxis [5]. Despite
high rates of complete remission (CR) (80-90%), about 20% of pediatric and 40%
of adult patients will relapse [1, 7]. This treatment can also affect some normal cells
in the body, leading to side effects such as hair loss, diarrhea, constipation, and loss
of appetite, among others. Besides, affects normal cells in bone marrow leading to
leukocytopenia (increased risk of infections), thrombocytopenia (easy bruising or
bleeding), and/or anemia (fatigue and shortness of breath) [5, 8].

2.3.2 Immunotherapy

Immunotherapy is the use of medicines to help patient’s immune system to
recognize and destroy cancer cells in a more effective way [9]. A broad range of
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Category Frequency Description Prognosis
High hyperdiploid (gain Children 25% Mutations in RTK-RAS signaling Favorable
>5 chromosomes) AYAs and adults pathway and histone modifiers

3%
Near-haploid (24-31 Children 2% Ras-activating mutations Poor
chromosomes) AYAs and adults Inactivation of IKZF3

<1%
Low-hypodiploid (32-39 Children <1% TP53 mutations Very poor
chromosomes) AYAs 5% Inactivation of IKZF2

Adults >10% Deletions of CDKN2A/B and RB1
MLL (KMT2A) Infants >80% Low number of additional somatic Very poor
rearrangements Children <1% mutations, commonly in kinase

AYAs 4% PI3K-RAS signaling pathway

Adults 15%
t(12;21) (q13;q22) Children 30% Favorable
translocation encoding AYAs and adults
ETV6-RUNX1 <5%
t(1;19) (q23;p13) Children, AYAs, Association with CNS relapse Favorable
translocation encoding and adults 5%
TCF3-PBX1
t(1;19) (q23;p13) variant <1% ALL Poor

of the TCF3-HLF

Philadelphia

Children 2-5%

Common deletions of IKZF1,

Poor (improved

chromosome, t(9;22) AYAs 6% CDKN2A/B, and PAX5 with tyrosine
(q34;q11) translocation Adults >25% kinase inhibitors)
encoding BCR-ABL1
Philadelphia Children 10% Rearrangement of CRLF2 (~50%) Poor
chromosome -like ALL AYAs25-30% Rearrangement of ABL-class
Adults 20% tyrosine kinase genes (~12%)
Rearrangement of JAK2 (~10%)
EPO receptor (~ 3-10%)
Mutations activating JAK-STAT
(~10%) and Ras (~2-8%)
signaling pathways
DUX4- and ERG 5-10% ALL Distinct gene expression profile; Favorable,
deregulated ALL most cases present focal ERG including if
deletions coexistence of
IKZF1 mutation
(~ 40% patients)
ZNF384-rearranged ALL Children 5% ZNF384 rearranged with a Intermediate
AYAs and adults transcriptional regulator or
10% chromatin modifier (EP300,

CREBBP, TAF15, SYNRG, EWSR1,
TCF3, ARID1B, BMP2K, and
SMARCA2)

Table 1.
Main genetic subtypes of B-cell acute lymphoblastic leukemia.

immunotherapy strategies has been developed to overcome the failure of front-line
treatment as well for patients with relapsed/refractory (R/R) disease [10], which
includes the following:
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Category Frequency Description Prognosis
TAL1 deregulation 50% of T-ALL Overexpressed oncogenic transcription Generally
Children<adults factor t(1;7) (p32;G35) and t(1;14) favorable
(p32;q11) translocations and interstitial
1p32 deletion
LMO2 deregulation 50% of T-ALL Overexpressed oncogenic transcription Generally
children factor t(11;14) (p15;q11) translocation and favorable
5" LMO2 deletion
TLX1 (HOX11) 50% of T-ALL Overexpressed oncogenic transcription Good
deregulation Children<adults factor t(10;14) (q24;q11) and t(7;10)
(g35;q24) translocations
TLX3 (HOX11L2) 50% of T-ALL Overexpressed oncogenic transcription Poor
deregulation Children and adults factor t(5;14) (q35;q32) translocation;
commonly fused to BCL11B, also a target
of deletion and/or mutation
MLL Children Multiple partners; disruption of HOX Poor
rearrangements gene expression and of self-renewing
9q34 amplification 8% of T"ALL Amenable to tyrosine kinase inhibitors,
encoding Children also identified in high risk B-ALL; other
NUO214-ABL1 kinase fusions identified in T-ALL
include EML1-ABL1, ETV6-JAK2, and
ETV6-ABL1
t(7;9) (q34;q34.3) Children Rearrangement of NOTCH1
NOTCH1 mutations 80% of T-ALL; Constitutive activation of NOTCH Overall
children and adults signaling Impairment of differentiation favorable
and proliferation
FBXW?7 mutations Present in 80% of Loss of function mutations
patients; children Impairment of differentiation and
and adults proliferation, usually evaluated in
combination with NOTCH1
Early T-cell Children and adults Immature immunophenotype; expression
precursor ALL of myeloid and/or stem-cell markers;
poor outcome; genetically heterogeneous
with mutations in hematopoietic
regulators, cytokine and Ras signaling,
and epigenetic modifiers
Table 2.

Main genetic subtypes of T-cell acute lymphoblastic leukemia.
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Monoclonal antibodies include unconjugated antibodies and antibody-drug con-
jugate (ADC). Antibody therapy can lead to direct apoptosis, complement-dependent
cytotoxicity (CDC), and antibody-dependent cell-mediated cytotoxicity (ADCC).
The targets for ALL include CD19, CD20, CD22, and CD52 [11, 12].
Bispecific antibodies are single chain variable fragments (Scfv) consisting of at
least two different specific antibodies one for tumor-associated surface antigens
and the other for surface antigens on effector cells (CD3 € on T cells) redirecting T
cells to lyse malignant cells: CD3/CD19 and CD3/CD20 bispecific T-Cell Engagers
(BiTE) [13, 14].
Chimeric antigen receptor -T (CART) are genetically engineered cell membrane
binding receptors, which can activate T cells by linking from the extracellular antigen
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binding region to the intracellular signal domain via the spacer, whose effect on target
antigen is independent of major histocompatibility complex MHC [15].

Even though immunotherapy is the most promising tumor treatment, the
advances in molecular biology tools have made it possible to manipulate human DNA
by different strategies to treat diseases at the roots. One of the main tools for precise
gene editing is CRISPR-Cas9, which allows simple, cost-efficient human cells and
another eukaryotic genome editing.

2.4 Overview of CRISPR-Cas9

Clustered regularly interspersed short palindromic repeats (CRISPR), first
found in 1987, function as part of an adaptive prokaryotic immune system (CRISPR-
associated system, Cas) against phage infection and plasmid transfer in nature [16,
17]. CRISPR-Cas systems are grouped into two classes and subdivided into six types.
Class 1 consists of types]I, III, and IV, while class two consists of typesII, V, and VI.
Class 2 systems act by single-subunit effector proteins such as Cas9 and Casl12a and
are more precise and efficient for genome engineering than class 1 systems. CRISPR-
Cas9 recognizes target DNA through CRISPR RNA (crRNA) and trans activating RNA
(tracrRNA), which form a single guide RNA (sgRNA) that activates and guides Cas9
to bind target DNA, which is subsequently cleaved to form a double-strand break
(DSB) (Figure 1) [18].

Since DSB is repaired in a host cell, it may introduce DNA mutations leading to
genetic changes when non-homologs end joining (NHE]) predominates as repair
mechanism. NHE] is an error-prone repair mechanism that often leads to insertions
or deletions (indels). These indels can cause frameshift mutations, large deletions
or inversions using two adjacent DSBs, genomic rearrangements, NHEJ-mediated
homology-independent knock-in, premature stop codons, or/and nonsense
mediated decay to the target gene, resulting in a loss-of-function. In contrast,
homology-directed repair (HDR), considered a high-fidelity repair, uses assisted
recombination of DNA donor templates to reconstruct DSBs. This mechanism can
be exploited to introduce well-defined mutations by transferring altered donor
templates into targeted cells, which provides the basis to perform precise gene
modification, such as gene knock-in/knock-out, insertion, deletion, correction, or
replacement [16, 18].

In addition, a nuclease-deficient Cas9 modification (dCas9) can be fused to a
variety of effector domains to mediate specific local DNA manipulations as [19]:

* Transcriptional regulation:

o CRISPR interference (CRISPRi) inhibits transcription by sterically blocking
the RNA polymerase [20].

o CRISPR activation (CRISPRa) binds to the upstream promoter regions and
recruits the RNA polymerase, and further activates transcription [20].

* Epigenetic modification:

o Increasing/repressing DNA methylation of CpG motifs in targeted genomic
regions [21-24].
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CRISPR complex: Cas? + sgRNA

Single guide RNA
GoRNA) T N

fracrRNA sequence SORNA
ey S TR PAM sequence
crRNA sequence :/ T T > o
Target DNA l
Double—stra‘nded break
Non-homologus end joining Homology-directed repair
Disrupts gene of interest Corrects gene of interest
| |
Y A X X
Nucleotide deletion Nucleotide addition Donor DNA
Disrupted DNA Disrupted DNA Repaired DNA

(Precise editing)

Figure 1.
CRISPR-Cas9 mechanism to disrupt or edit genes precisely.

o Modifying acetylation of histones to increase the accessibility of genomic
regions [25].

* Nucleotide editing: Cas9-nickases (nCas9) were developed to change single DNA
nucleotides without introducing DSBs or requiring any homology-directed repair.
The system consists of dCas9 coupled to cytidine deaminase domains to induce
targeted transitions from C to T or G to A [26-28].

2.4.1 CRISPR-Cas9-based therapies for acute lymphoblastic leukemia

The next-generation sequencing (NGS) has allowed researchers to analyze genes
in a better way and thus, obtain a better correlation between genotype and pheno-
type. Integrating gene editing to gene sequencing enables researchers to manipulate
any described gene or noncoding sequences in a wide variety of organisms including
humans. Here, we present and discuss relevant subgroups of genes that were edited as
well as therapy strategies based on CRISPR-Cas9.

2.4.1.1 Improving immunotherapy via CRISPR-Cas9

Since immunotherapy provides the most promising clinical outcomes in leukemia,
it is attractive to perform the generation of CART cells via CRISPR-Cas9. First, autolo-
gous T cells are collected from patients and further genetically engineered to recognize
and attack cancer antigens in ex vivo experiments. Cells expressing CART are then
transferred into the patient. The use of CRISPR-Cas9 to produce CART cells will allow
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to treat efficiently different types of cancers and provide higher safety than conven-
tional therapy [29]. Besides, CRISPR-Cas9 can be used to disrupt genes that code
signaling molecules or T cell inhibitory receptors to enhance the CART cell’s function.

Immunotherapy can now be improved by using CRISPR-Cas9 to increase the
efficacy of CART cells. Such improvement can be performed through knock-out and
knock-in mutations in the T-cell receptor a constant (TRAC) locus and CAR against
CD19. Previous studies reported that CAR inserted in the AAVS1 locus, which is
under control of endogenous regulatory elements, reduces tonic signaling, and blocks
differentiation and T cell depletion leading to an increased therapeutic function of
CART cells [30]. The disadvantage of CART therapy is due many patients are unable
to receive engineered autologous T-cells but can be faced by generating universal infu-
sion products obtained from healthy donors. Nevertheless, the use of “off-the-shelf”
CART cell products can promote the induction of graft-versus-host disease (GVHD)
because the allogenic T-cells were ex vivo activated causing rejection by the host
[31]. To solve this issue, endogenous af T-cell receptors (TCRs) are knocked out by
CRISPR-Cas9 on transferred donor lymphocytes that interact with/recognize allo-
antigens, which avoid GVHD. Besides, the deletion or elimination of the subunit of
human leukocyte antigen class I (HLA-I) beta-2-microglobulin (p2M) would decrease
rapid depletion of allogenic cells expressing foreign HLA molecules [32]. According
to preclinical data regarding CRISPR-Cas9-related clinical trials, stimulating NHE]
by cleaving endogenous TCR and f2M through CRISPR-Cas9 will generate universal
CD19-directed CART cells to avoid rejection.

The function of CART cells may be negatively regulated by overexpression of nega-
tive checkpoint regulators plus up-regulation of cognate inhibitory ligands in the tumor
microenvironment. The negative checkpoint regulator programmed cell death 1 (PD-1)
as well as other inhibitory receptors such as T-cell Ig and ITIM domain (TIGIT), T cell
membrane protein-3 (TIM-3), cytotoxic T lymphocyte-associated antigen-4 (CTLA-
4), and lymphocyte-activation protein-3 (LAG-3) act in a synergistic way to reduce
immune cell availability [33, 34]. Currently, the administration of checkpoint inhibitors
has been the most effective strategy to reinvigorate such lymphocytes. Unfortunately,
severe immune-related side effects affect some patients. In this line, knocking-out mul-
tiple genes by CRISPR-Cas9 allows the production of universal, allogenic T-cells lacking
multiple negative regulators ready to be transferred into patients [31].

The modification of CART cells against CD19 (CAR19) has been used to effectively
treat refractory relapsed B-ALL in infants. The transcription activator-like effec-
tors nucleases (TALENSs) technology was used to produce CAR19 and set the basis
for engineering T-cells using CRISPR-Cas9 to improve the outcomes [35]. It seems
that some type of resistance to CART is observed in 10-20% of treated patients who
suffer relapses. These relapses are due to the partial loss of the CD19 epitope [36]. The
NGS analysis indicated that frameshift mutations and total loss of exon 2 resulted
in alternative splicing of CD109. In this regard, CRISPR-Cas9 was applied to ALL cell
lines to eliminate CD19 and to further be reconstituted with different isoforms. It was
observed that the depleted isoform of exon 2 was deposited in the cytosol and not in
the cell membrane, thus, escaping from CAR19 [37]. The approach of CRISPR-Cas9
was also useful to better understand the mechanisms of immunotherapy resistance.

2.4.1.2 Regulation of transcription factors by CRISPR-Cas9

Transcription factors (TFs) control several cellular processes, and any deregulation
could lead to pathogenic mechanisms promoting leukemogenesis. In leukemia, TFs
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can be amplified, rearranged, deleted, or affected with punctual mutations resulting
in gain or loss of function [38]. In consequence, correcting such mutations by CRISPR-
Cas9 represents a promising therapeutic strategy in ALL. The TFs PAX5 and IKZF1

are metabolic repressors that limit the amount of ATP available, which decreases cell
proliferation rate, but such TFs are altered in about 80% of patients with B-ALL. At
this point, CRISPR-Cas9 was used to screen all the possible PAX5 and IKZF1 targets,
where NR3C1, TXNIP, and CB2 genes were identified as the effectors of B-cells restric-
tion of glucose and energy supply [38] and proposed as new targets for B-ALL therapy.
Also, point mutations on PAX5 and IKZF1 could be corrected by using CRISPR-Cas9
and promoting the HDR mechanism.

On the other hand, TAL1 oncogene is deregulated in T-ALL cells, whose function lies
in the regulation of the cell cycle progression. Frequently, deregulation of TAL1 is pro-
duced by translocations or deletions, but many patients do not present mutations, which
indicates epigenetic-related deregulation [39]. To study the effect of insertion or dele-
tions on the expression of TAL1, CRISPR-Cas9 was used in T-ALL cells. It was observed
that methylation acetylation pattern in H3K27 changed in mutant cells [29]. This indi-
cates that mutagenesis and epigenetic modulation cooperate to regulate TAL1 expression.
This is an adequate scenario where dCas9 can be used fused with DNA methyl transfer-
ases or demethylases, or DNA acethyl or deacetylases to mediate specific local epigenetic
modulation. Another potent oncogene deregulated in T-ALL is LMO2, which is a central
effector for the formation of large transcriptional complex. It was observed that its
overexpression is related to leukemogenesis. Unfortunately, only few LMO2 muta-
tions have been described and its overexpression mechanisms are poorly understood.
However, several mutations were introduced into LMO2 by CRISPR-Cas9 identifying
those mutations in noncoding regions that promote deregulation in LMO?2 expression
[40]. In the same manner, such identified mutations can be repaired by CRISPR-Cas9 or
epigenetically modulated by dCAS9 leading to normal LMO?2 expression.

2.4.1.3 Discovering drug targets by CRISPR-Cas9

Most times, drug failure is related to mutations in genes that code the drug target,
but mutations also help to understand the mechanism of action of drugs. Sometimes
it is necessary to induce several mutations to study the drug-protein interactions,
thus, elucidating their mechanism of action. A notable example is ibrutinib, an
inhibitor kinase used to treat ALL where BCR signaling is damaged. The elucida-
tion of its mechanism of action was determined through the generation of different
knock-out in ALL cells as follows: Bruton tyrosine kinase (BTK), B lymphocyte kinase
(BLK), and BTK/BLK via CRISPR-Cas9. Since overexpression of both BTK and BLK
were reported in ALL, the strategy was to eliminate one or both kinases. The BTK/
BLK knock-out reduced cell proliferation similar to ibrutinib. However, when ibru-
tinib was administrated in those ALL cells, the decrease in proliferation was greater
suggesting that such drug targets other proteins [41].

In addition, drug specificity and binding site in a protein have been demonstrated
by CRISPR-Cas9. Exportin 1 (XPO1) mediates the transport through the nucleus of
cell cycle regulatory proteins and tumor suppressor proteins. Such transports are
related to development of ALL and poor prognosis. XPO1 inhibitors bind to Cys528
blocking the transport of charged proteins to the cytoplasm. To determine the precise
binding site of XPO1 inhibitors as well as its selectivity, a non-synonymous mutation
was inserted at Cys528. Such mutation resulted in notorious drug resistance, there-
fore, demonstrating the high specificity of the inhibitors to XPO1 [38].
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Drug efflux-related chemoresistance is the main concern in ALL, where ABC
transporter proteins are involved. The proteasome inhibitor carfilzomib (CFZ) sig-
nificantly improves favorable clinical outcomes for refractory childhood ALL, except
in those ALL cells with P-glycoprotein positive t (17;19). By using CRISPR-Cas9, the
gene ABCBI that codes for P-glycoprotein (P-Gp) was knocked-out resulting in sen-
sitization of P-Gp-positive t (17;19) ALL cells to CFZ [42], which is a P-Gp substrate.
This finding highlighted the application of CRISPR-Cas9 to combat chemoresistance.

2.4.2 Safety: off-targets

The main side effect of the application of CRISPR-Cas9 is the risk of off-targets,
which can knock-out, knock-down, or knock-in other genes permanently. To sig-
nificantly reduce off-targets, it is recommended to use appropriate sgRNA designing
tools, which allow gRNA selection to enhance the high specific DNA manipulation.

It has been proposed the prediction of all possible off- target effects for any designed
gRNA, at least in clinical trials. Nevertheless, unexpected off-targets have been
observed even in off-target free sgRNA [43]. Even though off-target predicting tools
(in silico) are not completely precise, such tools must be combined with in vitro assays
and NGS techniques to evaluate and identify off-targets and DSBs consequences prior
to clinical or preclinical stages. Regarding clinical stages, cell-based genome-wide
(CBGW) assays are well recommended to identify cleavage sites under experimental
conditions. This is a notorious tool because provides higher safety to patients. To
date, CBGW assays such as genome-wide unbiased identification of DSBs enabled by
sequencing (GUIDE-seq) as well as linear amplification-mediated high-throughput
genome-wide translocation sequencing (LAM-HTGTS) are reported to have substan-
tial potential at clinical stages [44].

Since there is not a perfect strategy to detect and avoid off-targets for clinical
purposes, current reports indicate that other options available are sgRNA-Cas9
modification. This means the use of Cas9 variants with higher precision or using
another type of Cas protein such as Cas12 (Cpf1) in immunotherapy at preclinical
stages [45-47]. Another consideration is the expression of tumor suppressor gene p53
due to its expression in normal cells decreases gene editing by CRISPR-Cas9 system
when the HDR mechanism is used. On the other hand, leukemia cells lack p53 func-
tion, which makes them easier to edit by CRISPR-Cas9. This is a relevant highlight
because, theoretically, most of edited cells would be leukemic cells instead of normal
cells [48, 49]. Such statement set the mandatory screening of p53 function in immune
cells prior to using CRISPR-Cas9 to produce CART cells.

2.5 Delivery of CRISPR-Cas9 components into target cells

CRISPR-Cas9 components can be introduced as plasmid encoding Cas9 and
sgRNA or as Cas9 protein and sgRNA in complex called ribonucleoprotein (RNP).
In ex vivo gene editing, microinjection and electroporation have been used success-
fully to introduce plasmid or RNP. Recently, the transiently mechanical membrane
deformation with microfluidic devices provides highly efficient delivery and low cell
mortality for ex vivo assays, particularly used to transfect breast cancer and leukemia
cells [50]. For preclinical and clinical stages, the transmembrane internalization
assisted by membrane filtration (TRIAMF), the induced transduction by osmocyto-
sis, and propane betaine (iTOP) methods are widely and recently used to introduce
RNP [51, 52].
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Delivering CRISPR-Cas9 components for in vivo applications is more compli-
cated because we must consider the consequences related to off-target mutations in
a complete organism as well as immunological responses. The most used method is
the use of viral systems to transduce cells. However, such systems have disadvantages
such as immune activation by adenoviral vectors and long expression of Cas9 protein
by use of lentiviral vectors, which lead to a high frequency of off-targets. The viral
systems are being replaced by nonviral or synthetic methods based on the envelop of
plasmids or RNP into polymeric, lipid, or inorganic nanoparticles, which are widely
used in preclinical and clinical stages [46, 53, 54]. The use of gold nanoparticles has
successfully been used to deliver RNP to treat Duchene muscular dystrophy in a
mouse model. Also, previous reports indicate that gold nanoparticles are nontoxic,
which makes them one of the best options to deliver CRISPR-Cas9 components in
RNP format [50].

3. Conclusions

ALL is one of the most common cancers diagnosed in children from 0 to 14 years
old. Despite continual improvement in drug development and immunotherapy, it is
necessary to focus on the root causes of the disease. For years, scientists dreamt about
the possibility to manipulate DNA to correct mutations that promote cancer initiation
and progression. Now with the use of CRISPR-Cas9-based gene editing, it is possible
to develop effective and specific treatments against ALL. There has been a substantial
advance in gene editing technology but still is not possible to ensure 100% specificity
to avoid off-target leading side effects. Nevertheless, current research has made it pos-
sible to identify the main target genes in ALL and how to edit them by CRISPR-Cas9,
mostly through iz vitro and ex vivo assays. According to previous reports, CRISPR-
Cas9 points to be the most effective tool to develop gene therapy for ALL, but still
needs to be optimized to enhance precise gene editing and thus, avoid off-targets.
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